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ABSTRACT Optical intelligent reflecting surfaces (OIRS) have the potential to enhance the capacity of
the next generation optical wireless communication systems by re-configuring the propagation environment
of optical waves. In this work, a submerged OIRS and a planar mirror surface (PMS) are used to build
up a non-line of sight (NLOS) underwater wireless optical communication (UWOC) system. An NLOS
UWOC setup, which makes use of the total internal reflection (TIR) phenomenon, serves as a benchmark
against which the OIRS/PMS-assisted UWOC systems are compared. With the help of the Mellin inverse
transform, Meijer’s G function, and Fox’s H-function, the closed-form expressions for the probability
density function (PDF), cumulative distribution function (CDF), average spectral efficiency (SE), average
energy efficiency (EE), outage probability, and average bit error rate (BER) of the proposed systems are
derived. Further, an asymptotic analysis of average SE is performed to illustrate a better understanding of
these proposed system’s performance at high SNR. The simulation results indicate that the OIRS-assisted
UWOC system shows improved performance in comparison to benchmark scenario. Additionally, the
efficient zones of OIRS deployment are analyzed.

INDEX TERMS UWOC, NLOS communication, OIRS, TIR, oceanic turbulence, visible light communi-
cations (VLC), exponential and generalized gamma (EGG) distribution, smart radio environment.

I. INTRODUCTION

HUMAN interest in oceanographic research, offshore
oil exploration, disaster prevention, unmanned oper-

ations, seafloor mapping, and monitoring has considerably
grown [1]. Consequently, reliable and high throughput under-
water wireless communication (UWC) networks are required.
Optical communication is one way to cater to the high
data rate demand. The conventional radio frequency (RF)
based UWC suffers from significant amount of attenua-
tion, whereas acoustic based UWC has significant delays
and low data rates. Four distinct underwater wireless opti-
cal communication setups described in the literature for data
transmission are, point-to-point (P2P) line of sight (LOS)
configuration, diffused LOS configuration, retro reflector-
based LOS configuration, and non-line of sight (NLOS)
configuration [2]. P2P LOS setup uses a light source,
i.e., LASER, with a small divergence angle and LOS

communication between the transmitter and the receiver.
In this setup, precise pointing between the transmitter and
receiver is necessary [3]. In a diffused LOS configuration, a
light source with a large divergence angle is used. It is a type
of broadcasting underwater wireless optical communication
(UWOC) system in which information is passed from one
node to many nodes. The need for exact pointing between the
transmitter and receiver is not required in this situation. Small
communication distances and low data rates are the disad-
vantages of this configuration [3]. Retro reflector-based LOS
configuration is a special case of P2P LOS configuration and
is suitable for duplex UWOC systems. In this configuration,
the transmitted light is reflected back from a retro-reflector.
The advantages include reduced volume, weight, and power
consumption of transceivers. One of the serious flaws in this
setup is backscattering. An NLOS-UWOC configuration can
be used when the direct LOS communication between the
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transmitter and the receiver is blocked. The NLOS configu-
ration is based on the total internal reflection (TIR) principle.
In this setup, the signal is transmitted towards the water-air
interface, which is partially refracted and partially reflected
at interfaces between the mediums with different refractive
indices. The reflected signal is relayed to the receiver (facing
the sea surface) [2]. So the NLOS arrangement overcomes
the LOS UWOC alignment constraint. One of the challenges
of this configuration is the varying sea surface slopes [3].
The authors in [4] investigated the LOS and NLOS mod-
els in an underwater sensor network taking into account
the channel characteristics and the communication system
parameters for the NLOS UWOC configuration. The authors
in [5] studied and analyzed vertical linkages for underwater
visible light communication (UWVLC) while taking under-
water environment heterogeneity into account. In [6], the
authors examined parameter optimization for an underwa-
ter optical wireless vertical link that is vulnerable to link
misalignment due to the slopes of the sea surface. Based
on experimental data, Zedini et al. proposed a unified sta-
tistical model in [7] to describe turbulence-induced fading
in UWOC systems. Rahman et al. investigated the gener-
alized Gamma (GG), exponential and generalized Gamma
(EGG), Exponentiated Weibull (EW), and Gamma-Gamma
(��) turbulence models for a mixed terrestrial wireless opti-
cal communication-UWOC (TWOC-UWOC) system with
multilayer UWOC channel in [8]. In [9], Huang et al.
extended the underwater light transmission distance to 6 m
by using reflective mirrors inside a water tank.
Intelligent reflecting surface (IRS) is a revolutionary

technology to improve the performance of wireless commu-
nication systems by creating intelligent and reconfigurable
wireless channels and radio propagation environments for
beyond fifth-generation (B5G) and sixth-generation (6G)
communication networks [10]. In RF, a significant num-
ber of small reflecting elements are collectively adjusted
to reconfigure the wireless signal transmission environment.
These numerous inexpensive passive reflecting elements
(also referred as meta-atoms or lattices) have the ability
to independently adjust the reflection coefficients, that is,
the amplitude and/or phase shift of the incident signal, and
passively reflect it to the desired direction [11]. This method
addresses the need for a smart radio environment (SRE), in
which the radio propagation environment is transformed into
an intelligent reconfigurable space that is crucial for trans-
mitting radio signals from the transmitter to the intended
receiver without producing new radio signals and thereby
without incurring any further power consumption [12]. SRE
is enabled by IRS which is often made of thin material and
can be easily attached to indoor surfaces, including walls,
ceilings, and buildings.
Mirror-based optical IRS and meta-surface-based opti-

cal IRS are the two different forms of optical intelligent
reflecting surfaces (OIRS) [13]. Mirrors and other reflect-
ing elements have long been actively used in optical

systems. According to the application, small mirror elements
with sizes ranging from many hundreds of micrometers
to centimeters make up the mirror-based OIRS, which are
also known as deformable mirrors. Micro-electro-mechanical
systems (MEMS) enable their repositioning and reorienta-
tion [11]. A discrete planar array of subwavelength unit
cells make up meta-surface-based OIRS, which can modify
reflected wave properties like phase, amplitude, and polarisa-
tion. Though conceptually similar to RF meta-surfaces [11],
optical meta-surfaces are realized at optical frequencies using
nanoscale technologies that are very different from the con-
ventional antenna technologies used in the RF band. In [14],
Aboagye et al. used an OIRS in the indoor environment and
evaluated the performance in terms of data rate and outage,
considering the receiver’s orientation. The authors of [15]
have described performance improvement by dynamically
changing the wireless channels with the aid of an IRS. The
authors in [16] analyzed the position of IRS in multi-user
multiple input multiple outputs (MIMO) systems, where IRS
is used to facilitate data transmission for both uplink as well
as downlink phases. The authors in [17] utilized an OIRS
to develop a configurable wireless indoor environment to
improve the physical layer security. In order to relax the
LOS constraint for free space optical (FSO) systems, the
authors in [18] investigated the effect of OIRS’s physical
characteristics, such as its size, location, and orientation, on
the performance of the end-to-end FSO channel. The aver-
age energy efficiency (EE) and transmission power needed
for an IRS-assisted system and decode and forward (DF)
relay-assisted systems are examined in [19]. Similar to [19],
the authors in [20] compared an IRS-assisted system to a
full-duplex (FD) DF relay-assisted system with hardware
impairments.

A. RELATED WORKS
1) MIXED TERRESTRIAL-UWOC SYSTEMS

In [21], Yang et al. have considered a mixed FSO-UWOC
dual-hop transmission system considering both heterodyne
detection and intensity modulation with direct detection
(IM/DD). They assumed �� fading for the FSO channel
and EGG fading with pointing errors for the UWOC chan-
nel and derived the closed-form expressions for the outage
probability, average bit error rate, and average capacity in
terms of the bivariate Fox’s H-function. In [22], the authors
analyzed the outage probability, average bit error rate (BER),
and ergodic capacity for various types of waters (fresh water,
salty water) utilizing an RF-IRS in the terrestrial link for a
mixed RF-UWOC system. In [23], the authors investigated
the performance of triple hop IRS-assisted RF-FSO UWOC
system considering Nakagami-m fading channel over the
IRS-RF link and the �� over the IRS-FSO and UWOC links.
The performance is evaluated in terms of the average BER
and outage probability. Further, in [24], the performance of
a NOMA-based IRS-assisted hybrid RF-UWOC system is
explored.

VOLUME 4, 2023 1775



SALAM et al.: OIRS-ASSISTED UWC SYSTEM

2) COMPLETELY UWC SYSTEMS
The authors in [25] presented an underwater optical wire-
less sensor network (UOWSN) to monitor and discover ore
deposits in continental margin regions. The outage probabil-
ity and average BER of the proposed system is computed
while considering turbulence and misalignment. As a clus-
ter head, a DF relay acts as a mediator for communication
between the source nodes and receiver. In [26], the authors
studied the potential network architecture for an under-
water Internet of Things (IoT), and IRS is identified as
one of the promising techniques for aiding underwater IoT.
The authors explained the benefits of implementing IRS in
challenging environments (CEs) such as underwater, under-
ground, industrial, and disaster environments in which signal
propagation and connectivity using traditional signaling tech-
nologies are easily impaired in [27]. IRS’s potential use
cases, deployment strategies, and design aspects are exam-
ined in the context of underwater IoT, underground IoT,
industry, and emerging networks. The authors employed an
acoustic IRS to improve the performance of an underwater
communication system. It has been demonstrated that the
performance of all CEs improves with an increase in
the number of reflecting elements of the IRS. Furthermore,
the idea of acoustic beamforming using specially constructed
meta-surfaces is investigated in [28]. In [29], Sun et al.
presented a new hardware solution based on a reconfig-
urable array of piezoelectric reflectors for constructing an
acoustic IRS in order to achieve high data rates and long
communication range underwater. To limit the effects of
sea currents, an extended Kalman filter (EKF)-based algo-
rithm is developed. According to the findings, the data rate
varies from 2 kbps for no IRS case to hundreds of kbps
when utilizing an IRS. In [30], the authors studied an IRS-
assisted UWOC system employing a meta-surface based
OIRS while accounting for underwater turbulence, beam
attenuation, occlusion or blockage due to objects, and beam
direction errors. Underwater turbulence is modelled using
GG turbulence model. Outage probability, BER, and chan-
nel capacity are used to analyze system performance. The
effect of changing channel characteristics and the blocking
probability coefficient is investigated, and the results show
enhanced system performance with an increase in the number
of IRS elements. Furthermore, in [31], the authors utilized
the recently developed Oceanic Turbulence Optical Power
Spectrum (OTOPS) model to characterize the underwater
turbulent medium. The impacts of the turbulent medium are
considered along with the parameters of the communica-
tion system (such as communication range, receiver aperture
diameter, and number of IRS elements) in the numerical
findings that are presented. It is demonstrated that IRS
can significantly improve the reliability of UWOC systems
under the impacts of attenuation, beam displacement, and
turbulence.
As stated above, there is a substantial amount of liter-

ature available on the performance of IRS-assisted UWOC
systems where the IRS is positioned in the system’s terrestrial

FIGURE 1. Illustration of the OIRS/PMS-aided UWOC system.

link. However, there is dearth of work in the literature that
uses a submerged OIRS. Furthermore, submerged mirror-
based OIRS and planar mirror surface (PMS) for UWOC
has not yet been explored. As a result, the performance of
a submerged mirror-based OIRS and PMS-assisted UWOC
systems are investigated in this paper.

B. MOTIVATION AND CONTRIBUTIONS
To the best of the author’s knowledge, the proposed research
work is first of its kind to propose a technique for UWOC
employing mirror array based OIRS and PMS. For NLOS
UWOC, we can use both mirror based OIRSs and meta-
surface based OIRSs. However, according to the findings
in [32], the mirror array outperforms the meta-surface in a
visible light communication (VLC) system. As a result, we
assume OIRS to be an intelligent controllable mirror array in
the proposed work. An OIRS/PMS is placed on a submerged
autonomous unmanned vehicle (AUV) to facilitate commu-
nication between transmitter and receiver, when direct LOS
communication is not feasible. The basic conceptual diagram
is illustrated in Fig. 1. The conventional NLOS UWOC con-
figuration, which operates on the TIR principle, can also be
utilized, but only in cases where the UWOC system is needed
to work close to the water’s surface (air-water interface), as
optical signals have limited transmission range. Moreover,
the performance of the NLOS system is negatively impacted
by sea surface slopes. OIRS/PMS-assisted UWOC systems
have the advantage of being installed at any depth from
the water-air interface (depending upon the application) to
circumvent this problem.
In light of above, the main contributions of this paper can

be summarized as follows:
1) An OIRS and PMS-assisted UWOC system is analyzed

for underwater communication between the transmitter and
receiver and compared with conventional NLOS UWOC con-
figuration, taking into account underwater attenuation and
turbulence effects.
2) Utilizing Meijer’s G function and the bivariate Fox’s

H-function, generalized closed-form analytical expression
for the probability density function (PDF), cumulative dis-
tribution function (CDF), average spectral efficiency (SE),
average EE, outage probability, and average BER of the
OIRS, PMS, and NLOS-assisted UWOC systems are derived.
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TABLE 1. Main notations and definitions.

To verify the derived expressions and to demonstrate the
performance of OIRS and PMS-assisted UWOC system for
different parameters of interest, numerical and simulation
analysis are used. All analytical expressions are corroborated
through Monte Carlo simulation.
3) Furthermore, an asymptotic analysis for SE in the high

SNR regime is derived to illustrate the effect of channel
parameters on the performance of the investigated system.
The asymptotic results at high SNR regime are found to be
accurate since the asymptotic expression of the average SE
at high SNR completely matches the analytical expression.
4) In addition, the efficient zones of OIRS deployment for

UWOC systems under EGG distributed fading channel are
analyzed. It is shown that in OIRS-aided UWOC systems,
deployment of OIRS close to the transmitter or the receiver
always show worse performance than its far deployments.

C. ORGANIZATION AND NOTATIONS
The structure of the paper is as follows. The system models
for each of the three UWOC scenarios have been briefly dis-
cussed in Section II. The various performance metrics, such
as average SE, average EE, outage probability, and aver-
age BER, have been evaluated in Section III. The numerical
and simulation analysis of the proposed system model are
presented in Section IV. In Section V, important conclu-
sions and suggestions for further work are presented. Table 1
contains a list of the key notations used in the manuscript.

II. SYSTEM MODEL
Due to obstructions and dynamic nature of the water, LOS
communication in underwater is rarely possible. NLOS based
communication is, therefore, a preferred option. Fig. 1 illus-
trates the system model for the OIRS and PMS scenarios
for a static UWOC system in pure seawater.

FIGURE 2. 3D-coordinate system model.

Fig. 2(a) and 2(b) shows the 3D-coordinate model for the
OIRS-aided UWOC system and PMS-aided UWOC respec-
tively, in which a single AUV serves as the transmitter for
the entire communication system. A planar OIRS/PMS is
mounted on another AUV that is in direct LOS with the trans-
mitter and receiver. It is assumed that the communication
between the transmitter and receiver occurs via OIRS/PMS
as the direct LOS communication is blocked. Multiple mirror
elements make up the mirror-based ORIS/PMS. The OIRS
receives the signal from the transmitter and forwards it in the
desired direction by changing the orientation of each OIRS
element. A mechanical steering gear individually rotates each
unit’s lens-coated surface material [11]. The beam can be
focused to a certain location where the size of the target spot
is correlated with the size of the mirror unit by adjusting the
deflection direction of each mirror unit. The optical signal is
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not altered in terms of phase, amplitude, or other properties
by the mirror type OIRS. However, signal re-transmission
in the PMS situation follows the straight forward Snell’s
law. The PMS is comparable to the OIRS, with the excep-
tion that each element in the PMS is fixed and cannot be
oriented. This work assumes that the total number of reflect-
ing elements (n2

m) in OIRS and PMS are same. Further, it
is assumed that the AUV with OIRS/PMS is situated just
below sea surface to ensure that the entire system is sub-
merged. In order to keep the system analytically tractable,
it is also assumed that these underwater devices are station-
ary and ocean currents and sea surface slopes have minimal
impact on them.
Fig. 2(c) shows the 3D-coordinate model of NLOS-aided

UWOC system in which the transmitted signal is reflected
towards the receiver from the smooth water-air interface
(Here, no OIRS or PMS is used to reflect the signal). In
this scenario, the water-air interface behaves as a perfect
mirror [4] when the incident angle is greater than the criti-
cal angle, and the signal is reflected into the same medium
toward the receiver according to the TIR phenomenon.

A. CHANNEL MODEL
In the considered setup, a light-emitting diode (LED) is
employed at the transmitter and a high-sensitivity photode-
tector (PD), i.e., a silicon photomultiplier (SiPM), which
consists of an array of single-photon avalanche diodes
(SPADs), at the receiver. The transmitter and receiver are
separated by node separation distance represented as dsd.
The OIRS controller is assumed to be aware of the channel
state information (CSI). The transmitter is positioned at a
depth of ys from the air-water interface, and the link geom-
etry is depicted in Fig. 2. The distance of the receiver from
the air-water interface is denoted as yd. Transmitted signal x
from the AUV transmitter having power of Pt is reflected by
the OIRS/PMS to the intended receiver. Thus the received
signal at the receiver is represented as [6], [8]

y = Gihphαx+�i, (1)

where Gi (i ∈ {O,P,N}), stands for the corresponding
OIRS, PMS, and NLOS-assisted UWOC system channel
gains respectively, and which accounts for the spread of
the transmitted beam between the transmitter and receiver,
hp is the attenuation loss, hα models the underwater turbu-
lence effect, and �i is the additive white Gaussian noise
(AWGN) with variance σ 2

�i
, which comprises of shot noise,

dark current noise, background noise, and thermal noise and
is given as [6]

σ 2
�i

= σ 2
sh,i + σ 2

d + σ 2
b + σ 2

th, (2)

where σ 2
sh,i = 2eGFBIs,i, σ 2

d = 2eGFBId, and σ 2
th = 4KBTB

RL
denotes the variances of the signal shot noise, dark noise and
thermal noise, respectively, wherein e, G, KB,T,F, B and RL
denote the electron charge, SiPM gain, Boltzmann constant,
the receiver equivalent temperature in kelvin, the PD excess

noise factor, the bandwidth of the receiver’s lowpass filter
(LPF), and the load resistance, respectively. Also, Id repre-
sent the SiPM dark current and Is,i = ReGihphα represent
the useful signal, wherein Re is the SiPM responsivity. For
the sake of simplicity, the impact of solar radiation back-
ground noise is ignored; thus, the variance of background
noise (σ 2

b ) = 0 [6].
By continuously reducing the total propagation energy of

an emitting light beam, absorption limits the transmission
range of an UWOC link. In contrast, scattering disperses
the photons in a random direction, causing some of them
to escape the receiver’s finite aperture while others may
be delayed in reaching it because they followed various
propagation paths. As a result, scattering causes time jit-
ter, inter-symbol interference, and multi-path fading effects.
The attenuation loss (hp) depends on the type of water and
is modeled using the well-known Beer-Lambert’s law as [2]

hp = e−c(λ)(dsr+drd), (3)

where dsr is the distance from the source to the cen-
troid of OIRS/PMS, drd is the distance from OIRS/PMS
to the receiver, and c(λ) is the wavelength-dependent atten-
uation coefficient and it is the summation of the absorption
coefficient a(λ) and scattering coefficient b(λ). The con-
centration of chlorophyll (Cc) is the key determinant of
absorption, which is the most important component in optical
beam attenuation in UWOC. Cc is typically used to classify
different water types [31].
Using a mixture of EGG distributions, the seawater

turbulence can be represented as [7]

hα(α) = ωf (α; λ)+ (1 − ω)g(α; [a, b, c]), (4)

with

f (α; λ) = 1

λ
exp
(
−α
λ

)
,

g(α; [a, b, c]) = c
αac−1

bac
exp
(−(αb

)c)

�(a)
,

where f and g denote the exponential and generalized
Gamma distributions, respectively, ω is the mixture weight
or mixture coefficient of the distributions, satisfying 0 <

ω < 1, λ is the parameter associated with the exponential
distribution, a, b and c are the parameters of the generalized
Gamma distribution, and �(·) denotes the Gamma function.

1) OIRS CHANNEL GAIN

In the proposed framework, OIRS consists of nm × nm mir-
ror elements. The dimension of each element is lm × wm,
where lm and wm represent the length and width of an indi-
vidual mirror element, respectively. The channel gain of the
reflected signal from each of the OIRS elements in the kth

row and lth column is given as [14], [32]

GOk,l(β, �) =

⎧⎪⎨
⎪⎩

ρ η (m+1)APD
2π(dsr+drd)2 C1C2C3C4T(ψ)G(ψ),

0 ≤ ψ
k,l
d ≤ ψFoV

0, otherwise,

(5)
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where ρ is the reflection coefficient of the OIRS element, η
is the current-to-light conversion efficiency of the LED, APD
is the area of the photo diode, m represents the Lambertian
order which is given by m = − ln(2)/ln(cos(1/2)), where
1/2 is LED semi angle. Further, C1 = cosm(s

k,l) where
s
k,l is the angle of irradiance from the transmitter to OIRS.

Likewise, C2 = cos(ψ s
k,l) with ψ

s
k,l being the angle of inci-

dence on the OIRS, C3 = cos(k,l
d ) with 

k,l
d being the

angle of irradiance from the kth row and lth column OIRS
element towards the receiver and C4 = cos(ψk,l

d ) with ψ
k,l
d

being the angle of incidence at the receiver. The gains of
the optical filter and non-imaging concentrator are T(ψ)
and G(ψ), respectively, and the field of view (FoV) of the
receiver is ψFoV . The concentrator gain can be expressed
as G(ψ) = μ2/ sin2 ψFoV, 0 ≤ ψ ≤ ψFoV, where μ is the
refractive index. The cosine of the angle of irradiance (which
is specified by the yaw and roll angles of the mirror array)
can be expressed as [14]

cos
(

k,l
d

)
=
(
xk,l − xd

)

drd
sin(β) cos(�)

+
(
yk,l − yd

)

drd
cos(β) cos(�)

+
(
zk,l − zd

)

drd
sin(�), (6)

where (xk,l, yk,l, zk,l) and (xd, yd, zd) denote the position vec-
tors specifying the locations of the OIRS and the receiver,
respectively. The mirror orientation is obtained by finding a
unit vector normal to its surface, N̂k,l which can be expressed
as [32]

N̂k,l =
̂Rk,lS + ̂Rk,lD√

2 + 2̂Rk,lS
T
̂Rk,lD

, (7)

where the ̂Rk,lS represents the corresponding incidence direc-
tion and ̂Rk,lD represents the reflection direction. Moreover,
S,Rk,l and D stand for the source coordinates of the source’s
centre, the centroid coordinates of the mirror in kth row and
lth column, respectively, and the destination coordinates. The
vectors S, Rk,l and D are given as

S =
⎡
⎢⎣

−(xs + wm
2 + (l− 1)wm

)
ys

−
(
zs + lm

2 + (k − 1)lm
)

⎤
⎥⎦,

Rk,l =
⎡
⎢⎣

(
xs + wm

2 + (l− 1)wm
)

0(
zs + lm

2 + (k − 1)lm
)

⎤
⎥⎦,

D =
⎡
⎢⎣
xd − (xs + wm

2 + (l− 1)wm
)

yd
zd −

(
zs + lm

2 + (k − 1)lm
)

⎤
⎥⎦.

Furthermore, the rotation angles can be computed using
the obtained normal vector N̂k,l as

βk,l = sin−1(N̂T
k,le3

)
, (8)

and

�k,l = sin−1(N̂T
k,le1/ cos

(
βk,l
))
, (9)

where ec (c ∈ {1, 2, 3}) represents the cth column of a 3 × 3
identity matrix.
From (3), (4), and (5), the total path loss (DC gain) for an

nm × nm square OIRS-assisted underwater channel is given
as [14]

HOIRS =
nm∑
k=1

nm∑
l=1

GOk,l(β, �)hphα. (10)

Assuming a point light source, and the distance of light
transmission to be sufficiently large as compared to the size
of the light source and small OIRS dimensions, (10) can be
approximated as [32]

HOIRS ≈ n2
mGOk,l(β, �)hphα. (11)

Therefore, the overall received power can be given as

PR = RePtHOIRS, (12)

where Pt is the total transmit power, Re is the SiPM
responsivity which is given as [6]

Re =
(
ϒPDE

Eph

)
(1 + PAP + PCT)eG.

Here, Eph is the photon energy, G, ϒPDE,PAP, and PCT,
denote the SiPM gain, the photon detection efficiency, the
probability of after-pulsing, and the probability of crosstalk,
respectively. A detailed description of SiPM parameters can
be found in [33] and [34].

2) PMS CHANNEL GAIN

The channel gain for PMS-assisted UWOC system is
given as

GPk,l =

⎧
⎪⎨
⎪⎩

ρ η (m+1)APD
2π(dsr+drd)2 C1C2C3C4T(ψ)G(ψ),

0 ≤ ψ
k,l
d ≤ ψFoV

0, otherwise.

(13)

Based on the geometrical layout depicted in Fig. 2(b),
C1, C2, C3 and C4 are calculated as shown in (14) at the
bottom of the next page.
Thus the total channel gain for a PMS assisted underwater

channel is given as

HPMS =
nm∑
k=1

nm∑
l=1

GPk,l hphα. (15)

Therefore, the total received optical power, PR from all
reflected paths at the receiver can be expressed as

PR = RePtHPMS. (16)
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3) NLOS CHANNEL GAIN

Fig. 2(c) provides an illustration of the NLOS-assisted
UWOC system. In this system, the LED transmits a cone of
light defined by an angle pair called θmin and θmax in the
direction of the air-water contact/interface, which is reflected
towards the underwater receiver obeying TIR.1 The main
condition for TIR is that the signal must be traveling from
a denser medium to a rarer medium and the angle of inci-
dence is greater than the critical angle. At TIR, the interface
acts as a perfect mirror and reflects the whole of the light
back into the same medium. The channel gain of the NLOS
UWOC system can be expressed as [35]

GN =

⎧
⎪⎨
⎪⎩

ηAPD cos(θi)
2Aann

[
(Rs)2 + (Rp

)2]
, θmin ≤ θi ≤ θc

ηAPD cos(θi)
2Aann

, θc ≤ θi ≤ θmax

0, otherwise,

(17)

where the annular surface (Aann ) is given by [4]

Aann = 2π(ys + yd)
2[cos(θmin)− cos(θmax)]. (18)

Further, Rs is the s-polarised reflection coefficient, and Rp
is the p-polarised reflection coefficient given in [36]

Rs =
[
μw cos(θi)− μa cos(θt)

μw cos(θi)+ μa cos(θt)

]2

=
[

sin(θi − θt)

sin(θi + θt)

]2

, (19)

Rp =
[
μw cos(θt)− μa cos(θi)

μw cos(θt)+ μa cos(θi)

]2

=
[

tan(θt − θi)

tan(θt + θi)

]2

. (20)

where θi and θt are the angles of incidence and transmission
and μa is the refractive index of air and μw is the refractive
index of water.
Polarized light propagating through an aquatic channel

would lose its polarization properties due to the scattering
nature of the medium. Hence it is assumed that the light
reaching the water-air surface is totally unpolarized, and its
reflectivity is given by R = 1

2 (Rs +Rp). The overall channel
gain, in this case, can be given as

HNLOS = GNhphα. (21)

Accordingly, the received power can be expressed as [35]

Pr = RePtHNLOSG(ψ)T(ψ). (22)

1. The TIR phenomenon states that when the incidence angle is greater
than the critical angle θc = sin−1(

μa
μw
), the light is reflected back into the

same medium (water) after illuminating an annular area at the sea surface.

B. STATISTICAL CHARACTERIZATION OF SNR
In this subsection, an EGG distribution-based statistical anal-
ysis for the turbulent underwater channel is developed. In
the following Lemma, the PDF and CDF of the SNR for
the OIRS/PMS-assisted UWOC system under the combined
effect of underwater attenuation and turbulence is evaluated:
Lemma 1: Expressions for the PDF of seawater turbulent

channel (hα) is given as:

fhα (hα) = ω

α
H1,0

0,1

[
α

λ
| −
(1, 1)

]

+ (1 − ω)

α�(a)
H1,0

0,1

[
α

b
| −
(a, 1/c)

]
. (23)

Proof: See Appendix A.
Next, we use (23) to analyze the UWOC system

performance. Assuming IM/DD technique and on-off keying
(OOK) modulation with x ∈ {0,√2Pt} and Pt as aver-
age transmitted optical power, therefore the instantaneous
received electrical SNR is given as [6]

γ = R2
eP

2
t G

2
i h

2
Ph

2
α

σ 2
�i

= γ̄ h2
α, (24)

where γ̄ = R2
eP

2
t G

2
i h

2
p

σ 2
�i

is the average electrical SNR. Then,

applying the transformation of random variable γ = γ̄ h2
α ,

the PDF of SNR for the UWOC system under the effect of
the seawater turbulence in terms of the Fox-H function can
be expressed as

fγ (γ ) = ω

2γ
H1,0

0,1

[
1

λ

√
γ

γ̄
| −
(1, 1)

]

+ (1 − ω)

2γ�(a)
H1,0

0,1

[
1

b

√
γ

γ̄
| −
(a, 1/c)

]
. (25)

Lemma 2: The CDF of SNR is derived in lemma 2 and
is expressed in terms of Fox-H function as

Fγ (γ ) = ωH1,1
1,2

[
1

λ

√
γ

γ̄
| (1, 1)
(1, 1)(0, 1)

]

+ (1 − ω)

�(a)
H1,1

1,2

[
1

b

√
γ

γ̄
| (1, 1)
(a, 1/c)(0, 1)

]
. (26)

Proof: See Appendix B.

III. PERFORMANCE ANALYSIS
In this section, derive the outage probability, average SE,
average EE, and average BER results to investigate the
proposed UWOC system performance is derived.

C1 = cosm
(
s
k,l

) = dsd√(
dsd2 + (2ys)2

) , C2 = cos
(
ψ s
k,l

) = yd

0.5 ×
√(

dsd2 + (2yd)2
) ,

C3 = cos
(

k,l
d

)
= ys

0.5 ×
√(

dsd2 + (2ys)2
) , C4 = cos

(
ψ
k,l
d

)
= dsd√(

dsd2 + (2yd)2
) (14)
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A. OUTAGE PROBABILITY
Outage probability is a performance metric that can be
defined as the probability that the instantaneous SNR (γ )

falls below a certain threshold (γth) and is mathematically
expressed as

Pout = P(γ < γth ) = Fγ (γth ). (27)

B. AVERAGE SPECTRAL EFFICIENCY
The average SE for the UWOC system is defined as [37]

SE =
∫ ∞

0
log2(1 + τγ )fγ (γ )dγ, (28)

where τ = e
2π for IM/DD [38].

Using (25) and utilizing [39, eq. (8.4.6/5)], and then
converting Meijer’s G-function to FOX’s H function as

log2(1 + τγ ) = 1.44H1,2
2,2

[
τγ | 1, 1

1, 0

]
, (29)

(28) can be expressed as

SE = 0.72ωHm+3,n+1
p+2,q+3

[
1

λ

√
1

τ γ̄
| (0, 1/2)(1, 1/2)

(1, 1)(0, 1/2)(0, 1/2)

]

+ 0.72
(1 − ω)

�(a)
Hm+3,n+1
p+2,q+3

[
1

b

√
γ

τ γ̄
| (0, 1/2)(1, 1/2)

(a, 1/c)(0, 1/2)(0, 1/2)

]
.

(30)

An accurate, simple closed-form approximation of the
average SE at high SNR can be expressed in terms of psi
function denoted by ψ(·) (defined in TABLE 1) using [40,
eq. (8.360/1)] as

SE ≈
γ̄�1

1.44 ×
(

log(τ )+ ω
[
log
(
λ2γ̄

)
+ 2ψ(1)

)

+(1 − ω)

[
log
(
b2γ̄
)

+ 2

c
ψ(a)

])
. (31)

C. AVERAGE ENERGY EFFICIENCY
The average EE is defined as the average SE divided by the
total power consumed [41]

EE = SE

Pt + Pdiss
, (32)

where Pt denotes total transmit power and Pdiss denotes
power dissipation in the system’s hardware components.
Therefore, average EE can be calculated as

EE = SE

Pt + psd + pdd + n2
mp

o
d

, (33)

where psd, p
d
d, p

o
d denote the power dissipation at the source,

receiver, and each OIRS element, respectively.

D. AVERAGE BER
In this subsection, the average BER for the proposed UWOC
systems is derived. A generalized expression for BER is
obtained as [42]

BER = δ

2�(φ)

N∑
n=1

qφn

∫ ∞

0
γ φ−1 exp(−qnγ )Fγ (γ )dγ, (34)

where the parameter set {N, δ, φ, qn} vary according to the
modulation and detection technique used [7]. Substituting

exp(−qnγ ) = G1,0
0,1

[
qnγ | −

0

]
and Fγ (γ ) from (26) in (34)

and converting the Meijer’s G-function into Fox-H function,
we get

BER = δ

2�(φ)

N∑
n=1

qφn

∫ ∞

0
γ φ−1

H1,0
0,1

[ −
(0, 1)

| qnγ
](
ωH1,1

1,2

[
1

λ

√
γ

γ̄
| (1, 1)
(1, 1)(0, 1)

]

+ (1 − ω)

2α�(a)
H1,1

1,2

[
1

b

√
γ

γ̄
| (1, 1)
(a, 1/c)(0, 1)

])
dγ. (35)

After applying [43, eq. (2.8.4)] in (35), the closed-form
expression for the average BER can be expressed in terms
of bivariate Fox’s H function as

BER = δ

2�(φ)

N∑
n=1

⎛
⎝ωH1,2

2,2

[
1

λ

(
1

qkγ̄

)1/2

| (1, 1)
(

1 − φ, 1
2

)

(1, 1)(0, 1)

]

+ (1 − ω)

�(a)
H1,2

2,2

⎡
⎣1

b

(
1

qkγ̄

) 1
2 | (1, 1)

(
1 − φ, 1

2

)
(
a, 1

c

)
(0, 1)

⎤
⎦
⎞
⎠. (36)

IV. NUMERICAL RESULTS
In this section, the numerical results obtained through the
proposed schemes are presented and compared with the base-
line scenario of NLOS-aided UWOC system. The OIRS and
PMS consist of nm × nm mirror elements with a dimen-
sion of lm = 0.08 m and wm = 0.08 m. The speed of
light in water (Cwater) is assumed to be 2.25 × 108 m/sec,
and the performance is demonstrated by positioning the
OIRS/PMS perfectly in the middle of the transmitter and
receiver when ys = yd = 40 m, if not specified otherwise.
The key simulation parameters are summarized in TABLE 2.
All the presented results have been obtained through Monte
Carlo simulation (averaged over 107 channel realizations for
Figs. 4, 8, and 9). MATLAB is used for calculating Meijer’s
G function and MATHEMATICA for Fox’s H function.

A. AVERAGE SPECTRAL EFFICIENCY
When the mirror array (OIRS/PMS) of area (ao) = 1 m2

(n2
m = ao/l2m = 169), is fixed at a horizontal distance of

50 m from the source, i.e., zkl = 50 m, ys = yd = 40 m,
and Pt = 43 dBm, the plot of average SE for varying node
separation (dsd) is shown in Fig. 3. It can be observed from
the figure that when the receiver is not directly underneath
the OIRS mirror array, the average SE of OIRS is highest
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TABLE 2. Simulation parameters.

FIGURE 3. Average SE vs. node separation for different UWOC systems.

among all the scenarios. The initial increase in average SE
is caused by the decrease in the total distance (dsr + drd)
between the transmitter and receiver until the receiver is just
below the OIRS. The total distance then increases as the
receiver moves farther away from the OIRS, lowering the
total spectral efficiency. The incidence angle at the receiver
is 900 when the receiver is immediately beneath the OIRS
mirror array, is what causes the dip in average SE of OIRS
at 50.5 m, which is also evident from (5). As a conse-
quence, it can be inferred that the receiver should not be
positioned perpendicular to the OIRS. Due to the inverse
relationship between the total distance (dsr + drd) and the

received power, in a PMS scenario, the average SE initially
rises and then falls as the dsd increases from 1 to 100 m.
There is no dip in the PMS scenario because different mirror
elements have different reflection angles. Therefore, some
of the rays may still reach the receiver at different angles
with respect to the receiver even when it is perpendicular
to the PMS. Depending on whether the incidence angle (θi)
is smaller or greater than the critical angle (θc) in con-
ventional NLOS scenario, attenuation and reflectivity play
the important role. The received power signal is therefore
dependent on both attenuation and reflection as θi < θc until
dsd = 90 m. Following this point, θi > θc and hence the
total received power solely depends on the attenuation fac-
tor, which is also evident from (17). Furthermore, it can be
observed that conventional NLOS-assisted UWOC systems
outperform PMS-assisted systems under certain conditions,
such as when the receiver is close to the transmitter or when
θi exceeds θc, but this scheme is not applicable for deep
sea application scenarios since optical signal transmission
underwater is limited to a few tens of meters.
Fig. 4 shows the results for the average SE of the three

scenarios with regard to the transmit power (Pt) utilizing
EGG distribution for various scintillation indices (σ 2

I ) of
0.2178, 1.9328, and 3.1952. The corresponding values of
ω, λ, a, b, and c for these scintillation indices are given in
TABLE 2. It is assumed that the OIRS/PMS is positioned
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FIGURE 4. Average SE vs. transmit power for different UWOC systems.

FIGURE 5. Average SE vs. transmit power for different water types.

15 m away from the transmitter and dsd = 30 m. From
Fig. 4, it can be observed that the proposed OIRS-assisted
UWOC scenario outperforms the PMS and NLOS-assisted
UWOC systems. Additionally, in all three circumstances, the
average SE decreases with a large scintillation index (strong
turbulence), as expected. Furthermore, the PMS-assisted
UWOC system performs better than the NLOS-assisted
UWOC system. This is because some part of the signal in
the NLOS-assisted UWOC system is lost into the air at the
water-air interface, but there is no such loss in PMS case. As
a result, it can be inferred that the proposed UWOC systems
perform better than the benchmark case in terms of SE.
In Fig. 5, the average SE is plotted for two different water

types which include pure sea water and clear ocean water,
when σ 2

I = 0.2178. The results demonstrate that the average
SE of pure sea water is higher than that of clear ocean water.
This is due to the fact that clear ocean water has a higher
attenuation coefficient (c(λ)) of 0.151 than pure sea water
with c(λ) = 0.056 [3].

Fig. 6 depicts the average SE when the transmitter depth
(ys) is varied from 1 m to 60 m. It is assumed that the
receiver is positioned at a depth of 20 m from the water-air
interface, and zkl is 15 m. ao is assumed to be 1 m2. It can
be observed from Fig. 5 that the average SE is low when
the source is close (ys is 1m to 7 m) to the reflector plane
(water-air interface). This attributes to large incidence angle
at the OIRS plane and consequently small received power
at the receiver. This owes to the principle of operation of
the mirror array reflector in which it is assumed that the

FIGURE 6. Average SE vs. transmitter depth for different UWOC systems.

TABLE 3. Incidence angle (θi ) for varying transmitter depths (ys ).

FIGURE 7. Average EE vs. transmit power for different UWOC systems.

reflecting element’s two rotational degrees of freedom lie
between [−π/2, π/2]. The reduction in the average SE is due
to increased pathloss with increase in total distance between
the transmitter and the receiver, when ys > 7 m. The converse
scenario for OIRS, when the source is considered to be fixed
and the receiver depth (yd) is variable, also exhibits a similar
pattern of behaviour. In the case of PMS, as the signal from
all of the PMS elements doesn’t fall on the receiver FOV, so
its average SE is less than that of the OIRS scenario. In the
NLOS scenario, the average SE is initially high until ys = 7
m; the reason behind this high SE is the TIR occurring at the
water-air interface as θi is more than the θc = 48.4401. After
ys = 7 m, as θi < θc, therefore the average SE reduces as a
function of both pathloss and reflectivity. TABLE 3 shows
the values of incidence angle for various transmitter depths.

B. AVERAGE ENERGY EFFICIENCY
Fig. 7 shows the plot of average EE result with respect
to the transmit power (in watts) for varying ao, assuming
psd + pdd = 30 dBm, and pod = 10 dBm. There are a total of
156, 625, 1406, and 2500 OIRS elements that corresponds
to ao = 1 m2, 4 m2, 9 m2, and 16 m2, respectively. It is
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FIGURE 8. Outage probability vs. transmit power for different UWOC systems.

observed that the average EE decreases as the OIRS area
or the number of reflecting elements increases. This is due
to the fact that the average SE reaches saturation for large
number of reflecting elements, whereas energy consump-
tion increases linearly with increasing nm. Since no power
is required by the PMS elements for reflecting the signal
in PMS-assisted UWOC scenarios, the EE will not reduce
by increasing the number of reflecting elements. It is there-
fore, concluded that expanding the area of OIRS result in
a decreased EE. This is due to the fact that increasing the
OIRS area increases circuit power consumption, whereas the
SE saturates after a small initial rise with increase in OIRS
area. As a result of this compounding effect, the EE for a
large number of reflecting elements decreases. This can also
be observed analytically from (33).

C. OUTAGE PROBABILITY
Next, the outage probability performance of the proposed
UWOC systems under varying turbulence effects is presented
in Fig. 8, when γth = 4 dB. It is assumed that dsd = 30
m, and the OIRS is placed exactly in the middle of the
transmitter and the receiver. Additionally, ao is assumed to
be 1 m2. From Fig. 8, the following observations can be
made: a) OIRS-assisted UWOC system shows a significant
improvement in the outage probability in all three turbulence
scenarios (strong, moderate, and weak), b) increasing σ 2

I ,
increases the outage probability as can be observed from
the plots of OIRS for σ 2

I = 0.2178, 1.9328, and 3.1952, and
c) the outage probability of OIRS-assisted UWOC system
is 1.8 × 10−4 at transmit power of 60 dBm, whereas at the
same amount of transmit power, the outage probability of
PMS and NLOS-assisted UWOC systems is 2.4 × 10−3 and
4.34 × 10−3, respectively when σ 2

I = 0.2178.
The outage probability versus transmit power performance

of the proposed OIRS-assisted UWOC systems for different
γth is presented in Fig. 9. From the figure, it is clearly seen
that the outage probability increases as predicted when γth
increases.

D. AVERAGE BER
Finally, in Fig. 10, the average BER for IM/DD with OOK
is plotted against transmit power (Pt) for various channel
conditions varying from weak to strong turbulence. This

FIGURE 9. Outage probability vs. transmit power considering OIRS-assisted UWOC
system for different SNR threshold (γth).

FIGURE 10. Average BER vs. transmit power for different UWOC systems.

average BER plot shows similar kind of observations as the
outage probability does. It is observed from this plot that
the OIRS shows improved average BER, followed by PMS
and NLOS. For example, BER of OIRS, PMS, and NLOS is
3.37 × 10−5, 4.42 × 10−4, and 7.76 × 10−4, respectively, at
Pt = 60 dBm for σ 2

I = 0.2178. Also, it can be observed from
Fig. 10 that as the scintillation index value becomes higher,
it result in an increase in the average BER. The average
BER of NLOS-assisted UWOC system with the weak tur-
bulence (σ 2

I = 0.2178) and strong turbulence (σ 2
I = 3.1952)

is 7.76×10−4, and 3.21×10−3, respectively. Hence it is obvi-
ous that the OIRS-assisted UWOC system is more reliable
than PMS and NLOS UWOC systems.

V. CONCLUSION AND FUTURE WORK
In this work, two NLOS UWOC methods employing mirror-
based OIRS and PMS are proposed and compared to the
conventional TIR based NLOS methodology for UWOC
systems in the literature. Specifically, the average SE,
average EE, outage probability, and average BER is ana-
lyzed by deriving the closed-form expressions of these
proposed systems. The findings demonstrate a considerable
performance improvement using the proposed OIRS-assisted
UWOC system. Additionally, the efficient zones of OIRS
deployments are analyzed and the results show an interesting
observation that the OIRS should not be placed very close
(at 900) to transmitter or receiver. Moreover, the transmit-
ter/receiver should not be placed very close to the OIRS
plane. Furthermore, conventional NLOS-assisted UWOC
systems and PMS UWOC systems show a comparable
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performance. This work can be extended in future by analyz-
ing the performance studies that take into account the effect
of wind and ocean currents on the orientation and displace-
ment of the transmitter, the OIRS/PMS, and the receiver.
Additionally, a hybrid acoustic-UWOC system with OIRS
may be one of the future extensions of this study. In the
current work, an OIRS is serving a single receiver. The
same OIRS can be used to serve multiple receivers (i.e.,
OIRS with NOMA), which can be another option for future
work.

APPENDIX A
PROOF OF LEMMA 1
For any random variable z, the PDF can be obtained by
using inverse mellin transform as

fZ(z) = 1

2π iz

∫ ζ+i∞

ζ−i∞
z−nE

[
Zn
]
dn, (37)

where ζ − i∞ to ζ + i∞ denotes the line integral, E[·]
denotes the expectation operator and E[Xn] denotes the nth

order moment. The nth order moment of hα is expressed as

E

[
hnα
] =

∫ ∞

0
hnαfhα (hα)dhα. (38)

Now substituting (4) in (38) and then using [40, eqs.
(3.351/3) and (3.478/1)], we get

E

[
hnα
] =

(
ωλn�(1 + n)+ (1 − ω)bn�(a+ n/c)

�(a)

)
. (39)

Now using (39) in (37) and then using the definition of
Fox-H function to get fhα (hα) in (23), which concludes the
proof of Lemma 1.

APPENDIX B
PROOF OF LEMMA 2
The CDF of γ , which is related to PDF by the relation as
Fγ (γ̄ ) = ∫ γ

0 fγ (γ̄ )dγ can be obtained by using (25) and
solving the inner integral as

∫ γ

0
γ− n

2 −1dγ = −γ
− n

2

− n
2

= γ− n
2

�(n)

�(1 − n)
,

then using the definition of Meijer’s G function
in [43, eq. (2.9.1)], and then converting it to Fox’s H func-
tion yields the CDF of SNR in (26), which concludes the
proof of Lemma 2.
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