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Abstract—In view of recent developments in underwater

wireless technology and the continuous demand for deep

ocean exploration, this study investigates the underwater

optical wireless communication system. Underwater wireless

optical communication (UWOC) has several benefits over

short-distance wireless connectivity due to its significantly

higher bandwidth and data rate compared to acoustic

communication. This paper presents an analysis of a non-

line-of-sight (NLOS) UWOC system configuration using a

submerged optical intelligent reflecting surface (OIRS) that

is used to support multiple users by allocating different OIRS

elements to various users at the receiver end. To increase

the average sum rate and preserve user fairness, techniques

based on equal mirror assignment (EMA) and distance-based

mirror assignment (DMA) are presented. The outcomes are

evaluated against conventional orthogonal multiple access

(OMA) and non-orthogonal multiple access (NOMA) schemes

for underwater communications.

Index Terms—UWOC, NLOS communication, OIRS,

Oceanic turbulence, Visible Light Communications (VLC),

Exponential and generalized gamma (EGG) distribution.

I. INTRODUCTION

The interest of humans in performing research on under-
water operations, such as oceanographic studies, offshore
oil exploration, seafloor survey, and monitoring, has in-
creased significantly in the recent years [1]. In order to
be effective, underwater wireless communication (UWC)
systems need to be reliable as well as support high data
rates. In UWC, data is delivered in an unguided aquatic
environment via wireless carriers like radio frequency (RF)
waves, acoustic waves, and optical waves. Unfortunately,
because of the substantial attenuation of RF waves in
the oceanic surfaces, its application is restricted. Acoustic
waves experience considerably less attenuation, although
they are generally hampered by multipath interference,
bandwidth restrictions, and significant propagation delays.
Optical communication technology is one potential solu-
tion for high bandwidth and low latency UWC systems [1].
The UWOC technique outperforms the other two UWC
systems in terms of transmission data rate, bandwidth, link
delay, and implementation cost. Hence, it can also be em-
ployed for real-time data transfer applications [2]. UWOC
is also far more secure than RF and acoustic transmission.
Consequently, UWOC can effectively collect and analyse
data from vast, dangerous, and deep underwater regions
without requiring manual human intervention. Despite this,
because of the optical signal’s significant dispersion and

absorption in UWOC, only short-range transmission (less
than 200m) is feasible [3]. Mixed dual-hop transmission
has been well studied in the literature and is the most
popular solution to this issue. Different underwater wire-
less communication technologies, such as RF, acoustic, and
optical, have been comprehensively studied in [1], [3].

According to the literature, there are four different
UWOC configurations for data transmission: the point-
to-point (P2P) line of sight (LOS) configuration, diffused
LOS configuration, retro reflector-based LOS configura-
tion, and NLOS configuration. When direct LOS contact
cannot be established between the transmitter and receiver,
an NLOS-UWOC setup may be employed. Total internal
reflection (TIR) is the underlying theory of NLOS setup. In
this configuration, the signal is directed towards the water-
air contact, where it is partially refracted and partially
reflected at the interfaces of the media having different
refractive indices. The reflected signal is transmitted to the
receiver (facing the sea surface) [3].

A viable method for overcoming the drawbacks of
unfavourable wireless channel is the low-cost intelligent
reflecting surfaces (IRS) technology, which boosts the re-
ceived signal’s strength and enhances system performance.
When direct communications have poor qualities, an IRS
intelligently configures the wireless environment to aid
the transmissions between the sender and the receiver
[4]. It improves the energy efficiency of the signal by
radiating all the incident energy in a particular direction
towards the destined user. Each of the element of the IRS
can be manipulated by changing phase of the incident
signals individually. The two different types of OIRS are
mirror-based optical IRS and meta-surface-based optical
IRS [5]. Mirror-based OIRS mimics a mirror, but in a
controllable way, according to the analysis of [4]. Meta-
surface-based OIRS are made up of discrete planar arrays
of subwavelength unit cells that can change the reflected
wave’s phase, amplitude, and polarization.

A. Related works

The phased array (PA) and the micro-mirror array
(MA) for FSO-based OIRS in a point-to-multipoint FSO
communication system are proposed in [6]. According to
[6], the optical beam can be converged in the desired
direction by mechanically adjusting the orientation of the
many micro-mirror modules that make up an MA-based
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OIRS. The MA-based OIRS has the potential benefits of
low cost and greater reach, allowing it to be used in a
variety of communication application scenarios. Similar to
RF-based IRS, PA-based OIRS is built from a number of
programmable phased modulation units. By varying the
phase distribution of the phased modulation units, it is
possible to change the beam’s form and direction.

In [7], the authors explored the outage probability,
average bit error rate (BER), and ergodic capacity utilizing
amplify and forward (AF) and DF relays for different water
types in which an RF-IRS is utilized in the terrestrial
link of a mixed RF-UWOC system. When examining the
potential network architecture for an underwater internet
of things (IoT), the authors of [8] found that IRS was one
of the most promising methods. The authors discussed the
advantages of applying IRS in challenging environments
(CEs), such as those that are underwater, underground,
industrial, or subject to disasters, where signal propagation
and communication using conventional signaling systems
are easily hampered. Moreover, the authors in [9] use a
meta-surface based OIRS and take into account the under-
water turbulence, beam attenuation, occlusion or blockage
caused by objects, and beam direction errors to evaluate
the system performance in terms of BER, channel capacity,
and outage probability.

The performance of IRS-assisted UWOC systems when
the IRS is positioned in the system’s terrestrial connection
has received a lot of attention as obvious from the previous
literature. The literature, however, is lacking in studies that
employ an OIRS that is submerged. Further, a submerged
mirror-based OIRS servicing multiple users for UWOC
has also not yet been investigated. Consequently, in the
proposed work the effectiveness of a submerged mirror-
based OIRS with many users in a UWOC system is
explored.

B. Motivation and Contributions
To the best of the author’s knowledge, the proposed

work is first of its kind to propose a novel NLOS technique
for underwater communication employing OIRS. An OIRS
placed on an autonomous underwater vehicle (AUV) is
submerged in water to facilitate communication when
direct LOS communication is not possible. In order to
maximize the average sum rate and ensure user fairness,
the OIRS serves a number of users by allocating a different
number of mirror elements to each user.

In light of this, the main contributions of this paper
consist of following:

1) This paper proposes a distance-based mirror as-
signment (DMA) algorithm which takes into account the
effects of attenuation and turbulence, for an OIRS assisted
UWOC channel.

2) The system is analysed for average sum rate and
the user fairness. It can be inferred from the obtained
results that DMA not only supports the highest number
of users, but also maintains the highest degree of user
fairness.

3) We also propose an equal mirror assignment (EMA)
algorithm and show that the proposed algorithms perform

S

U2

OIRS

Blockage 
(to all the 

users)

ϕ𝑘,𝑙
𝑠

Water-Air Interface

𝑦𝑠

𝑧𝑠

(0, 𝑦𝑠, 0)

U1

(𝑥𝑘𝑙 , 0, 𝑧𝑘𝑙 )

𝑑𝑠𝑟=42.94 𝑚

Ui

𝑑𝑟𝑑1

𝑑𝑟𝑑𝑖
𝑑𝑟𝑑2

Fig. 1: Schematic for the considered OIRS-aided UWOC
system.

better in terms of average sum rate and fairness compared
to conventional orthogonal multiple access (OMA) and
non-orthogonal multiple access (NOMA) techniques.

II. SYSTEM MODEL

Due to the obstructions and changing nature of the
water, LOS communication underwater is rarely possible.
Thus, NLOS-based communication is the preferred option.
The conventional NLOS UWOC design uses the sea sur-
face to make the TIR phenomenon possible, establishing a
link between the obstructed transmitter and receiver. Fig.
1 illustrates the system model for an NLOS based UWOC
system with OIRS and multiple users.

In this OIRS-aided UWOC system a single source (S)
serves as the transmitter for the entire communication
system. A planar OIRS is mounted on an AUV that is
in direct LOS with the transmitter and multiple users. It is
assumed that the communication between the transmitter
and receivers (users) occurs via OIRS as the direct LOS
communication is blocked. Multiple mirror elements make
up the mirror-based OIRS. The OIRS receives the signal
from the transmitter and forwards it in the desired user
direction by changing the orientation of each OIRS ele-
ment. A mechanical steering gear individually rotates each
OIRS unit’s lens-coated surface material [10]. 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 not altered in terms of phase, amplitude,
or other properties by the OIRS. Further, it is assumed that
the AUV with OIRS is situated just below sea surface to
ensure that the entire system is submerged. The mobile
users are uniformly distributed within a circular area of
radius 50 m.

A. Channel Model
In the considered setup, we employ light emitting diodes

(LEDs) at the source and a high-sensitivity photodetector
(PD), i.e., a silicon photomultiplier (SiPM) at each user.
The transmitted signal x from the source having transmit-
ted power of Pt is re-emitted by the OIRS to the intended
location. The transmitter is positioned at a depth of ys

from the air-water interface. Thus the received signal at
the user is represented as [9],
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y = GOhph↵x+ ⌦, (1)

where the OIRS-assisted UWOC system channel gain
is denoted by GO, hp denotes the attenuation loss, h↵

denotes the oceanic turbulence and ⌦ is the photo current
noise, which comprises of shot noise, dark current noise,
background noise, and thermal noise. The total noise
variance �2

⌦
is given by [11],

�
2

⌦
= �

2

sh
+ �

2

d
+ �

2

b
+ �

2

th
, (2)

where �2

sh
, �

2

d
, �

2

b
and �2

th
denote the variances of the sig-

nal shot noise, dark noise, background noise and thermal
noise, respectively.

We consider an OIRS with nm ⇥ nm mirror elements.
Each element has a dimension that is equal to `m ⇥ wm,
where `m and wm stand for the length and width of a
single mirror element, respectively. It is assumed that the
OIRS controller is aware of the channel state information
(CSI). The channel gain of the reflected signal from each
of the OIRS elements in the k

th row and `
th column is

given as [12],

GOk,`(�,�) =

8
>>>>><

>>>>>:

⇢⌘
(m+1)APD

2⇡(dsr+di
rd)

2 cosm
⇣
�s

k,`

⌘
cos

⇣
 
s

k,`

⌘

⇥ cos
⇣
�k,`

d

⌘
cos

⇣
 
k,`

d

⌘
T ( )G( ),

0 
⇣
 
k,`

d

⌘
 ( FoV ) ,

0, otherwise

,

(3)
where ⇢ denotes the reflection coefficient of the OIRS
element, ⌘ is the current-to-light conversion efficiency
of the LED, m represents the lambertian order which
is given by m = � ln(2)/ln

⇣
cos

⇣
� 1

2

⌘⌘
, where � 1

2

is LED semi angle and APD is the area of the photo
diode. �s

k,`
is the angle of irradiance from the transmitter

to OIRS,  s

k,`
is the angle of incidence on the OIRS,

�k,`

d
is the angle of irradiance from the k

th row and
`
th column OIRS element towards the user, and  

k,`

d
is

the angle of incidence of the reflected signal from OIRS
element in the k

th row and `th column. The gains of the
optical filter and non-imaging concentrator are T ( ) and
G( ), respectively, and the field of view (FoV) of the PD
is ( FoV ). The concentrator’s gain can be expressed as
G( ) = µ

2
w
/ sin2  FoV, 0     FoV, where µw 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 [13],

cos
⇣
�k,`

d

⌘
=
(xk,` � xd)

drd
sin(�) cos(�) +

(yk,` � yd)

drd

⇥ cos(�) cos(�) +
(zk,` � zd)

drd
sin(�),

where (xk,`, yk,`, zk,`) and (xd, yd, zd) denote the position
vectors specifying the locations of the OIRS and the
receiver, respectively.

The mirror orientation is obtained by finding a unit
vector normal to its surface, bNi,j which can be expressed
as [14]

bNk,` =
\Rk,`S+ \Rk,`Dq
2 + 2\Rk,`S

T \Rk,`D

, (4)

where the dSRk,` represents the corresponding incidence
direction and \Rk,`D represents the reflection direction.
Moreover, S,Rk,` and D stand for the source coordinates
of the source’s centre, the centroid coordinates of the
mirror in k

th row and `
th column, respectively, and the

destination (user) coordinates. The vectors S, Rk,l and D
are given as

S=

2

4
�
�
xs +

wm
2

+ (`� 1)wm

�

ys

�
�
zs +

`m
2

+ (k � 1)`m
�

3

5 ,

Rk,` =

2

4

�
xs +

wm
2

+ (`� 1)wm

�

0�
zs +

`m
2

+ (k � 1)`m
�

3

5 ,

D =

2

4
xd �

�
xs +

wm
2

+ (`� 1)wm

�

yd

zd �
�
zs +

`m
2

+ (k � 1)`m
�

3

5 .

Furthermore, the rotation angles can be computed using
the obtained normal vector bNk,`, as

�k,` = sin�1

⇣
bNT

k,`
e3

⌘
(5)

and

�k,` = sin�1

⇣
bNT

k,`
e1/ cos (�k,`)

⌘
(6)

where ec (c 2 {1, 2, 3}) represents the c
th column of a

3⇥ 3 identity matrix,
The attenuation loss (hp) in (1) is modelled using the

well-known Beer-Lambert law as [3],

hp = e
�c(�)(dsr+d

i
rd), (7)

where dsr is the distance from the source to the centroid of
OIRS, di

rd
is the distance from OIRS to the i

th user, and
c(�) is the wavelength-dependent extinction/attenuation
coefficient and is the summation of the absorption coeffi-
cient a(�) and scattering coefficient b(�).

The oceanic turbulence (h↵) can be depicted as a
mixture of exponential and generalised gamma (EGG)
distributions [15],

h↵(↵) = !f(↵;�) + (1� !)g(↵; [a, b, c]), (8)

with
f(↵;�) =

1

�
exp

⇣
�↵
�

⌘

g(↵; [a, b, c]) = c
↵
ac�1

bac

exp
�
�
�
↵

b

�c�

�(a)
.

where, f and g denote the exponential and generalized
Gamma (GG) distributions respectively, ! is the mixture
weight or mixture coefficient of the distributions, satisfying
0 < ! < 1,� is the parameter associated with the
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exponential distribution, a, b and c are the parameters of
the GG distribution, and �(·) denotes the Gamma function.

The total path loss (DC gain) for a nm ⇥ nm square
OIRS-assisted underwater channel is given by using (3),
(7), and (8) as [13],

HOIRS =
nmX

k=1

nmX

l=1

GOk,l(�,�)hph↵. (9)

The above can be approximated as follows, assuming
a point light source case where the distance of light
transmission is relatively large compared to the size of
the light source and the small OIRS dimensions [12],

HOIRS ⇡ n
2

m
GOk,`(�,�)hph↵. (10)

Therefore, the overall received power can be given as,

PR = RePtHOIRS , (11)

where Pt is the total transmit power, Re is the responsivity
of SiPM which is given as [11],

Re =

✓
⌥PDE

Eph

◆
(1 + PAP + PCT) eG. (12)

Here, Eph is the photon energy, and e is the electron
charge. Moreover, G,⌥PDE, PAP, and PCT, stand for
the SiPM gain, photon detection efficiency, after-pulsing
probability, and crosstalk probability, respectively.

III. PERFORMANCE ANALYSIS

In this section, we derive the average sum rate of
the system and fairness index to investigate the proposed
OIRS-assisted UWOC system performance.

A. Average sum rate (ASR)
Using (2), (10), and (11) the instantaneous received

electrical SNR is obtained as [11]

�i =
R2

e
P

2
t
G

2
o
h
2

P
h
2
↵

�
2

⌦

= �̄ih
2

↵
, (13)

where �̄i =
R2

eP
2
t G

2
oh

2
p

�2
⌦

is the average electrical SNR. The
data rate for the i

th user of the UWOC system is defined
as, [16]

Ri = log2(1 + ⌧�i), (14)

where ⌧ = e

2⇡
for IM/DD [17].

The average sum rate is then given as

ASR =
NX

i=1

Ri. (15)

B. Fairness index
We used Jain’s fairness index to measure user fairness

in this work. All users receive the same average rate if the
fairness index value is close to 1. If this index falls almost
to zero, a small number of users control the average rate
[18].

J =

⇣P
N

i=1
Ri

⌘2

N
P

N

i=1
R

2

i

, (16)

where, Ri denotes the individual data rate achieved by the
i
th user and N is the total number of users.

TABLE I: Simulation Parameters

Parameter Value
Transmit power (Pt) [19] 1 to 60 dBm
Wavelength (�a) [3] 532 nm
Refractive index of water (µw) [20] 1.33643
Extinction coefficient of pure seawater c(�) [21] 0.056 m�1

Length of OIRS element `m 8 cm
Width of OIRS element wm 8 cm
Reflection efficiency of mirror element ⇢ [22] 0.8
Lambertian order m [22] 2
Depth of Transmitter ys 40 m
SiPM area APD 0.0314 m2

Optical filter gain T [13] 1
SiPM gain G [11] 106

SiPM prob. of cross-talk PCT [11] 0.03%
SiPM prob. of after pulsing PAP [11] 0.2%
Speed of light in water Cwater 2.25⇥ 108m/sec
Charge on electron e [11] 1.6⇥ 10�19 C
Photo current noise ⌦ [23] 2⇥10�14W
Scintillation index �2

I [15] {0.2178}
EGG distribution parameters corresponding to
�2
I of 0.2178 [15]

{!} {0.1665}
{�} (0.1207}
{a} {0.1559}
{b} {1.5216}
{c} {22.8754}.

IV. PROPOSED ALGORITHMS:
A. Distance based mirror assignment (DMA) algorithm:

According to this algorithm, the mobile user’s distance
from the OIRS determines how many mirror elements of
the OIRS are assigned to that particular user.

Algorithm 1: Distance based mirror assignment (DMA)
algorithm

Input: Initialize i = (1, ..., N) set of users uniformly
distributed within the circular area of radius 50 m, an
OIRS fixed on an AUV consisting of nm ⇥ nm mirror
elements where each mirror element is of area 8⇥ 8 cm2.
for i=1, 2..., N do

1: Calculate distance of OIRS from the source denoted as
dsr

2: Calculate user distances from the OIRS represented as
d
i

rd

3: Calculate and sort total user distance (dsr + d
i

rd
) in

ascending order
4: Add the distances of all the users from the source
(Sumd)
5: Allocate the number of OIRS elements based on total
distance as

n
i

m
= ceil(

(dsr + d
i

rd
)

Sumd

⇥ n
2

m
)

6: Calculate the SNR of ith user using (13)
7: Evaluate the data rate of each user according to (14)
8: The ASR is then calculated by using (15)
8: end for

B. Equal mirror assignment (EMA) algorithm:
In this algorithm, the number of mirror elements in the

OIRS are divided evenly among all mobile users without
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taking into account the distance of the user from the OIRS
and the results are compared with the DMA scheme.

C. OMA and NOMA schemes
The OMA scheme used in this work is time division

multiple access (TDMA) in which all the OIRS elements
are allocated to a single user for one time instant.

For OIRS-assisted NOMA scheme, all the users are
allocated equal number of OIRS elements and we assume
the perfect successive interference cancellation (SIC) and
the fixed power allocation.

V. NUMERICAL RESULTS

In this section, we present the numerical results obtained
through the proposed algorithms and compare it with the
baseline scenario of OMA and NOMA. The OIRS consist
of nm ⇥ nm mirror elements with a dimension of `m =
0.08 m and wm = 0.08 m. The key simulation parameters
are summarized in TABLE I. All the presented results have
been obtained through Monte Carlo simulations.
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Fig. 2: Average sum rate with respect to transmit power
for different assignment schemes, when N = 3.

Fig. 2 shows the results for the average sum rate of
the four scenarios with regard to the transmit power
(Pt) considering 3 users and utilizing EGG distribution
for scintillation index (�2

I
) of 0.2178. The corresponding

values of !, �, a, b, and c for this scintillation index is
given in TABLE I. From Fig. 2, it can be observed that
the proposed DMA and EMA based OIRS-assisted UWOC
scenarios sum rate is almost same and it outperforms the
other schemes. The OIRS elements for small number of
users are distributed to all users nearly equally, as is the
case with the EMA scheme, which is why the sum rate for
the DMA and EMA schemes are the same. Furthermore,
it is observed that OMA operates better than NOMA at
low Pt because NOMA users experience interference. Yet,
NOMA outperforms OMA at high Pt by providing large
capacity. As a result, it can be inferred that the proposed
algorithms for UWOC systems perform better than the
benchmark case in terms of average sum rate.

For Pt = 10 dBm, Fig. 3 shows the average sum rate as
a function of N . The results demonstrate that DMA is the
best scheme for large numbers of users when compared
to EMA and OMA since its average sum rate improves
significantly as the number of users increases.
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Fig. 3: Average sum rate with respect to number of users
for different assignment schemes.
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Fig. 4: Fairness index variation with respect to number of
users for different assignment schemes.

The fairness index is depicted in Fig. 4 with respect
to the number of users. The results show that, for any
number of users, the DMA technique is the most fair of
the three techniques, followed by the EMA technique. We
can also infer that our proposed DMA-based algorithm
maintains fairness in addition to achieving the maximum
sum rate for a large number of users because the variation
in the fairness index of DMA is less than that of the EMA
scheme. Additionally, it is determined that as the number
of users increases, the fairness of the OMA-based system
rapidly declines, making OMA unsuitable for a system that
has a large number of users.

Fig. 5 shows the average rate per user with respect to
number of users. From the results, it is observed that as the
value of N increases, the average rate per user decreases.
This drop is due to the fact that when N increases, fewer
OIRS elements will be assigned to each user. In OMA, the
data rate decreases at much faster rate compared to DMA
and EMA schemes. It can be observed that for N = 10, the
average rate per user in case of OMA reduces to around 6
bps/Hz, whereas it reduces to around 18 bps/Hz for DMA
and 15 bps/Hz in case of EMA scheme.

VI. CONCLUSION

An NLOS OIRS-assisted UWOC system is investigated
in this paper, and two mirror element assignment tech-
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Fig. 5: Average rate per user with respect to number of
users for different assignment schemes.

niques (DMA and EMA) are proposed for supporting mul-
tiple users. We evaluate the effectiveness of the proposed
mirror element assignment techniques taking into account
the average sum rate and user fairness. From the results, it
is observed that DMA scheme performs better than EMA,
OMA, and NOMA schemes in terms of average sum rate
as well as user fairness for a large number of users. In
future, this work can be extended considering the impact
of sea surface slopes (which cause pointing errors) on the
overall system performance.
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