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Intelligent Reflecting Surfaces for Underwater
Visible Light Communications

Yalcgin Ata
Sami Muhaidat

Abstract—Intelligent reflecting surfaces (IRSs) offer paradigm
shift towards enhancing the capabilities of wireless communica-
tions. The use of this emerging technology in the realm of un-
derwater wireless systems is a promising solution to overcome
the limitations pertinent to such challenging environments. In
this paper, we quantify the performance enhancement offered by
the integration of IRS technology in the context of underwater
optical wireless communication (OWC). Specifically, we derive a
closed-form expression for the outage probability over log-normal
channels, taking into consideration the underwater attenuation,
pointing error, and turbulence effects. The underwater turbulent
medium is characterized by the recently introduced Oceanic Tur-
bulence Optical Power Spectrum (OTOPS) model that uses the
practical values of average temperature and salinity concentration
in earth basins. The presented numerical results take into account
the effects of the turbulent medium as well as the communication
system parameters (i.e., communication range, receiver aperture
diameter, number of IRS). Our results show that IRSs can offer
significant enhancement in the reliability of underwater OWC
systems under attenuation, beam displacement, and turbulence
effects. Moreover, the combined effect of using a large number of
reflecting surfaces and a larger aperture diameter yields a more
noticeable improvement.

Index Terms—Visible light communication (VLC), intelligent
reflecting surface (IRS), underwater optical wireless communicat-
ion (UOWC), Internet-of-Underwater-Things (IoUT).

1. INTRODUCTION

creased interest as a promising concept that aims to
bring ubiquitous connectivity to the underwater environment.
The overarching goal of the research in this area is to con-
nect underwater sensor networks (USNs) and autonomous

T HE Internet-of-Underwater-Things (IoUT) is gaining in-
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underwater vehicles (AUVs) through reliable wireless links in
order to facilitate seamless underwater operations such as under-
sea monitoring, marine life protection, oil and gas exploration,
and navigation support, to name a few [1], [2]. Communication
in IoUT can be established based on three different types of
propagation media, namely: acoustic, radio frequency (RF), and
optical. While acoustic signals can propagate for long distances,
they typically only support low data rates. RF signals, on the
other hand, support higher data rates but at the expense of
decreased communication range. Visible light communication
(VLC), as a subset of underwater optical wireless communica-
tion (UOWC), is particularly well-suited to underwater applica-
tions as it allows sufficiently high data rates and low latency at
medium transmission ranges [3].

The continuing advancements in solid-state lighting and op-
tical detectors are paving the way for wide adoption of UOWC
systems. In UOWC, the information is encoded on the intensity
of the light beams emitted by light-emitting diodes (LEDs) or
laser diodes (LDs) and the receiver side employs photo-detectors
(PDs) to detect the fluctuations in the received light intensity and
translate it into a decodable signal [4]. UOWC is a viable solu-
tion for providing low-power, low-cost, high-speed underwater
communications. For example, an UOWC link utilising LDs was
demonstrated in [5] offering a data rate of 1.5 Gbps over a 20 m
distance. In [6], adaptive bit-power loading discrete multi-tone
modulation combined with nonlinear equalisation was shown to
enhance the capacity of UOWC, achieving a 7.33 Gbps over a
15 m distance. A transmission distance of 56 m was realised
in [7] based on frequency domain equalisation combined with a
time-domain decision feedback noise predictor at the receiver.
More recently, a record transmission range of 150 m offering a
data rate of 500 Mbps was demonstrated in [8] based on com-
bination of partial response shaping, interleaving, precoding,
and Trellis coded modulation technology. It is noted that one
of the obstacles of achieving ubiquitous UOWC connectivity in
IoUT is the limitation on the transmission range as well as the
susceptibility to turbulence caused by the random variations of
the refractive index of water, which leads to both intensity and
phase fluctuation of the optical beams. A possible solution is
to use high-sensitivity detectors which relax the alignment re-
quirement such as photon-counting receivers [9] and avalanche
diodes [10]. Nonetheless, these types of detectors are typically
characterised with low modulation bandwidth compared to tra-
ditional photo-detectors, which reduces the spectral efficiency
and achievable capacity.
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The emerging concept of intelligent reflecting surfaces (IRSs)
opens the door for the possibility of controlling and optimising
the wireless medium in underwater communications. IRS tech-
nology offers a change of paradigm by introducing metasurface
structures that can be programmed and reconfigured to achieve
a specific response to the incident signals [11]. Utilising these
structures, the optical radiation can be manipulated by introduc-
ing engineered responses that affect one or more of the light
wave characteristics, i.e., amplitude, phase, polarisation, spatial
power distribution, and wavefront shape. Based on this, the
propagation of the wireless signal can be controlled in order to
achieve specific quality-of-service (QoS) requirements in terms
of throughput, coverage, reliability, security, etc [12]. Moreover,
the use of multiple IRSs within the UOWC network allows the
possibility of creating multi-hop transmission by directing and
steering the light beams, establishing non-line-of-sight (NLoS)
connections between the IoUT entities [13]. However, the feasi-
bility of this approach is mainly dependent on the characteristics
and capabilities of the employed reflecting surfaces. Recently,
mitigating the turbulence effect by using IRSs was investigated
for Gamma distributed channel and Nikishov’s power spectrum
model and the associated bit-error-rate (BER) performance of
the system was presented [14]. However, there is a need to
evaluate the IRS effect under various underwater turbulence
conditions to get a better idea of the feasibility and effectiveness
of this technology.

In this paper, we investigate the outage probability perfor-
mance of IRS-assisted VLC links taking into account the ef-
fects of attenuation, pointing error, and turbulence. We model
the underwater turbulent medium by the recently introduced
Oceanic Turbulence Optical Power Spectrum (OTOPS) model
that uses practical values for the average temperature and aver-
age salinity concentration in earth basins. Our results indicate
that the integration of IRSs in the underwater medium can offer
significant enhancement in the link reliability under attenuation,
beam displacement, and turbulence effects.

The rest of the paper is organised as follows; Section II
describes the system and channel model of IRS-assisted UOWC.
The outage probability derivations are shown in Section III while
Section IV presents and discusses the obtained numerical results.
Finally, the conclusions are drawn in Section V.

II. SYSTEM AND CHANNEL MODEL

The block diagram of the investigated system model is given
in Fig. 1. An UOWC link is configured between two platforms
operating in the underwater medium and an IRS is used to
create an alternative path between the transmitting and receiving
entities. The communication between the underwater platforms
is provided by means of a VLC link. The attenuation due
to absorption and scattering phenomena is taken into account
through Beer-Lambert law. The horizontal and vertical beam
displacements are assumed to be independently Gaussian dis-
tributed and the pointing error is modeled by Rayleigh distribu-
tion. The Lognormal distributed channel model is chosen as the
probability density function (PDF) of the underwater turbulence
and the recently introduced OTOPS is used to characterise the
turbulence power spectrum. The signal-to-noise-ratio (SNR)
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Fig. 1.

System model for IRS assisted underwater VLC system.

TABLE I
'WATER TYPES

Water Type | C. in mg/m®

Pure sea 0.005
Clear ocean 0.31

Coastal 0.83

Harbor 5.9

dependent channel PDF and cumulative distribution function
(CDF) are obtained by combining the effects of attenuation,
pointing error and underwater turbulence. The performance of
the UOWC system is analysed in terms of outage probability.

A. Attenuation

According to the Beer-Lambert’s law, the attenuation due to
absorption and scattering can be expressed as

hi = exp(—c().L), (D

where () is the attenuation coefficient, A is the wavelength
and L is the link length. The attenuation coefficient ¢(A) can
be written as the sum of absorption and scattering coefficients,
¢(A) = a(r) + b(A). Absorption remains the most dominant
factor on optical beams in underwater medium and is mainly
dependent on the chlorophyll concentration. The classification
of waters is generally based on chlorophyll concentration, as
given in Table I [15]. The absorption coefficient given in (1) is
decomposed as [16], [17]

a(d) = aw(t) + aa(d) +ap(r) + an(d), 2

where a,,(A) is the absorption coefficient of pure water (1/m)
and is given for optically and chemically pure water depending
on the wavelength [18], aci (1) = al(A) x (C./C?)"0692 is the
absorption coefficient of chlorophyll, a? (1 is the specific absorp-
tion coefficient of chlorophyll, C? = 1 mg/m? is the chlorophyll
concentration, C. is the total concentration of the chlorophyll in
mg/m®, ay (1) = a?ch exp(—kys2) is the absorption coefficient
of fulvic acid, a(} = 35.959 m?/mg is the specific absorption
of fulvic acid, Cy = 1.74098 x C, exp[0.12327(C,./C?)] is
the concentration of fulvic acid in mg/mS, ks =0.0189/nm,
an(A) = a) Cj, exp(—kp2) is the absorption coefficient of hu-
micacid, a) = 18.828 m*/mg is the specific absorption of humic
acid, Cj, = 0.19334 x C, exp[0.12343(C../C?)] is the concen-
tration of humic acid in mg/m?®, k;, = 0.01105/nm.
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The scattering coefficient (1) in (1) is given by [16], [17]
b(3) = bu(X) +bJ(A) x Cs + b (1) x C, 3)

where b, (1) = 0.005826(400/1)*322 is the scattering
coefficient of pure water [18], b%(1) = 1.151302(400/1)17
is the scattering due to small particles, bY(%) =
0.3411(400/1)%3 is the scattering due to large par-

ticles,  Cs =0.01739 x C.exp[0.11631(C./C?)] and
C) = 0.76284 x C..exp[0.03092(C./C?)].
B. Pointing Error
The PDF of the pointing error is [19]
52
fhp (hp) = Agzhg,lv 0< hp < AO )
where § = w., /204, w.,, = W24/ #f@vz) is the equivalent

beam radius, w, is the beam waist, v = \‘/g;“, rqe = Dg/2 is

the receiver circular aperture radius, D¢ is the receiver aperture

diameter, o is the standart deviation of pointing error, and Ay =
erf(v)]2.

C. Underwater Turbulence

The PDF of underwater turbulent channel modeled by log-
normal distribution is found to be [20]

1 In(h,) + 02 /2]°

= ————exp 7[11( ) Qaa/] , he >0
hay/2m02 202

)

where 02 = In(o% + 1) is the log-amplitude variance, o is the
scintillation index and is given for propagating Gaussian beam
and apertured receiver by [20]

U%(‘DG) = exXp [Ulan(DG) + U%’LY(DG)} -1 (6)

where 07 (D¢) and 03,y (D¢) denote the log variances of
large-scale and small-scale, respectively and they are expressed
by [20]

fha (ha)

2
049 (8:41) 3,

2 Qa+A
Oinx = 7/6°
0.4(2-6,)(op/on 12/7 5
14 (2-81)( f/ )72 et ﬁgj/?l)
(Qa+A1) (3-138:1+187) o
(7)
~5/6
0.510% (1+069057°)
2 _
Olny =

1+ {1.20 (or/op)?® + 0.830}3/5} /(Q6 + A1)
3)

In the previous equations, 0% is the Rytov variance of the plane
wave, a% is the Rytov variance of the Gaussian beam wave,
Q¢ = 2L/kWE is the parameter characterising the spot radius
of the collecting lens, W is the radius of the Gaussian lens
and D2 = 8WZ, A1 = Ag/(©% + A3) is the Fresnel ratio of
Gaussian beam at receiver, Ag = 2L/ kWOQ, Wy is the beam
radius, ©y = 1 — L/ F} is the beam curvature parameter at the
transmitter, Fy is the phase front radius of curvature, ©; =
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1 — Oy is the complementary parameter, ©; = O /(03 + A3)
is the beam curvature parameter at receiver. The Rytov variances
for plane and Gaussian beam waves are analytically obtained for
underwater medium using OTOPS model as [21], [22]

2.9625k7/6L11/6,
c1/3

(A*xr + B*xs + 24Bxrs) ,
)
0% =20.9845k7/6 L1630 71/3 (A% p+ B*xs+2ABxrs)

/6 0 -5 11 17 — . 3
xRe {25/61121?1 (6’ rEE (@1+A1@)) SA?/B} )
(10)

o =

where k = 27/ is the wave number, L is the link length, 5y =
0.72,  is the energy dissipation rate, y 7 is the temperature dissi-
pation rate, x5 = d,xr/H? and xrs = 0.5(1 + d,.)xr/H are
the ensemble-averaged variance for salinity and co-spectrum
dissipation rates, d, is the eddy diffusivity ratio, H is the
temperature-salinity gradient ratio, o F (.) is the hypergeometric
function, A and B are the linear coefficients depending on the
average temperature (7T'), average salinity concentration (S).
The eddy diffusivity ratio that is used for y s and x g calculation
is [23]

RP + R;gs (Rp - 1)0.5 9 Rp 2 17
d, = { 1.85R, — 0.85, 05<R,<1, (1)
0.15R,, R, < 0.5,

where R, = |H|ar/Bs is the density ratio, ar is the thermal
expansion coefficient and [ is the saline contraction coefficient.
The linear coefficients A and B are expressed by [24], [25]

Az , (12)
OT |r—(1), 5=(5)

B = ain , (13)
95 |r=(1), 5=(s)

where n(T, S, 1) is the refractive index of seawater and empir-
ically obtained as [26]

n(T,S, 1) = ap + (a1 + asT + a3T2) S+ a,T?

+ (CL5 + agS + Cl7T) A1 + ag)\.72 + agkig,
(14)

where ag = 1.31405,a; = 1.779 x 1074, a5 = —1.05 x 1076,
az = 1.6 x 1078), a4 = —2.02 x 1075, a5 = 15.868, ag =
0.01155, a7 = —0.00423, ag = —4382, ag = 1.1455 x 105, T
is the temperature and S is the salinity concentration. The
OTOPS power spectrum is modeled by [24]

®,, (k,(T),(S),1) = A*®p + B*®g + 2ABdrg, (15)

where each spectrum is expressed by
L i -
(I)i (”ia <T> ) <S> a)") = Eﬂoﬁ 1/3’% 11/3Xi [1

+21.61(rn) 6102 — 18.18 (1m) 57 -0 ]

x exp [—174.90(kn)?c) %] . (16)
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where 7 is the Kolmogorov microscale length, the non-
dimensional coefﬁcients c; are given as cp = 0.072Y/38, P 1,
cs = 0.0724/353)S. 1 and epg = L2228, (P, 4 5,)P1S,
where P, = pc,/or is Prandtl number, y is the dynam1c vis-
cosity, ¢, is the specific heat, o7 is the thermal conductivity,
S, = u?/[5.954 x 1071 ((T') + 273.15)p] is Schmidt number
and p is the water density. The details of the parameters and
their derivations are given in [24], [25].

D. Light Propagation Model

Considering that a UOWC system using intensity modulation
and direct detection scheme (IM/DD) operates in underwater
medium and additive white Gaussian noise (AWGN) ng with
zero mean and variance o2 is incorporated to the transmitted
signal at the receiver.

The received signal can be written as

N
§ ' 128
y= hsrnﬁne] grunﬁr + no,

n=1

a7

where hg,. = v,e %" and g, = u,e %" represent the path
gain of first (source to IRS) and second (IRS to user) links,
Un = Nainhpinhii, for the first link with length of L; and
Up, = haonhpon iy, for the second link with length of Ly in-
cluding turbulence, pointing error and attenuation effects, z is
transmitted signal, 3,, € [0, 1] is the reflection amplitude of the

th reflecting element, 6,, € [0, 27] is the phase shift induced by
the n*" reflecting element, and IV is the total number of reflecting
elements in the IRS array.

We can write (17) in matrix form as

y = g/,0hgx +no, (18)
where hr = [hsr, Bsry Rsrg - - - hry]T and Cru =
[9ruy Grus Grug - - - Grux)® -  Moreover, the phase  shift

and reflection applied by the IRS can be expressed as
© = diag([Bre 9% By %2 Bge 1% ... By i))T,
Consequently, (18) can be arranged as
N
y= Z e I B et eI 4 nyg

n=1

X

We assume that the IRS reflecting elements are set such that
= ¢n, + 5 in order to provide the maximum SNR. Based
on that, (19) can be writen as

U Bptupe OO g 4o, (19)

N
Y=Y UnfBnnt + no. (20)
n=1
We assume that all the IRS reflecting elements are identical

having the same reflection coefficient, i.e., 3, = 5 for n =

1,2, ..., N,thentheinstantancous electrical SNR can be defined
as
2
(Zﬁf:l Unun) B*P? (Zg 1 ) B*P?
= = = = ., @
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where h,, = v,u, since the phase has been compensated. The
average SNR can be written as 7 = P;/02. The link length
between transmitter and receiver can be approximated as
L~ Ly+ Ly. Then, assuming that random variables
h1,hs,...,hx are independent and identically distributed
(i.i.d.), SNR expression becomes

v =TNBh?, (22)

where h is the total channel state.

III. OUTAGE PROBABILITY ANALYSIS

The channel state including the underwater turbulence, beam
displacement and attenuation effects can be written as h =
hehphy. Then, the PDF of the combined channel state be-
comes [27]

B = / Fotn (1ha) . (ha)dh 23)

where f, 5, (h|ha) is the conditional probability and is shown

ty
hl g h{lhl <£ 1O h’ahl hahl ’

(24)
where 0 < h < Aghgh;. Then, inserting (5) and (24) into (23)

2 0 9
€2pe* 1 1 o) [In(hq)+0? /2] i
Agz hl§2 h h§2 p a-

2012
Aghy
(25)

fh‘ha (h|h’a) = h

fh(h) -

Expanding the exponential term in (25) as

o {_[1n(ha)+al /2] }

207
In?(h,) In(hy) o?
= exp {— 20% } exp {—2} exp (_81> . (26)
Then, (25) becomes

e exp (%)
2 2
A hj

o 1
g / o BT [_

Aghy

fh(h') =

lnz(ha)
20l2

} dhg. 27)

Changing variable as 6 = \/72, (27) takes the form

fzhf “Lexp (——2) 207
A5 RS

< Jlg) o |5

2
2o'l

In(h) =

— (€2 -1/2) 20?5] ds.

(28)
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To solve integral given in (28), we can use Eq. (3.322-1) of [28]
that is given by

00 a?
/ exp (7932 — 2ax) dr = \/7?26

Applying (29)to (28), we arrive

2 o2
B E2hE exp (—gl) \/2mo?

1 —erf(u+a)l. (29)

fu(h)

. {(52 - 1/2)2«7%}

245 1S 2
h ) }

2
x{l—erf (E-1/2)y 2012+ L ln(
Aohy
(30)

2 V207

In (30), obtained PDF depends on the combined channel state i
including the attenuation, turbulence and pointing effects. We
also note that the channel state h is only for one source to
user link.Since we are assuming that the random variables A,
ha, ..., hy are independent and identically distributed (hy =
hs =...=hx = h), the PDF of the instantaneous SNR in-
cluding all links through each IRS surface can be expressed
depending on the average SNR and number of used IRS surfaces.
Similar approximation is used in [14]. Using the transformation
given in [14], [29], the PDF of SNR for lognormal distribution
can be written as

dh
o= (o) 2]

Using the relationships given in (22) and (31), the SNR depen-
dent PDF can be obtained as

A& /2712 oxp (—%2) \/2mo}
2 g2 —
145w (VAN?E)

B (£2-1/2)\/20} 1
x{l erf[ 5 +2\/ﬁ

3D

£ oxp [ 2 ]
.

2
" (vNQﬂQA%h?)] }

(32)

The CDF of SNR + is found by

v

[ @

0

() (33)

Inserting (32) into (33), we have

() v

FV(V) =

aa$ns ()
X /7 280 /21 {1 —erf [(52 —1/2) V20
0

7 €XP

(€2 - 12/2)2012]

2

) - d
n .

There are two integral parts in (34). The first part can

2/
be taken as [ 2827 gy = 2752 :

+

(34)

. The second integration
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(& -1/2)/20F
2

is challenging and changing parameters as
L__In( = ¢ will result in a new equation as

L)
FN2BZAZR?

2 20’l2
0.2
£2exp (—%) 2o} - [(52 _ 1/2)2%2]
= X
- & 2
445" HE (\/'yNQﬂ?)
2752/2 - 52/2
X { a 2¢/20% (FN? B> AGh7)
x exp [~207(€2/2)(€* —1/2)]
A
X exp |2 202(52/2)15] erf(t)dt}, (35)
[ ool
2 02 « e qe
where A} = (¢ 1/;)\/2 Loy 2\/1272 n<7N2ﬂZA§hf)' Dividing
i

integration in (35) and using some mathematical manipulations
and the odd function property of erf, (35) turns into two-parts
integral as

F’Y(V): 5 5 I3
145w (VAN?E)

(5

x exp [—207(£7/2)(&* — 1/2)]

x {/Ooc exp {\/E 24 erf(u)du
+ /0 v exp [ 20—125215} erf(t)dt}) .

It is seen that the u dependent integral in (36) is in the
Laplace transform structure that is expressed by L[f(t)](s) =
Jo" f(t)e~=tdt. The Laplace transform of erf is given as [30]

5 eXp

2

e (-%) v (€= 1j2pat

—2\/202 (FN?82A%2)° 7

(36)

Llerf(t)](s) = éexp(82 [A)erfe(s/2),Re(s) > 0. (37)

The second part integration can be solved by using following
equation that is given by [31]

b
/0 exp(at)erf(t)dt = é {exp(a®/4) [erf(a/2 — b)
—erf(a/2)] + exp(ab)erf(b)} . (38)

Applying (37) and (38) to (36), the CDF of underwater turbulent
medium including the effects of attenuation, pointing error and
turbulence can be found as

I
Y) = 3 €XP
2451 (VN7 2

x [172 = (N8R exp [~ote(e® ~ 1/2)]
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(o

/202 1
X {erf[ 9

4 2y/20}

a?é)eﬁC(W&?) < 2&)
2 2

n(7N252A2h2)
—erf<”2gl2£2>}+exp{ 262(62 - 1/2) + 5

2
(€2 —1/2)\/207

+ 1 In i
2\/202  \TN2B2AGh} '

The outage probability of VLC system operating in underwater
medium, which can be defined the probability of instantaneous
SNR 7~ falls below the defined threshold SNR level 4, can be
found by

(39)

Pout = PT(’Y < '7th) = Fv(')/th)~ (40)
Then, the outage probability will be obtained as
0.2
ep (<) VIR @120
Fout = — 526’“’[ 2 ]
245 1§ (VAN?E)
2/2
X [’yfhm (nyQBQAghlg)5 / exp [—o; 2e2(62 —1/2) ]

X (— exp (012254> erfc < > 52) + exp <0122£4>

\/20’2 1 Yth
X {erfl 1 L _ 5 20; In (’yNQﬁQA(Q)th)
—erf <'2;l2§2> } —+ exp [Ulf (€2 —1/2) + 622

Vth

€2 —1/2)\/202
e

1
+3 57 ln< )] 1)

IV. SIMULATION RESULTS

Yth )
FN2[32A3h?

This section presents the outage probability variation of an
IRS-assisted UOWC system using a function of various param-
eters in the underwater medium. Unless specified in the figures’
captions or on the plots, parameters are fixed as given in Table II.
Itis known that the most dominant factor in underwater turbulent
medium is the absorption phenomenon. The blue region of the
visible light spectrum ~ A = 450 — 485 nm provides minimum
attenuation in terms of the absorption effect. In order to ob-
serve other effects besides absorption, the wavelength is chosen
as A = 450 nm. The average temperature and average salinity
concentration of underwater medium are fixed to their moderate
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TABLE II
FIXED PARAMETERS

Symbol H Value

A 450 nm

(T) 15°C

(s) 20 ppt

€ 1075 m2s—3
X7 107 K251
H —2° ppt~ 1!
Da 2cm
Wo 2cm

Fy o)
Vth 2dB

5 40dB

N 50

B8 1

C. 0.03 g/m3
Os 3 X 7rg

L 20m

levels as (T") = 15°C and (S) = 20 ppt. The optical wave is the
collimated Gaussian beam with Fjy = oo phase front radius of
curvature and Wy = 2 cm radius. The link length in underwater
medium remains in the range of several tens of meters here, it is
set to L = 20 m that is challenging but realistic for UOWC sys-
tems due to combined effects of different phenomena such as ab-
sorption, scattering, turbulence and pointing error. In underwater
medium, the temperature dissipation rate xr and the energy dis-
sipation rate & change in the range of x7 = 104 — 10719 K?s~!
and ¢ = 1072 — 107 m?s~3, respectively. The values of xr
and ¢ are selected for their moderate levels as y7 = 1077 K251
and ¢ = 10~° m2s3 to see the improvement better with the IRS
application.

Results are obtained by using MATLAB simulation environ-
ment. To verify the accuracy of our derivations, we compared
our derivations with their initial counterparts for all steps. We
first validated our derivations for PDF f;,(h) by comparing
initial equation (25) with the PDF derivation given in (30).
We performed an additional validation for our derivations by
comparing the initial equation of CDF F, (y) given in (34) with
the analytical derivation of CDF given in (39). In both cases, it
was observed that initial and derived equations match perfectly
which indicates the accuracy of our results.

Fig. 2 depicts the average outage probability variation depend-
ing on both the link length and the receiver aperture diameter.
It can be seen that the outage probability increases with the
increase in link length. Using an aperture with D = 2 cm and
N = 50 IRS reflecting elements, the outage probability takes
the values of ~ 2.4 x 107%, ~ 1.6 x 107, ~ 7.1 x 10~* and
~ 2.6 x 1073 for the link length values of L = 10m, L = 20 m,
L =30m and, L = 40 m, respectively. Since we focus on the
combined effect of absorption, scattering, pointing error and
turbulence in this study, results show that the practical effec-
tive distance of an UOWC system operating in an underwater
medium remains in a few ten meters. The increasing trend of
outage probability with the link length is also seen from Fig. 3.
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Fig. 2. Outage probability versus link length for various values of aperture
diameters.
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Outage probability versus link length for different number of IRS

Another conclusion from Fig. 2 is the significant reduction in
outage probability with the receiver aperture averaging. For
example, keeping the link length as L = 10m and N = 50
IRS surfaces, outage probability falls from ~ 1.6 x 10~ to
~ 2.4 x 107° changing the point receiver (D¢ = 0) with the
D¢ = 2 cmapertured receiver. In Fig. 3, the benefit of using IRS
for UOWC in underwater turbulent medium is observed. When
link length is fixed as L = 20 m, outage probability takes the
value of ~ 2.4 x 1072 when no IRS element is used. However,
outage probability maintains its reduction with the values of
~6.5x107°, ~83x 107° and ~ 3.4 x 1075 with an in-
crease in the number of IRS sequentially as N = 100, N = 500,
and N = 1000. Changing the number of IRS from N = 0 up to
N = 1000 reduces outage probability from order of 10~2 to the
order of (1077 — 10~3) depending on the link distance. These
results indicate that IRSs can provide a substantial improvement
in the performance of the UOWC system. Another conclusion
from Fig. 3 that using IRS may not yield benefit after a certain
distance because the combined effect of attenuation, pointing
error and turbulence becomes severe and outage probability
values of IRS cases gradually merge to no IRS case depending
on the number of IRS elements (This can be seen for N = 100
IRS in Fig. 3).

In Fig. 4, the outage performance of an UOWC system versus
the number of IRS is plotted for various values of receiver aper-
ture diameter. A monotonic decrease in outage probability with
the increase in the number of IRS is seen. Using a receiver with
D¢ = 1cm aperture diameter, the average BER takes the values
of ~ 7 x 1073 for no IRS is used. However, outage probability
decreases to ~ 1.5 x 1074, ~ 1.9 x 1075, ~ 2.4 x 1075, and

7300609
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Fig. 4. Outage probability versus number of IRS surfaces for different values
aperture diameters.
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Fig. 5. Outage probability versus temperature dissipation range for various

number of IRS surfaces.

~ 9.9 x 1077 when the number of IRS surfaces are increased
to N =20, N =100, N = 500, and N = 1000, respectively.
A sharp improvement in the outage performance of an UOWC
system up to a certain number of IRS surface (e.g.,N ~ 200)
is seen then, outage probability decreases slower with the in-
crease of a number of IRS surfaces. The larger the receiver
aperture diameter the smaller the outage probability trend is
also seen from Fig. 4. We note that the combined effect of using
large number IRS and a larger aperture diameter yields more
performance improvement. For example, the outage probability
reaches the value of ~ 6.7 x 107° from ~ 2.4 x 1072 by using
N =100 IRS elements for an UOWC system using a point
receiver (Dg = 0). However, outage probability decreases to
~ 9.8 x 1076 when receiver aperture diameter is increased to
D¢ = 2 cm and the number of IRS is still N = 100.

Fig. 5 presents the outage probability variation with the
temperature dissipation rate for various numbers of IRS. One
can see from Fig. 5 that the outage probability stands smaller
with the smaller values of temperature dissipation rate showing
the weaker turbulent power spectrum strength and hence, less
turbulence effect. Keeping the number of IRS as N = 100,
the outage probability jumps from ~ 2.1 x 107% to ~ 8 x
10~* when temperature dissipation rate raises from yr =
10719K%s7! to y7 = 107*K2s~!. By observing the outage
probability reduction from ~ 7.6 x 1073 to ~ 1.1 x 10~% with
the increase of the number of IRS from N = 0 to N = 1000 for
the fixed value of x7 = 1 x 10~® K25~ !, the advantage of using
IRS as a mitigation technique is obvious from Fig. 5. The effect
of another dissipation rate, kinetic energy dissipation rate ¢, is
illustrated in Fig. 6. We observe that an increase in the kinetic
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Fig. 7. Density plot of outage probability -log( P, )- variation as functions
of average temperature and average salinity concentration.

energy dissipation rate causes a fall in the outage probability
showing that the performance of UOWC system improves when
the underwater turbulent medium is more energetic. This can be
verified by varying of outage probability from ~ 4 x 10~% to
~ 2.1 x 10~° with the change of kinetic energy dissipation rate
frome = 1071 m?s73 to ¢ = 1072 m?s 3 keeping the number
of IRS fixed as N = 100. Similar to the previous figures as a
function of the number of IRS, the considerable reduction in the
outage probability is also seen with the increase in the number
of IRS in Fig. 6.

The log(P,,:) variation of an UOWC depending on the av-
erage temperature (T") and average salinity concentration (.5)
as density plots in Fig. 7. From Fig. 7, it is seen that increase
in both the average temperature (horizontal axes) and the aver-
age salinity concentration (vertical axes) cause a performance
degradation up to a certain level. The outage probability value
has an order of magnitude around ~ 10~® for the number of
IRS N = 50 when average temperature and average salinity
concentration take their highest values then, outage probability
decreases around ~ 107! when both parameters take their
lowest values.

The reflection amplitude of IRS is generally assumed to be
B =1 (perfect reflector) for the sake of simplicity in almost
all studies. However, the reflection amplitude is one of the
most important factors that define the efficiency of the IRS
implementation. For this purpose, Fig. 8 represents the outage
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Fig. 9. Outage probability versus average SNR for different values of beam

waist (N = 40).

probability variation versus the number of IRS for various values
of reflection amplitude of IRS. It is observed from Fig. 8 that the
reflection amplitude becomes a performance improving factor
and outage probability remains at lower levels when reflection
coefficient aprroximates the value of § = 1.

In Fig. 9, the outage performance of an UOWC system is
illustrated as function of average SNR for various values of beam
waist. The significant performance improvement effect with the
average SNR increase is observed. Keeping beam waist as w, =
2 X 14, the outage probability drops from ~ 1.5 x 1072 to ~
1.4 x 1073 when average SNR increases from %y = 20dB to7y =
100 dB. Itis also seen from Fig. 9 that an UOWC can benefit from
the higher beam waist due to increased probability of collecting
more of optical beam at the receiver aperture. While average
SNR is 7 = 40dB, outage probability varies positively from
~ 1.3 x 1072 to ~ 7.4 x 10~* with the increase of beam waist
fromw, =1 X rotow, =4 X r,.

Finally, the outage performance of an UOWC system is shown
for different types of waters in Fig. 10. Since waters are classified
based on chlorophyll concentration, the drastic effect of chloro-
phyll concentration is seen. Although N = 50 number of IRS
elements are used, the outage probability can drop below ~ 1076
level for average SNR values of ¥ = 60dB, 7 = 69dB, and
7 = 84 dB in pure, clear ocean and coastal waters, respectively.
However, it is not possible to catch the outage probability below
~ 10~ level in harbor water. These results show that underwater
medium is still challenging for UOWC system and optimum
distance remains as few ten meters even IRS is implemented.
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Fig. 10. Outage probability versus average SNR for different water types

(L = 10m).

V. CONCLUSION

The outage performance of a VLC-based UOWC system
operating in an underwater turbulent medium and the effect of
IRS implementation are theoretically analysed. The closed-form
expression of outage probability including the IRS effect is
obtained. Results show that the reliability enhancement offered
by IRSs is undeniable. Using a sufficiently large number of
IRS can cause a significant enhancement in the system perfor-
mance. The reflection amplitude of the used IRS also remains
an important factor in the outage probability performance of
UOWC system. The outage probability tends to increase with
the increase of link length, temperature dissipation rate, average
temperature, and average salinity concentration. However, the
outage probability starts to decrease with the increase of receiver
aperture diameter, the number of IRS, the reflection amplitude
of IRS, the kinetic energy dissipation rate and the average SNR.
All these parameters need to be taken into consideration when
designing and optimising IRS-assisted UOWC systems. Based
on that, an optimal configuration of the number and reflection
coefficients can be achieved.
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