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Abstract—Intelligent reflecting surfaces (IRSs) offer paradigm
shift towards enhancing the capabilities of wireless communi-
cations. The use of this emerging technology in the realm of
underwater 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
Turbulence Optical Power Spectrum (OTOPS) model that uses
the practical values of average temperature and salinity con-
centration 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 communi-
cation (UOWC), Internet-of-Underwater-Things (IoUT).

I. INTRODUCTION

The Internet-of-Underwater-Things (IoUT) is gaining in-
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 connect
underwater sensor networks (USNs) and autonomous under-
water vehicles (AUVs) through reliable wireless links in order
to facilitate seamless underwater operations such as undersea
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
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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 communication (UOWC), is particularly well-suited
to underwater applications as it allows sufficiently high data
rates and low latency at medium transmission ranges [3].

The continuing advancements in solid-state lighting and
optical 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 solution 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 20m 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 15m
distance. A transmission distance of 56m 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 150m 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 align-
ment requirement such as photon-counting receivers [9] and
avalanche diodes [10]. Nonetheless, these types of detectors
are typically characterised with low modulation bandwidth
compared to traditional photo-detectors, which reduces the
spectral efficiency and achievable capacity.

The emerging concept of intelligent reflecting surfaces
(IRSs) opens the door for the possibility of controlling and op-
timising the wireless medium in underwater communications.
IRS technology offers a change of paradigm by introducing
metasurface structures that can be programmed and reconfig-
ured to achieve a specific response to the incident signals [11].
Utilising these structures, the optical radiation can be manip-
ulated by introducing engineered responses that affect one or
more of the light wave characteristics, i.e., amplitude, phase,
polarisation, spatial power distribution, and wavefront shape.
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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 feasibility 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 per-
formance of IRS-assisted VLC links taking into account the
effects 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
average 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
IT describes the system and channel model of IRS-assisted
UOWC. The outage probability derivations are shown in Sec-
tion 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
distributed and the pointing error is modeled by Rayleigh dis-
tribution. 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) dependent channel PDF and cumulative dis-
tribution 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.

Fig. I:
system.

System model for IRS assisted underwater VLC

A. Attenuation

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

hi = exp(—c(X).L), )

where c(A) is the attenuation coefficient, A is the wavelength
and L is the link length. The attenuation coefficient ¢(\) can
be written as the sum of absorption and scattering coefficients,
¢(A) = a(A) + 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]:

TABLE I: Water Types

Water Type [ C. in mg/m®

Pure sea 0.005
Clear ocean 0.31
Coastal 0.83
Harbor 5.9

The absorption coefficient given in (1) is decomposed as
[16, 17]

a(A) = aw(A) + aa(X) + ay(A) + an(), @)

where a.,, () is the absorption coefficient of pure water (1/m)
and is given for optically and chemically pure water depending
on the wavelength [18], a.(A) = al(X) x (C./CY)*050% is
the absorption coefficient of chlorophyll, a2(\ is the specific
absorption coefficient of chlorophyll, C? = 1 mg/m?® is the
chlorophyll concentration, C. is the total concentration of
the chlorophyll in mg/m®, a;(\) = ayCyexp(—kf)) 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./CY)] is the concentration of fulvic acid
in mg/m®, kr = 0.0189/nm, an(\) = af\Cy exp(—kpA\) is
the absorption coefficient of humic acid, a9 = 18.828 m?/mg
is the specific absorption of humic acid, C), = 0.19334 x
C. exp[0.12343(C,./C?)] is the concentration of humic acid
in mg/m3, kn = 0.01105/nm.

The scattering coefficient b(A) in (1) is given by [16, 17]

b(A) = by(N) +02(N\) x Cs + Y (N) x O, 3)
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where b, (\) = 0.005826(400/))*322 is the scattering co-
efficient of pure water [18], b2(\) = 1.151302(400/\)%7
is the scattering due to small particles, bY(\) =
0.3411(400/X)%3 is the scattering due to large particles,
Cs = 0.01739x C.. exp[0.11631(C./C?)] and C; = 0.76284x
C. exp[0.03092(C../CO)].

B. Pointing Error
The PDF of the pointing error is [19]

52
fhp(hp):ﬁa OghpéAO (4)
A5 RS
where § = w,, /205, Wapy = Wy % is the equivalent

beam radius, w, is the beam waist, v = ‘/;7:“, re = Dg/2
. . . . £ .
is the receiver circular aperture radius, Dg 1s the receiver

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

C. Underwater Turbulence

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

2 2
[ln(ha)2 ;aa/z] } .

1
1 ha - -
Jha (ha) hame’“’{
)

where 02 = In(0? + 1) is the log-amplitude variance, o7 is

the scintillation index and is given for propagating Gaussian
beam and apertured receiver by [20]

U%(DG) = exXp [Ulan (DG) + O'ZQHY(DG)] - 17 (6)

where 07, (D¢) and o}, (Dg) denote the log variances
of large-scale and small-scale, respectively and they are ex-
pressed by [20]

2
0.49 (QG_Al ) 0123

9 Qca+A1

Oinx = — 7/6°
" 0.4(2-81) (05 /0,)12/7 0.56(1+01)
(Qa+A)(3-301+287)7 T op T
(7
~5/6
0.510% (1+0.6905"°)

2

Oy

g {1.20 (or/op)?® + 0.8301132/5] /(Q6 + A1)
3

In the previous equations, o% is the Rytov variance of the
plane wave, 0% is the Rytov variance of the Gaussian beam
wave, (0 = 2L/kWE is the parameter characterising the spot
radius of the collecting lens, W is the radius of the Gaussian
lens and D% = 8W2, Ay = Ag/(©%+ A2) is the Fresnel ratio
of Gaussian beam at receiver, Ag = 2L/ kWOQ, Wy is the beam
radius, ©g = 1 — L/ Fy is the beam curvature parameter at the
transmitter, Fy is the phase front radius of curvature, ©, =
1—0 is the complementary parameter, O1 = O¢/(0Z+A2) 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]

2.9625k7/6L11/63,
cl/3

(A%xr + B®xs + 24Bxrs) ,
9

0 =

0% =20.9845k7/O L1/ 03y =13 (A% xr + B?xs + 2ABxrs)

56 0 =5 11 17 — ) 3
x Re |:Z5/6112F1 (67 F7 €7 (91 + AIZ)> - 8Ai/6:| )
(10)

where k = 27/X is the wave number, L is the link length,
Bo = 0.72, € is the energy dissipation rate, xp is the
temperature dissipation rate, xs = d,.x7/H? and x1rs =
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,
oFy(.) is the hypergeometric function, A and B are the
linear coefficients depending on the average temperature (T'),
average salinity concentration (S). The eddy diffusivity ratio
that is used for xs and xrg calculation is [23]

R, + RO% (R, - 1)*°, R,>1,
d. = { 1.85R, — 0.85, 05<R,<1, (1)
0.15R,, R, <05,
where R, = |H|ar/Bs is the density ratio, ap is the

thermal expansion coefficient and g is the saline contraction
coefficient.

The linear coefficients A and B are expressed by [24, 25]

on

A= — ) (12)
OT | (1), 5=(s)
on

B= 2 : (13)
S |11y, 5=(3)

where n(T,S,\) is the refractive index of seawater and
empirically obtained as [26]

n(T,S,\) = ao + (a1 + axT + a3T2) S + asT?

+ (0,5 + a65 + CL7T) )\71 + CLS)\72 + ag)\is,
(14)

where ag = 1.31405, a; = 1.779x 107, ag = —1.05x 1076,
az = 1.6 x 1078), ay = —2.02 x 1075, a5 = 15.868, ag =
0.01155, ay = —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),\) = A’®p + B*®g + 2ABdrg, (15)

where each spectrum is expressed by

1 _ 1
®; (k,(T),(5), ) = Eﬂoé‘ 3 11/3)@ [1+
21.61(kn) %0202 — 18.18 (k)27 c)-01]
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 = 0.072%/33, P 1,
cs = 0.0724/38,S  and cpg = 292 8 (P, + 5, ) P15
where P, = pcp/or is Prandtl number, p is the dynamic
viscosity, ¢, is the specific heat, o7 is the thermal conductivity,
Se = u?/[5.954 x 10715 ((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 modu-
lation and direct detection scheme (IM/DD) operates in un-
derwater medium and additive white Gaussian noise (AWGN)
no with zero mean and variance o2 is incorporated to the
transmitted signal at the receiver.

The received signal can be written as

N
y= Z hsrnﬂnejgngru“x + no,

n=1

a7)

where hg., = v,e 7% and g, = u,e I¥" represent the
path gain of first (source to IRS) and second (IRS to user)
links, v,, = hqinhpinhiiy, for the first link with length of L,
and u,, = hgonhponhi2y, for the second link with length of Lo
including turbulence, pointing error and attenuation effects, x
is transmitted signal, 8, € [0, 1] is the reflection amplitude
of the n" reflecting element, 6,, € [0, 27] is the phase shift
induced by the n'" reflecting element, and N is the total
number of reflecting elements in the IRS array.

We can write Eq. (17) in matrix form as

y = g’ Oh,,z + no, (18)

where hg. = [hgr, Bsry Psry oo hary )T and gy,
(Grus Grus Grus - gmN]T. Moreover, the phase shift and re-
flection applied by the IRS can be expressed as ® =
diag ([ﬁle—j% Bze_jGQ 536_j93 BNe_jeN])T.
Consequently, Eq. (18) can be arranged as

N
y = E vne—mnﬂneﬂ?nune—wnx+n0

n=1

5 | 19)
= Z funﬁnune_J(en_¢n_S@n)x _|_ ng.
n=1

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

N
Y= UnBnlint + no.

n=1

(20)

We assume that all the IRS reflecting elements are identical
having the same reflection coefficient, i.e., 8, = [ for
n =1,2,..., N, then the instantaneous electrical SNR can be
defined as

(Z::[=1 vnun>2 ﬂzptz B (Zr?;l hn)2 sztz

2 2
On On

21

)

’y:

where h, = wv,u, since the phase has been compensated.
The average SNR can be written as ¥ = P;/o2. The link
length between transmitter and receiver can be approximated
as L ~ Lj; + Lo. Then, assuming that random variables
hi,ho,....,hx are independent and identically distributed

(i.i.d.), SNR expression becomes
v =N?5h?, (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 = hghph;. Then, the PDF of the combined channel state
becomes [27]

fa(h) = / S (Bl fi (ha)dha,

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

1 L 52 ( h >§2_1
hlhy) = =@ ’

fuin, (hlha) hahlfhp (hahl) Ag hohy \hahi
(24)

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

(23)

Eq.(23)
o0 2
£2p8 1 1 [In(hq) + 07/2]
fu(h) = 25— —sexp{ — dhg.
h( ) Agzhl§2 ’ hg? 20_l2
Aok
(25)
Expanding the exponential term in Eq.(25) as
[In(ha) + 02/2]°
exp — 3
20 26)
- w(h,) o In(hy) exp a?
20l2 2 8 )
Then, Eq.(25) becomes
&' texp (-%)
fh(h) = 52 52
Ag Iy
27
x 7 LI { IHQ(h“)]dh -
Xp | — .
e TR

Aghy

Changing variable as § = In(ha) Eq.(27) takes the form

L~
By

>

IN—

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

oo

/exp (—2* — 2az) dz = \/7?26{1 [1 —erf(u + a)].

(29)

u

Applying Eq.(29) to Eq.(28), we arrive

B §2h,£271 exp (—g) \/271’012 exp {(52 . 1/2)2(7[2]

245 h¢? 2
X {1 —erf } .
(30)

(€ -1/2)y/207 1 m( h )

2 V207 Aohy
In Eq.(30), obtained PDF depends on the combined channel
state h 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 vari-
ables hy, hs,....,hy are independent and identically distributed
(hy = ha = ... = hy = h), the PDF of the instantaneous
SNR including 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 Egs. (22) and (31), the SNR
dependent PDF can be obtained as

/212 g (70 J2r?
P e (- v oy €120t

Jn(h)

3D

f”/(fY) = > 2 2 2
g (V)
(€% —1/2) /20?7 1 v
{1—erf[ 5 l —|—2 %7 In (7N252A3h12> .

32)
The CDF of SNR 7~ is found by

X

am:/hmm. (33)
0

Inserting Eq. (32) into Eq. (33), we have

&% exp (—%) V2mop

= exp

Y
X/Jfgz/Q_l {1—erf e —

0

+ 1 In :c dx
2202 \TN2B2AGh} '

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

7 €2/2 . .
be taken as [ 282y = 2752 . The second integration
0

(£2-1/2) /207
— st

=t will result in a new equation as

is challenging and changing parameters as
1
2 20'12

T
n (7N2;32Agh§

F, () &exp (-5) Varol [@2—1/2)%—?]
v) = o ez &XP
4agnf (VANeRR) ’

9~E%/2 2
x{ T —2,/207 (FN?B2A203)

52
x exp [-207(€2/2) (€% — 1/2)]
Ay
X / exp [2\/%(52/2)4 erf(t)dt »

(35)

(£2-1/2)/202 1 .

2 -t 202 In (WNQBZASh?) bi-
viding integration in Eq. (35) and using some mathematical
manipulations and the odd function property of erf, Eq. (35)

turns into two-parts integral as

where A; =

&exp (-5) V2ro] [<52 - 1/2)20?]
Xp

B0 =—— £ 2
4AS hE (\/W)
2/ 2
x6§f—22#www%ﬁf“
x exp [~202(€2/2) (€2 —1/2)]
% —/exp {_\/%52?1] erf(u)du
Ay ’
+ exp|: 2a§§2t] erf(t)dt
/

(36)

It is seen that the u dependent integral in Eq. (36) is in the
Laplace transform structure that is expressed by L[f(¢)](s) =

| f(t)e *'dt. The Laplace transform of erf is given as [30]
0

Llerf(t)](s) = éexp(s2/4)erfc(s/2),Re(s) >0. (37

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

b
/exp(at)erf(t)dt :2 {exp(a®/4) [erf(a/2 — b) 38)
0

—erf(a/2)] + exp(ab)erf(b)} .

Applying Egs. (37) and (38) to Eq. (36), the CDF of under-
water turbulent medium including the effects of attenuation,
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pointing error and turbulence can be found as
exp (—0—2> \/27r0, (&2
— 7 OXp {
245" nS («/WNQBQ)

" [752/2 B (7N262A2h2)52/2 exp[ o7 5 ( 1/2)]

o (o (%5 e (Y2 o (25

x{erf VET— 1n( ! )]

4 2202 \TN?2B2AZh}

—M@%WN+WP%(1M &
2

F’Y(’Y) =

Sy

-
FN232AZN?

1 v
1 .
NG D(VN%QA%h?)D]

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

(39)

P(mt = Pr('—Y < '-Yth) = F’Y(’Yth)' (40)

Then, the outage probability will be obtained as

ool 4) 5 iy

2

Xlﬁ” (FN2B24312)¢ % exp [~oRe2(e2 — 1/2)]

(o () e ) o (7

N R

Yth
4 2y/207 FN2[32A3N?

—erf <\/?2€2> } + exp { 262(62 —1/2) + 52

x In Mt erf —(52 —1/2)\ 20l2
FN2[32A3h? 2
1 Yth )
+ In | — .
2 2‘712 (’YNQBQA(QJhIQ ] )]

(41)

IV. SIMULATION RESULTS

This section presents the outage probability variation of
an IRS-assisted UOWC system using a function of various
parameters in the underwater medium. Unless specified in the
figures’ captions or on the plots, parameters are fixed as given

in Table- II. It is known that the most dominant factor in un-
derwater 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 observe 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 levels as (T)) = 15°C and (S) =
20 ppt. The optical wave is the collimated Gaussian beam with
Fy = oo phase front radius of curvature and Wy, = 2cm
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 systems due to combined
effects of different phenomena such as absorption, scattering,
turbulence and pointing error. In underwater medium, the
temperature dissipation rate x7 and the energy dissipation rate
¢ change in the range of yp = 10~* — 107 °K%s~! and
e =10"2 - 10"'9m2s73, respectively. The values of yr and
€ are selected for their moderate levels as y7 = 1077 K?s~!
and € = 107°m?s73 to see the improvement better with the
IRS application.

TABLE II: Fixed Parameters

Symbol H Value

A 450 nm
(T) 15°C

(s) 20 ppt

€ 1075 m?s—3
XT 10-7 K251
H —2°.ppt—!
D¢ 2cm
Wo 2cm

Fy o)
vin || 2dB

5 40dB

N 50

B8 1

Ce 0.03 g/m?
Os 3 X rq

L 20 m

Results are obtained by using MATLAB simulation
environment. 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 Eq.(25) with the PDF derivation
given in Eq.(30). We performed an additional validation for
our derivations by comparing the initial equation of CDF
F., () given in Eq.(34) with the analytical derivation of CDF
given in Eq.(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
depending 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¢g = 2cm and N = 50 IRS reflecting elements, the outage
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probability takes the values of ~ 2.4 x 1075, ~ 1.6 x 1074,
~7.1x107% and ~ 2.6 x 10~3 for the link length values of
L=10m, L =20m, 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 effective 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. 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 10~° changing
the point receiver (Dg = 0) with the Dg = 2cm apertured
receiver. In Fig.3, the benefit of using IRS for UOWC in
underwater turbulent medium is observed. When link length
is fixed as L = 20m, 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 ~ 6.5 x 107°, ~ 83 x 1075, and ~ 3.4 x 10~° with
an increase 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 1072 to the order of (107 - 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 NV = 100 IRS in Fig.3).

10°
-2 =
//
54 /? —D =0 mm|
a S 10 G 3
/ —D =5 mm
10-6 DG=1 cm |4
_DG=2 cm
10 :
0 10 20 30 40 50

L (m)

Fig. 2: Outage probability versus link length for various values
of aperture diameters

In Fig.4, the outage performance of an UOWC system
versus the number of IRS is plotted for various values of
receiver aperture diameter. A monotonic decrease in outage
probability with the increase in the number of IRS is seen.
Using a receiver with Dg = 1lcm aperture diameter, the
average BER takes the values of ~ 7 x 10~ for no IRS is
used. However, outage probability decreases to ~ 1.5 x 1074,
~ 1.9 %1075, ~ 2.4 x 1075 and ~ 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

10
2 — |
10 / /
4
. 10
. —(){ — —NO RIS
107/~ —N=100
P / N=500
10 —N=1000]
101 ;
0 20 40 60 80 100

L (m)

Fig. 3: Outage probability versus link length for different
number of IRS surfaces.

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 increase 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 (D = 0). However, outage probability decreases to
~ 9.8 x 106 when receiver aperture diameter is increased to
D¢g = 2cm and the number of IRS is still N = 100.

107 I
—D G:O mm|
—D =5 mm|
1 0—3 DG_1 L]
§ G— cm
[ —D G=2 cm
107 .
S e
\\::
107
0 200 400 600 800 1000
N (number of RIS)

Fig. 4: Outage probability versus number of IRS surfaces for
different values aperture diameters.

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 x107% to ~ 8 x 10~* when temperature dissipation
rate raises from xy7 = 107 '°K?s~ ! to y7 = 1074 K?s~!. By
observing the outage probability reduction from ~ 7.6 x 1073
to ~ 1.1 x 1079 with the increase of the number of
IRS from N = 0 to N = 1000 for the fixed value of
xr = 1 x 1078K?s™!, the advantage of using IRS as a
mitigation technique is obvious from Fig.5. The effect of
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Fig. 5: Outage probability versus temperature dissipation range
for various number of IRS surfaces
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Fig. 6: Outage probability versus energy dissipation range for
various number of IRS surfaces

another dissipation rate, kinetic energy dissipation rate &, is
illustrated in Fig.6. We observe that an increase in the kinetic
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
~ 4x107* to ~ 2.1 x 10~° with the change of kinetic energy
dissipation rate from ¢ = 107'%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
average temperature (7') and average salinity concentration
(S) as density plots in Fig.7. From Fig.7, it is seen that
increase in both the average temperature (horizontal axes)
and the average salinity concentration (vertical axes) cause
a performance degradation up to a certain level. The outage
probability value has an order of magnitude around ~ 1078
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

N=50

40 -8.5
30

9
20

9.5
10

-10

0 ‘ ‘ ‘
0 10 20 30

<T> (C)

Fig. 7: Density plot of outage probability -log(P,,:)- varia-
tion as functions of average temperature and average salinity
concentration

<S> (ppt)

implementation. For this purpose, Fig.8 represents the outage
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

B =1
10”!
2 Al
107 — =08
—3=0.6
<107 =04/
Qs 107 \\
\
5 55555555::::::::—————___________
10 —_—
10
0 200 400 600 800 1000
N (number of RIS)

Fig. 8: Outage probability versus number of IRS surfaces for
different values of reflection coefficients.

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 wp, = 2 X r,, the outage probability drops from
~1.5x 1072 to ~ 1.4 x 10~3 when average SNR increases
from 7 = 20dB to ¥ = 100dB. It is 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
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~ T7.4x10~* with the increase of beam waist from w, = 1 X7,
towp =4 X 1g.

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 chlorophyll concentration is seen. Although N = 50
number of IRS elements are used, the outage probability
can drop below ~ 107° level for average SNR values of
5 = 60dB, ¥ = 69dB, and ¥ = 84 dB in pure, clear ocean and
coastal waters, respectively. However, it is not possible to catch
the outage probability below ~ 1076 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.

107
2 .
10 — T
\
107 N
3 —w /r =1
Q. 4 ia
107 £ —w /r =2 E
Z a
5[ -w/r =3
1 7a
0 —w /r =4
6 Z a
10
20 40 60 80 100

7 (dB)

Fig. 9: Outage probability versus average SNR for different
values of beam waist (N = 40).
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& 10 —Pure water
3 —Clear ocean water|
10" £1—Coastal water
—Harbor water
10-10 I
20 40 60 80 100

7 (dB)

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 performance. 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 con-
centration. 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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