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Abstract. Underwater visible light communication (UVLC) has become a promising wireless signaling
approach towards the 5G and 5G beyond (5GB) wireless networks. The depth-dependent photophysical
characteristics of water such as pressure, density, temperature, and salinity fluctuations lead to the
changes in the refraction index and turbulence of water. The channel turbulence is a bottleneck for
optical signaling in agueous mediums, especially in oceans; it also causes malfunctions in transceivers
because of signal bias or pointing error. The paper examines the performance of the reflecting node as
part of underwater optical communication system operating in visible light. Based on the experimental
data obtained in the Southern Indian Ocean, the outage outcomes and bit-error-rate (BER) performances
are considered. The performance metrics for the proposed system model are obtained under weak-
turbulence channel conditions within Pulse-Amplitude Modulation (PAM) scheme. Additionally, the
authors analytically present the closed-form expression for outage probability and a tight asymptotic
expression for BER performance at high signal-to-noise (SNR) ratio that offers helpful insights into the
influence of the medium on channel parameters and the system as a whole. The simulation results
demonstrate operational capacity of the underwater communication system model.
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AHAJIU3 NPOM3BOAUTEILHOCTH MOJIBOJTHON CHCTEMbI OTPAKEHUS
BUINMOIO CBETAa

Moxamman ®ypkan Aau=, lymanra Hamun K. [kaskoau

Hnocenepnas wikona ungopmayuornvix mexnono2uii u pooomomexruxu, Hayuonanvuoiii
uccnedosamenvckuul Tomckuii nonumexnuyeckull ynugepcumem, ToMck,
Poccuiickas ®@edepayus

Pe3tome. lloiBoHAS CBSI3E B BUIMMOM CBETE IIPUBIICKIIA O0JIBIIIOE BHUIMAHHE K aHAIH3Y O€CIIPOBOTHBIX
ONTHYECKUX CHUTHAJIOB JUISI CJICAYIONMIETO TIOKOJEHUS OECIpPOBOTHBIX OIMEPATOPOB  CBSI3H,
cooTBeTcTBYtomMX cTanmapty 5SG u Bbime (5GB). 3aBucsmme ot riyOWHBI (DU3HKO-XMMUYECKUE
CBOMCTBA BOJIbI, TAKHE KaK KOJICOAHHS TEMIIEPaTypPhl, TaBJICHHS, IUIOTHOCTH U COJICHOCTH, (DOPMUPYIOT
pasHple 3HAYCHHS I[IOKa3aTelel TMpeloMIICHUs, a Takxke TypOyJIeHTHOCTH Bojabl. KanambHas
TypOYJIEHTHOCTh SIBIIIETCS Y3KUM MECTOM JIJIsl PacIpOCTPAHEHHSI ONTHYECKUX CHUTHAJIOB B BOJHBIX
cpenax, ocOOEHHO B OKeaHaX, a TaKKe NMPUYUHOW HEKOPPEKTHOH paboThl MPUEMONEPEIATYUKOB 10
MIPUYHMHE CMEIICHIS CUTHAJIA WU OITMOKY HaBeaeHusl. HacTosiee uccieoBaHue MOCBAIISHO aHATTU3Y
MPOU3BOAUTEIHLHOCTH OTPAXKAIOIIETO y3JIa B CHCTEME MOJBOAHON ONTHYECKOH CBs3H, padoTaromieii B
BUJIUMOM cBeTe. Ha OCHOBe 3KCHEpUMEHTAJbHBIX NAHHBIX, MOJIYYEHHBIX MPU HU3YYECHUH OKEaHa,
paccMaTpuBarOTCS TOKa3aTeld OTKa30yCTOMYMBOCTH W KOI(QQHUIMEHTH OWTOBBIX OIIMOOK IIPH
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nepenade curHana. B npemmaraemoii Moaesnn cucTeMbl MOKa3aTeIH IPOU3BOIUTEIBHOCTH TIOIY4EHBI B
YCIIOBUSAX KaHala ci1aboi TypOYJIEHTHOCTH B PaMKax CXEMbl aMIUIMTYIHO-UMITYJIbCHON MOIYJISLIMH.
Kpome Toro, aHamuTHYECKH BBIBEACHO BBIPAYKEHHE B 3aKPBITON (hopMe IJIst XapaKTePUCTUKH IIPOCTOS U
TOYHOE AaCHUMITOTUYECKOE BBIpaKeHHE s KoddduiumeHnta OUTOBBIX OMMOOK IPH BBICOKOM
OTHOILIEHWU CHUTHAI-IIYM, U3 KOTOPOIO MOXKHO W3BJI€Ub JAHHBIE O BIMSHUU CpEIbl Ha MapaMeTpbl
KaHaJla CBS3M M CHUCTEMBI B LIEJOM. Pe3ynbTaThl MOJECTUPOBAHUS MOKA3bIBAIOT pabOTOCIIOCOOHOCTH
MOJIETH CUCTEMBI TIOJIBOJTHON CBSA3M B BUIMMOM CBETE.

Knruesvie cnoea: nonsomuas 6ecnposomnas cBsasb (UWC), momsomHast CBS3h B BHINMOM CBETE
(UVLC), moaBoaHas oTpakaroiias CBsA3b, MOABOHAS TYPOYJIEHTHOCTh, OOIICHHE MEXIY IUIOBIIAMU
(D2D), oTpakaTenbHbIi MOTYIPOBOAHUKOBBINA onTudeckuid ycunurens (RSOA).

bnazooapnocmu: pabota BeIITONIHEHA B paMKax [IporpaMMbl MOBBIIEHHS KOHKYPEHTOCIIOCOOHOCTH
HaumonansHOro nccnenoBareabckoro TOMCKOro NOJIMTEXHUYECKOT0 YHUBEpcuTeTa, Poccusl.

Jna yumupoeanua: Amu M. @ypkan, lymanta Hamuna K. [xaskogu. AHanu3 mporu3BOIUTEIFHOCTH
MOJABOHON  CHUCTEMBI  OTPKEHHMsSI BUIUMOTO CBeTa. Modenupoganue, onmumuzayus u
ungopmayuonnvie mexrnonoeuu. 2023;11(4). URL: https://moitvivt.ru/ru/journal/pdf?id=1402 DOI:
10.26102/2310-6018/2023.43.4.005 (ua anr1.).

Introduction

The water reservoirs are highly critical channels for signal propagation, especially deep
sea and oceans. Oceans are the most viable and mixed water reservoirs, and the necessity is to
unveil the mysteries of these boisterous sectors. The oceans are widely used for defense,
transportation, and commercial applications. Therefore, there is a need to establish a multiple
communication system or divers for oceanographic data collection in marine-biological
operations. In the last decades, underwater visible light communication (UVLC) has received
the attention of the most suitable wireless carrier candidates in aqueous mediums and is highly
in demand to deploy for various underwater applications [1]. However, the optical signal
propagation through laser or LED covers moderate underwater ranges because of the large-
scale fading due to high turbidity and physio-chemical properties of water [2]. Consequently,
throughout this study, we are proposing a system model by utilizing an amplified modulating
retro-reflector (AMMR) for long-range communication. It is noteworthy that this AMMR is
based on a reflective semiconductor optical amplifier (RSOA), which is widely used for optical
signal transmission in multiple directions and reliable communication among nodes in terms of
robust outcomes. However, the RSOA is used in two ways (up-link and down-link)
communication by deploying single light sources [3]. The fundamental advantages of RSOA
deployment are the reflectance and signal modulation simultaneously. On the other hand,
modulating retro-reflectors (MRRs) are the main substitutions for two ways of optical
communication in reflecting optical signals. Additionally, the MRRs are also the assembly of a
retro-reflector and a modulator to reflect modulated optical signals and receive by transceivers
[4]. The main function of MRR components is subsequently divided as total internal reflector,
phase and liquid crystal modulation, etc. As, with all above mentioned facts, it seems that
RSOA has superiority over MRR because of the amplification, modulation, and signal
reflectance simultaneously.

In the literature, limited works examine optical signal reflectance; they are mostly
focused on point-point (P2P) and relay-based underwater communication. For instance, in [5],
the authors have proposed an unmanned aerial vehicle (UAV) for ground communication
through an MRR-based FSO link. The authors have investigated the closed-form expression in
terms of the probability distribution function (PDF) and cumulative density function (CDF) for
obtaining outage probability and bit-error-rate (BER) performance [5]. In another similar
research [6], the authors derived the closed-form expression to the performance metrics by
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utilizing MRR retro-reflector under gamma-gamma fading distribution. Although, in [7], the
authors have developed an MRR communication link using optical orbital angular momentum
(OAM) scheme for high-order coding. Therefore, there is a gap in the existing literature and a
lack of enough contribution of UVLC performance under weak-turbulence channel conditions.
The main purpose of this study is to propose a novel underwater optical communication system
by utilizing water properties. Therefore, it has become necessary to develop a retro-reflector
underwater visible light communication (RR-UVLC) system for various underwater
applications. However, the water properties such as density, pressure, temperature, and salinity
are directly responsible for changes in the refractive index. The refractive index contributes to
the signal intensity fluctuations for underwater optical communication. An experimental
investigation of statistical distribution and intensity fluctuations for communication under
different channel conditions is proposed in [8]. Moreover, a transmit laser selection for diver-
to-diver UVLC link is also proposed in [9]. It seems that the VLC signal reflector is minimally
used in underwater applications. In our study, we are proposing a system model depicted in
Figure 1, where one diver communicates with the other diver through signal reflectance
phenomenon in the presence of an RSOA retro-reflector.

<

Diver Bob :
(Source s) Dlwr Eva
[Reflector] (Receiver d)

Figure 1 — Proposed system model where the divers communicate through the reflector optical beam
under weak turbulence channel conditions
P HUCYHOK 1- MO,I[GJ'IL npe;[naraeMoﬁ CHCTCMBI, B KOTOpOI?I BOJO0JIa3bl OCYIICCTBIIAOT CBA3b YCPE3
OTpaKAOIINH ONTHIECKUHN JIyY B YCIOBHSIX CIa00T0 TypOYJIEHTHOTO KaHaja

Motivated by this research, the proposed system model provides less complexity of
signal modulation and demodulation than existing relayed system models in the literature.
Additionally, in relayed communication, the relay has an extra cost of encoding/decoding and
amplifies channel noise. That can be the reason for reducing the optical system efficiency. Due
to this, we utilize the RSOA retro-reflector in underwater communication for high reliability,
better efficiency, and a low-cost communication setup. In the authors’ consideration, very
limited works are available, where an RSOA reflector is utilized under weak-turbulence channel
conditions with higher modulation techniques such as pulse amplitude modulation (PAM). The
following contributions are highlighted in this study as follows:

1. The proposed UVLC system is applicable for signal-reflecting scenarios within the
different types of shallow waters for underwater exploration and various applications.

2. A closed-form mathematical expression of outage probability is offered along with a
tight asymptotic expression for BER performance at high SNR (infinite SNR 7 —> *°) modes.

3. In this research paper, the performance of the UVLC system is obtained under weak
turbulence channel conditions by utilizing RSOA in the ocean for real-time monitoring of
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floating nodes and divers. The performances are based on averaging physio-chemical properties
every three months (quarterly) in regards to less complexity of the channel.

4. The investigated system is subjected to the lognormal distribution fading under higher
modulation PAM scheme. In this study, the analysis and performance metrics are formulated
under high SNR » — oo channel conditions.

5. In consideration of optical beam, absorption and scattering are crucial to optimize the
system outcomes [10]. Therefore, the absorption and scattering coefficients have been
accounted for and affect the simulation results.

The rest of the study is structured as follows: the design of UVLC is discussed in section
I1. However, the influence of channel conditions on the system performances under weak-
turbulence channel conditions is considered. Due to this, the lognormal turbulence distribution
for the scintillation index under the plane wave model is mentioned. The BER and outage
performance under the PAM scheme following intensity modulation and direct detection
(IM/DD) technique are analytically obtained through section Il1l. The simulation results are
verified based on the numerical results in section 1V. Finally, section V provides a summary of
the research as a whole.

System model

In this paper, we are considering a diver Bob (as a source node s) that transmits the
optical signals towards the diver Eva (as a receiver node d) through an RSOA reflector r under
weak turbulence channel conditions as depicted in Figure 1. It is noteworthy that a chunk of the
transmitted signal is absorbed or scattered in another direction, and the remaining part of the
optical beam is amplified and received at the receiver end. It is also assumed that the system is
modeled under the PAM modulation scheme. In consideration of this work, the signal
transmission is dependent on apparent optical properties (AoPs). However, these properties are
related to the physical parameters of experimental assemblies, such as the conversion efficiency
(n) and photo-detector responsivity (R), optical intensity (1), and channel conditions. Therefore,
the received signals at the receiver can be written as follows:

y =Rn(I + I)x + n = Rnlx + n. 1)

In (1), the light intensities as | and I, are associated with the beam propagation, and the
interference of Iy can be effectively filtered by the optical filters which are out of the scope of
this study [11]. The variable x is the information transmission symbol along with the additive
white Gaussian noise (AWGN) n with zero-mean and ¢ variance as presented. Emphasizing
the instantaneous electrical SNR is given as y = R%7?|1|?/¢?, which depends on the physical
parameters and channel noise [11]. The average instantaneous SNR () is given as u = (Ry
E[I)?/E(c)?. Additionally, optimizing the instantaneous SNR taking normalization of | as E[I]
= 1, the average SNR could be written as u = /1.

For a diverse explanation of this study, it considers that the optical irradiance 1 is
impaired by channel turbulence and the nature of the water. Due to this, we are taking the
different assumptions for extinction coefficient c(4) for distinct water qualities. The combined
influences of the optical beam are designed as the turbulence I+ and signal path-loss coefficient
li. The coefficient of path-loss is modeled by Beer-Lambert’s law (I} =exp{—c(1)L)}), where L
is the distance between nodes. The path-loss 1y is deterministic and depends on the nature of
water types. Therefore, the combined normalized channel fading irradiance is written as | = It
l.

Generally, the light intensity experiences fading in terms of absorption, scattering, and
scintillation index (SI), which contributes to the turbulence. Under weak turbulence channel
conditions, the distribution-fading coefficient of turbulence It follows a lognormal distribution.
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In the existing literature, the PDF of log irradiance intensity of channel conditions is given as

[12]:
1 In(l,) =z )’
fi, (It) = =—==¢exp —% , (2)
2ro;l; 207
=407 and Hr =244
where & and are denoted as variance and mean, respectively [9]. It is noted

that an optlcal beam experiences irradiance fluctuation or Sl within the underwater
environment, which is formally known as optical turbulence. The Sl rises with increasing Rytov
variance which is defined by (6). It is noteworthy that the Sl is large-scale («) and small-scale
(p) turbulent eddies dependent. Moreover, the corresponding « and S parameters depend on
water temperature, pressure, density, and salinity and are given as [13]:

- -1

0.4907
a=|exp = |=1] , (3)
(1+1.1157%°)
r -1
0.5107
p=|exp —= |-1] . 4)
(1+0.6951%)
The combined influence by suspended particles of Sl is given as follows:
af:(1+lj 141 1—l+1+i (5)
a B a p of

In this study, the determination of the physio-chemical properties of water follows the
assumption of the plane wave model in (3) and (4). The Rytov variance o, is derived in

Appendix-A and given as follows [14]:

27kidya’ x d,&
Ulzx,y 1/3 2 ! J.J. 8/3 {1 COS|: ko :|}

x[1+ C, (xn)” J(a) exp(~A 5)+d, exp(~A5) — w(d, +1) exp(~A8))dxd

(6)

In (6), the parameters are enlisted in Table 1.

Table 1- Variables used in equation (6)
Ta6muma 1 — [lepemeHHbIe, UCTIONBE3yEeMbIE B ypaBHEHHH (6)

Wave number ko=2712
Link distance do
The magnitude of spatial frequency K
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Table 1 (extended)
Tabmuia 1 (mpogomkeHue)

Wave number ky=2712
The relative strength of temperature and salinity ®
Normalize distance ¢
Kolmogorov micro-scale length n
Constants Co, C1
Eddy diffusivity ratio dr.
Kolmogorov micro-scale length n
Dissipation rate of mean squared temperature and salinity XT, XS

Analytical expressions and performance analysis

Throughout this section, the analytical work is summarized as well as the outage
probability and BER performances under weak turbulence channel conditions are obtained. The
combined influence of underwater turbulence and misalignment phenomena is considered
throughout this study.

The outage performance of the system

The combined channel conditions under weak turbulence and pointing errors conditions
are derived in Appendix-B and can be written as follows [15, (5)]:

2_1) "

2 ((
L) =L [ 71, ™

Ay) Ay

where the pointing error, collected energy fraction, and instantaneous SNR are denoted by ¢
Ao, and y, respectively. However, the term t=717 has been defined along with the average

SNR 7. Further, the substitution of t parameters is utilized in (2) as

(o2 exp[_(ln(t)—zux)
ZtJZHGi

B } and replaced in (7). Then, having some mathematical

manipulation and utilizing hyperbolic tangential lognormal (HTLN) distribution by integration,
the PDF can be given as follows [16, (13)]:

i—w+%-1
26 2 -1 20 42 -1
f(y):w wps | 8767 v (8)
- 1+ 1+ \w . '
’ (A" T A i—y+gt-2
W

where i = 1, 2, .....y; furthermore, for obtaining the cumulative distribution function (CDF) of
PDF by utilizing the properties of Wolfram-Mathematica [17, (26)], the CDF given as

i—l//’_l,i—l//+g"2
Fy(7)=£7w s e’ | ¥ v : (9)
w(Ay) T AN iy iyl
v oy
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It should be emphasized that the CDF could be used for the combined influence of
transceiver misalignment and turbulence channel conditions. However, the CDF expression of
the system within a non-pointing error scenario could be written to obtain the outage probability
(Pout) of the proposed system. It is noteworthy that the E2E SNR should be less than or equal
to the threshold SNR, which is further written as;

I:)out = I:)r (7/ < yth) = Fy(yth)' (10)

Therefore, the analytical expression of the outage probability for the proposed system
is derived as

i—y -+
:eZwé/Z_]/tvé Ly e2_¢ 4 , "4 . (11)
G Y | A T '
2

Error-rate performance analysis

Throughout this section, the analytical expressions of BER are presented. This study
considers the VLC system under the assumption of a PAM modulation scheme. However, the
BER can be written as

BER = | Terfe,/Qul? f, (1,)dl; . (12)
0

In (12), I'=(M — 1)/(M log2(M)), average SNR (#), and Q=3/(2(M—1)(2M—1)) are
represented, respectively. Therefore, the average BER over the PDF of It can be written by
replacing (2) with (12) as follows:

27[0'

T ( Mj QulZdl, . (13)

= (4 =In(1;) 1207 )

X =
Utilizing the change of integration variable (
from (13) as

, We can obtain (14)
_ r % 5 —
BER = ﬁ_[oexp(—x )erfc(\/gTyexp(yT —\/EO'T x))dx . (14)

Furthermore, using the approximation used in [18] &s grfe(x) = = exp( )+ expE ax’ j
3

we obtain (15) from (14) as follows:

R ® _ 2 _ 2
BER:LJexp y[—Qexp(ZpT)exp(—Z\/EaT)—er +exp p[—%exp(Z%)exp(—ZﬁaT)—L] dx.(15)
g u u

N

Iy I,

If u and **: are the solution of derivatives 1= 0 and '2= 0, we obtain (16) and (17)
as follows:
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X, = ! W(4,uc7 Qexp(2.,)), (16)
I 2\/50} Hy
1 16
o2Qexp(2 17
X, 2\/_0'T —3 Hor P24 ). (17)

In (16) and (17), W(.) is denoted as the Lambert-W function [19]. Additionally, the

second derivative of xi1 and X2, and ! , 1, can be replaced as in (18) and (19), which could be

given as:
|, =—852Qexp(2, ) exp(—2+20%) — z (18)
7,
I, = —3—32 o2Qexp(2us ) exp(—2+20%) — 2, (19)
u

The BER for the investigated system could be defined by utilizing the method of Laplace
integration as

BER - r exp(ul (,)) exp(ﬂl(x D | (20)

V2u| 3o J\Iz(x.z)\

To expand (20) by replacing the expression (16)-(19) in (20), we obtained (21) as the
overall system BER performance of this study. In the following expression (21), we are
considering the asymptotically BER performance at high SNR 7 —>°°modes. However, the
decreasing BER over the lognormal fading channel does not cover the finite value of
instantaneous SNR. Therefore, for high SNR values, we utilize the expression as exp(ul;) >
exp(uly). As aresult, the asymptotic BER is obtained through the expression (22)

2

— _ 2
Fexp{—erxp(ZyT—B)— 8B 2} Fexp{—i;@exp(zm_mj_ 328 }
+

2
BER ~ _ or 2 S |, (21)
\/(144“0TZQ€XF’(2“T ~B)+36) \/( o4 ,UO'TQEXP( Hr —168j+4j
3 3
_ B2
Fexp[—erxp(Z,uT—B)—Saz}
BER ~ Is (22)

J144z0i0exp (24, - B)+36)

- B=W (4uc?Qexp(2u —B)+36
where the parameter B is defined as ( Hor P(24; =B) )

Numerical results

This section validates the analytical work and presents the E2E performance of the
investigated system. In this study, the distance between transceivers L=25m is kept fixed.
Unless, otherwise, we have used the given experimental data in the Southern Indian Ocean

2
(S10) up to 100m depth. For the simulation results, we calculated °T at different depths,
temperatures, and salinity availability. This study limits the data up to 60m depth from the sea
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surface. In this study, the green spectrum wavelength A=532nm is used to simulate the results
for signal transmission.

The outage probability performance of the system is depicted in Figure 2 under varying
threshold SNR conditions. It is clearly seen that with rising threshold SNR the system
performance decreases. The best outage performance is obtained at ynw=2dBm. It should be
noted that the outage probability is simulated by utilizing the expression (11) while the
temperature, salinity, and depth in terms of small () and large-scale (f) factors are averaging
for the whole year.

e Threshold = 2dBm)
=@ Threshold ('7'm =4dBm)
= Threshold (’)‘m =6dBm)

Outage Probablity

3 Average o =3.85
107 F Average /3=1.88

0 10 20 30 40 50 60
SNR
Figure 2 — Outage performance of the system under varying threshold SNR conditions with the
average o and p particles for the whole year in the clear ocean water
PucyHnok 2 — XapakTepuCTHKH OTKa30B CUCTEMBI ITpH H3MeHeHnH noporoBoro SNR npu cpenanx
3HAUYCHUAX O U [3 qacTull 3a BECh I'OA B HpOSp&‘IHOﬁ OKEaHCKOU BOJIC

In Figure 3, we obtain the BER performance for varying channel conditions by utilizing
equation (21). The BER performances are obtained based on averaging Sl (o) in each three
months of the year. The Sl ais calculated based on experimentally recorded temperature,
salinity, and depth of the water as in [20]. The optimum performance is obtained in the first
three months (quarter) of the year while the worst is during the third quarter at a fixed vertical
distance of 5m. The most interesting phenomenon could be seen during the fourth quarter of
the year, which is quite close to the first quarter. The first and fourth quarters are very close and
have almost similar performances because of the variation of the water temperature and salinity
rise during the end of the year (October to December). The performances in Figure 2 are quite
close to the first quarter (beginning of the year as January to March). The first and fourth
quarters are very close and have similar performances because of the variation of the water
temperature and salinity rise during the end and in starting of the year. It seems that the salinity
and temperature are effective signal-fading factors for optical beam propagation in aqueous
mediums. Therefore, the authors obtained the performance metrics based on the absorption and
scattering phenomena by using (21). We have considered the ocean as a clear ocean medium
with extinction coefficient ¢(1) = 0.15 in this study.
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, : —f First Quarler(nT: 0.9159)
ok —@—Second Qurater (o = 0.9894)
—ap—Thrid Quarter {n.[ = 1.06106)
m— FOUrth Quarter [aT =0.9517)
1072 =
ey
o ypd s,
H =
10 B \
N
108 '&\‘Q\’
‘\‘\-\
N
108 A

10 20 30 40 50 60 70 80 90 100
SNR

Figure 3 — BER performances obtained in SIO with varying average scintillation index (SI) along with
fixed depth of the setup and fixed extinction coefficient of clear ocean water
Pucynok 3 — Xapakrepuctuku BER, momyduennsie B SIO npu u3MeHEHUH CpeTHETO
CIMHTHILUISIIMOHHOTO UHJeKca (Sl) mpu pukcupoBaHHON TTTyOHHE YCTaHOBKH U (PUKCHPOBAHHOM
KO3 UITUCHTE SKCTUHKIIMH YUCTOH OKEaHCKOU BOIBI

Another important scenario of this study is to obtain the BER performance under
asymptotic SNR conditions. In Figure 4, we have obtained the asymptotic BER performance
under weak turbulence channel conditions by simulating (22). Following the same approach as
in Figure 3, the asymptotic performances are also obtained based on the averaging S| during
the whole year. In Figure 4, the effect of Sl in the first and fourth quarters also have a similar
performance because of varying water physio-chemical properties while the poorest
performances are obtained in the third quarter of the year 2016.

I s £ —s— Asymptotic (Ave o_ = 0.91599)

-
Asymptotic (Ave o= 0.98944)
T
T

—m— Asymptotic (Ave o_=1.06106)
g Asymptotic (Ave o_=0.951712)

o N &
W )
4 o
WM
N
108 \.‘;\ e
SR
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AN

10 20 30 40 50 60 0 80 o0 100
SNR

Figure 4 — Asymptotic BER performances obtained by using fixed vertical distance
Pucynok 4 — Acumnirornueckue xapakrepuctuku BER, momydennsie npu ucnonp3oBaHun
(PUKCHUPOBAHHOTO BEPTHKAIBLHOTO PACCTOSHUS

It is challenging to transmit signals on varying physiochemical properties of water. Due
to this, the BER performances are obtained based on the varying temperature and salinity by
using (21). In Figure 5, the performances are depicted at varying water properties, and it is
noted that the best performance is achieved at the temperature and salinity T = 6.99 and S =
31.55 PSU, respectively. The dissipation rate of turbulence of kinetic energy per unit e=1072,
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and the dissipation rate of mean-squared temperature 41 =107 are taken with the fixed distance
between communication nodes. So far, the worst performance is depicted at S = 30.9 PSU.

——T=79,5=309
—8—T =8822,S=312
—#—T=6.99, S=31.55

Weak Turbulénce

/ Channel Conditions

=10y E10t
X=532nm, d = 25m

10 2‘0 3‘0 4‘0 5‘0 6‘0 7‘0 80
SNR
Figure 5 — BER performances obtained in SIO at varying temperatures and salinity with the
communication depth fixed in the clear ocean water
Pucynok 5 — Xapakrepuctuku BER, monmyuennsie B SIO nipu pa3nuyHbIX TeMIepaTypax U COJICHOCTH,
Ir/ie TI1yOHuHa CBS3M NOJAEpKUBAaeTCs (PUKCUPOBAHHOW B MPO3PavyHON OKEaHCKOH BOJIE

The modulation schemes also play a significant role in the design of reflective UVLC
system. The M-ary PAM modulation scheme is being used to transmit the optical signals. In
this study, the performances under the PAM scheme are compared with the On-Off-Keying
(OOK) modulation scheme. In Figure 6, the variation and comparison with OOK are depicted
as the fixed vertical distance d = 42.13m, temperature T = 8.006°C, salinity S = 30.897 PSU,

and SI °T = 0.4758. The OOK modulation scheme shows superiority because of its simplicity
rather than higher modulation. In Figure 6, it is depicted that higher modulation techniques
show poorer performances within underwater channels. If targeting the performance as 107%,
the OOK scheme achieves at 43.5dB while 2-PAM and 4-PAM are achieved at 51dB and
63.5dB, respectively.

""" - Wodutation |

BER

104 e

10 2‘0 3‘0 4‘0 5‘0 5‘0 70
SNR
Figure 6 — An asymptotic BER performances obtained in SIO by utilizing the tight closed form with
varying different distances
Pucynok 6 — Acumnrorndeckue xapakrepuctuku BER, momydyennsie B SIO ¢ moMoIIbo sKecTKOM
3aMKHYTOH (POpPMBI IpH BapbUPOBAHWUH PA3ITUYHBIX PACCTOSHUN
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Conclusion

This research paper proposes an RSOA reflector-based UVLC system model in the
Southern Indian Ocean (SI0O), where the source node transmits the signal toward the receiver
through an amplified reflector. The proposed system model is designed for the exploration of
shallow water, especially for underwater diving. The experimental data under the weak
turbulence channel conditions in shallow water is examined in this study. The signal attenuation
coefficient for clear ocean water is also considered and applied to different aqueous mediums.
The asymptotic and closed-form expressions for overall system performance are analytically
investigated throughout this study. It would be interesting to extend this study to more detailed
observation within the Southern Indian Ocean for the sake of high-speed and reliable
communication within 5G and beyond (5GB) networks.

Appendix-A

According to Nikishov underwater optical turbulence (UQOT), the spatial power
spectrum of turbulent fluctuation of the seawater refraction index is given as follows [21]:

1
E (k) =———— #.C,| 1+ C,(xn)** | #(,
()= = o[ 1+Cy (k)™ | (x w). o

In (23), the « is the magnitude of the spatial frequency, ¢ is the dissipation rate of
turbulent kinetic energy per unit mass of fluid, and Co, and C are the constants, respectively.
The parameter 7 is defined as the Kolmogorov microscale length, which is further given as

Ve , Where the kinematic viscosity is defined by v. However, the dissipation rate of the
mean-squared refractive index 47 can be written as
X =0 s+ B ots —20Ps (24)

In (24), the factors « and £ are denoted as the thermal expansion coefficient and the
saline contraction coefficients. Further, the dissipation rate of mean-squared temperature and

salinity along with the correlation coefficient are denoted as 47, %5, and 47 . More explicitly,
these parameters are further written as follows:

dT, Y’
I =K (d_o
zJ, (25)
ds, Y
Zs =K (d_o
2/, (26)
K+ K (d'l'0 (dSOJ
s 2 dz dz . (27)

In (25) and (26), the coefficient Kt and Ks denote the eddy diffusivity of salinity and
temperature, respectively. (5) can be modified by replacing the values of Kt and Ks in (27) as
follows:
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_1[(ds,/dz) (T ez
A1 =1 aT, 7dz ) *" "\ ds, 1z )7

(28)
Throughout the (23), the parameter ¢(x,w) is given as follows:
1
)= e dywrd,
C,0 C,0 C,0
x| & exp(— 0 j+dr exp(— 0 j—a)(dr +1)exp(— 0 D
[ I:!I' C:I.2 PS cl2 2 I:?I'S Cl2 ] (29)

However, in (29), Pt and Ps denote the Prandtl numbers for temperature and salinity,

while the parameter & is defined as follows:
2 4/3 3 2
8 =15C/ (xkn)  +C/}(xn) | (30)
Furthermore, the Prandtl number is given in the form of kinematic viscosity » and the
molecular diffusivity of the temperature and salinity as Dt and Ds. Therefore, the Prandtl

numbers can be written as R =v/D and R=v/D

salinity fluctuation o is defined as follows:
B a(dT, /dz)
B(dS, /dz) (31)

$. The relative strength of temperature and

The ratio of Kr and Ks is called the diffusivity ratio % = Xs /K Through (25) and (26).

the value of eddy diffusivity salinity and temperature in diffusivity ratio is as follows:

4 (@S, /dz)’

Hs =0 ————5 X1
(dT, /dz) . (32)
Utilizing the ® value from (31) and manipulating some mathematical calculation, we

obtain (33) as follows;

2
(94

Xs=d, [—j Xt
2w . (33)
Additionally, by replacing the values of Kr and Ks in (28) and implies in (31), we could

obtain 47 as follows:
(04 w
Ars = (Tj)ﬁ +(§_]Zs

po a) (34)

Further modification of (33) could be written in terms of diffusivity ratio by
implementing (34), and it is obtained from (35) as follows:

P :[i);ﬁ (1+ d,).

2w (35)
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The dissipation rate of the mean-squared refractive index (Zn) is given as follows:
2
2o =2H o~ (1+d)o+d, |
@ : (36)

Finally, the spectrum model of underwater optical turbulence could be obtained by
replacing (29) and (36) into (23) as follows:

C, a’y
E, (x)= - (a)zgl’?’;m J[l+ Cl(/q])zls:l

x(a)z exp[— Coi j+ d, exp(— C°52 ]— o(d, +1) exp(— 0-5C °2§D
RC RC PGy _ (37)

The assumption of the contribution of salinity and density variation is equal to the
contribution of temperature to density variation, i.e. dr = 1 and w = 1. Then (37) modifies as
follows:

E, (k)=

ax
YN

x| exp| — Coo +exp _ L —-2exp| — 05C,9
I:2I' C12 PS Cl2 I:>TS C12 (3 8)

It is noteworthy that for spherical waves under the assumption of weak turbulence, the
Rytov variance could be calculated by [22] as follows:

ot =87k, | [ xE, () {1-cos[dff2 (g’—fﬁﬂdxdf
00 0 ] (39)

The final expression of Rytov variance is obtained by replacing (38) into (39) as follows:

a,zw =27k2d,C,a’ = 1/3” 8l {1 cos{d o (cf &2 )}}

C,6 C.o 0.5C &
+d exp| ——= |—w(d_ +1)ex dxd
PTCf) ' p( Psij A+ p[ PoC? D :

(40)

x[l+ Cl(/cn)m}[a)2 exp(_

Appendix-B

The probability distribution function (PDF) of the pointing error for a random variable
Is given as [22]

f ()= e
(A° (41)

The combined effect of channel conditions as turbulence and pointing error has been
taken into account. For more explicit integration, the expression (41) is written by replacing

= [ 7751, 0ndy
i

t=717 as follows:
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fy(}/):% T < f ()t
(K7) % . (42)

The HTLN expression (2) is a lognormal distribution and forms lognormal into
hyperbolic tangent distribution HTD. The cumulative distribution function (CDF) is given as
[16]

@(x)zQ[ﬂx—X]zéJr%tanh(bXJra)

V27 (43)

where a and b are the constants and substituting x with In(t)/2 in (38) along with putting tanh,
which yields

Ft)= exp(2a)tbb :
(+exp(2a)t’)” (44)
bexp(2a)t"™

= by2
We integrate the CDF equation of (44) to obtain the PDF as (L+exp(2a)t’)”
Furthermore, we put the values of equation (44) into equation (7) to obtain the closed-
form expression of analysis in this study.
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