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Abstract—The promising potential of underwater applications
in visible light communication (VLC) systems has recently gained
considerable research attention, as an efficient technology for en-
abling high data rate, massive connectivity, and ultra-low latency.
Different from indoor VLC, underwater wireless communications
experience harsh environmental challenges, yielding a degraded
performance. Non-orthogonal multiple access (NOMA) was intro-
duced to enhance spectral efficiency and connectivity of underwater
VLC communications. In this paper, we develop a mathematical
framework to evaluate the performance of NOMA-enabled un-
derwater VLC systems in the presence of turbulence. Specifically,
we derive a closed-form expression for the outage probability of
NOMA over lognormal channels, while considering the effect of
path loss and turbulence. The derived analytical results with the
corresponding numerical results demonstrate that the transmission
distance between laser diode and sensor nodes (SNs) has a high
impact on the outage performance of the SNs, due to the increased
turbulence level with increased distance. Moreover, the presented
results show the effect of the water type on the outage performance
of the SNs and on the optimum values of the power coefficients.

Index Terms—Non-orthogonal multiple access (NOMA),
underwater, outage probability, visible light communication
(VLC), turbulence, path loss.

1. INTRODUCTION

EW decades ago, the potential of underwater wireless
F communications (UWC) was confined to the military field,
due to its inherent security feature. However, recently, UWC
has become an active research area with broad civilian and
commercial applications, such as underwater archaeology, gas
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and natural minerals exploration, navigation, and disaster pre-
caution [1]. This is motivated by the notable advantages of
UWC, which include reliability, cost efficiency, flexibility, and
high data rate communications. In unguided water environment,
UWC is conventionally realized by radio frequency (RF) or
acoustic links, and recently hybrid acoustic-visible light commu-
nications (VLC) systems were introduced. Particularly, in hybrid
acoustic-VLC underwater communications, acoustic waves are
exploited to broadcast to a group of wireless sensors, while VLC
links are employed to enable sensor-to-sensor communications.
Despite the wide popularity of acoustic waves in UWC, its low
transmission rate and severe delay limit the potential of UWC
to satisfy the extremely high data rates and real-time massive
data exchange requirements of the future sixth generation (6G)
wireless networks [2]. Meanwhile, it was proven that RF links
outperform acoustic waves in UWC systems in terms of smooth
air-water interface transition and high tolerance to turbulence
and turbidity [3]. Nevertheless, the high cost and energy con-
sumption and the short transmission distance, given that RF
waves can propagate only few meters in underwater environ-
ment, are the main drawbacks of RF UWC. Underwater wireless
VLC was proposed as a promising alternative to acoustic and
RF UWC, due to its envisaged capability to enable high speed
communication with relatively negligible latency and increased
capacity [4]. In optical communications, as the light propagates
in underwater environment, the water absorbs the ultraviolet
and the infrared. Accordingly, the visible light, specifically the
blue and green spectrum, is the most appropriate wavelength
for underwater communications [5]. This has been further con-
firmed experimentally by Gilbert et al. in 1966 [6] and paved the
scientific way towards underwater visible light communication
(UVLC) with a wavelength ranging from 450 nm to 550 nm.

In particular, the current research contributions have inves-
tigated UVLC system from different aspects, such as path
loss channel modeling [7]-[11], turbulence channel modeling
[12]-[17], physical layer and upper layer concerns [17]-[19], in
addition to survey research works [20], [21].

Although extensive research efforts have been devoted to in-
vestigate underwater VLC systems, the current research has pri-
marily focused a single user scenario. It is worth noting that mas-
sive connectivity is a key requirement for beyond 5G (B5G) net-
works, in which efficient multiple access schemes should be de-
veloped to accommodate the surge increase in the number of con-
nected devices with diverse data rate requirements. In this regard,
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non-orthogonal multiple access (NOMA) was introduced as an
efficient RF technique to provide enhanced latency, spectral effi-
ciency, and massive connectivity. Unlike conventional orthogo-
nal multiple access schemes, NOMA allows multiple users to si-
multaneously utilize the available time and frequency resources,
with a controlled level of inter-user interference [22]. Motivated
by this, NOMA-enabled underwater sensor networks was pro-
posed as an efficient multi-access paradigm to allow multiple
SNs to communicate with gateway nodes, simultaneously. In
particular, it was demonstrated that NOMA enjoys robust capac-
ity performance in UVLC, in the presence of underwater optical
turbulence [23]. It was further shown that NOMA has superior
performance in underwater environments, compared to air [24].

A. Related Work

Although the research on NOMA-enabled underwater VLC
systems is limited, there are few works which addressed the
performance of such systems. The authors in [24] conducted
an experimental study to investigate the error rate performance
of NOMA in underwater VLC systems. The results in [24]
demonstrated the improved performance of NOMA systems in
underwater scenarios, compared to air scenarios. In [25], the
authors investigated the effect of random receiver orientation,
residual interference, and node location on the outage probability
(OP) performance of two users cooperative NOMA VLC in
underwater environment, where they employed a decode-and-
forward relay to improve the performance of the far user. More-
over, in [26], the authors numerically investigated the coverage
probability and cell capacity of NOMA users in underwater VLC
system. It is worth highlighting that a thorough performance
evaluation of the OP of point-to-point NOMA in UVLC systems,
in the presence of turbulence, is missing in the open literature.
Note that such a study is essential and lays down the foundation
for the realization of various NOMA -assisted UVLC use cases,
including, underwater data mining, software update in SN, etc
[27].

Motivated by this, in this paper, we evaluate the performance
of NOMA in underwater VLC systems under the presence of
turbulence. In specific, we derive a novel analytical expres-
sion for the outage probability to quantify the performance of
NOMA under different turbulence scenarios. To the best of our
knowledge, none of the reported works in the literature has
evaluated the outage performance of point-to-point NOMA VLC
in underwater scenarios.

The remainder of the paper is organized as follows. Section II
presents the adopted signal and system models, including path
loss and turbulence models. Outage probability closed-form ex-
pression is derived in Section III followed by the corresponding
numerical and simulation results in Section I'V. Finally, closing
remarks are presented in Section V.

II. SYSTEM MODEL

In this work, we consider a downlink UVLC power-domain
NOMA system, where a single laser source communicates
simultaneously with M underwater sensor nodes (SNs). As de-
picted in Fig. 1, the m*™ node, m = 1, 2, 3, --- , M, is located
atadistance of d,,, from the laser source. In a such power-domain
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Fig. 1. NOMA for downlink UVLC.

NOMA system, power allocation coefficients are determined
based on the channels conditions between the laser source and all
receiving nodes (i.e., photo-detectors (PDs)) [22]. Particularly,
close nodes to the laser source, which are nodes with strong
channel coefficients, are allocated lower power coefficients.
On the other hand, high power coefficients are considered for
nodes with weak channels gains. Without loss of generality, we
assume that channel gains are ordered in an ascending form,
ie., har > hpr—1 > --- > hy; hence, the power allocation
coefficients can be written as a; > -+ > ap/_1 > . Since
the highest transmit power is assigned to the first node, this
SN will not perform successive interference cancellation (SIC).
Meanwhile, the smallest power coefficient is allocated for the
M™ node, and hence, this node will decode the data of M — 1
nodes before decoding its own signal.

In this work, we consider both, deterministic path loss channel
coefficient and turbulence induced fading. The path loss com-
prises the attenuation and the geometrical losses. It is worth
noting that the effect of geometrical loss is negligible for the
case of collimated light sources, while for diffused and semi-
collimated sources, both of geometrical and attenuation loss
should be considered [10]. In the current work, we consider
semi-collimated laser sources. Different than laser sources with
collimated beam, the spot of the received beam of a laser source
with semi-collimated beam can provide the necessary coverage
for a NOMA system, as depicted in Fig. 2.

A. Path Loss Model

Considering a line-of-sight (LOS) scenario, and under the
assumption of transmitter-receiver perfect alignment, the path
loss between the LD and the mth SN in underwater VLC
scenario, for semi-collimated laser sources with Gaussian beam
shapel, can be modeled as [10]

o (B2 e (e 22

'In this paper, we consider laser source with a Gaussian beam shape. It is
worth highlighting that NOMA systems in UVLC have different performance
when other distributions of beam shapes, such as the spherical and plane waves,
are considered.

(6]
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Fig. 2.
tems.

The use of semi-collimated laser sources in underwater NOMA sys-

where d,, is the distance between the LD and the mth SN and
Dy, is the aperture diameter. Additionally, 8 denotes the full
width transmitter beam divergence angle, 7" is the correction
coefficient, and ¢, represents the extinction coefficient.

B. Turbulence Channel Model

The fading coefficient of the transmitter-receiver link is given
by h.,, which represents the channel between the emitting LD
and the mth SN. In this work, we consider that the probability
density function (PDF) of h,, follows the log-normal distribu-
tion with mean fi,,, and variance o2,, and it is given by [28]

() — ) ) o

1
fH (hm) == mexp <_

C. Signal Model

Following the NOMA principle, the LD broadcasts a su-
perposed symbol comprising the summation of the weighted
signals of the M SNs. Hence, the transmitted symbol at the
single LD is given by z = S>»_ /., Pg 5,,, where Py is the
total transmitted optical power and «,,, denotes the power allo-
cation coefficient of the mth SN. Moreover, s,, represents the
transmitted message of the mth SN. Without loss of generality,
we assume that the average energy of transmitted symbols is
normalized to unity. It is recalled that NOMA nodes are ordered
based on their channel conditions. In specific, SNs with weak
channel conditions are allocated higher power coefficients than
SNs with stronger channel gains [22]. Therefore, without loss
of generality, we assume that the first SN, SNy, is the node
with the weakest channel gain, while the Mth SN, SNy, is
the node with the strongest channel conditions. Subsequently,
power coefficients are allocated such that vy > ais > -+ > apy
and M o, = 1.

Therefore, the received signal at the mth NOMA receiver can
be expressed as the following

Ym = 777‘9mhm93 + N,y 3)

where n,, is the zero-mean additive white Gaussian noise
(AWGN), and 7 and r denotes, respectively, the electro-optical
conversion efficiency of the laser diode and the opto-electrical
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responsivity of the PD. According to NOMA, for M SNs sce-
nario, channel gains are ordered as hy < hy < --- < hps. Ac-
cordingly, power coefficients are assigned based on the channels
ordering. Before attempting to detect its own signal, the mth SN
should employ a SIC receiver to reduce the interference induced
by signals with higher power levels, i.e., 1, ,2,,_1. Note
that the interference caused by signals with lower power levels,
i.e., Tyt1, -+, T, 1S less significant and will be treated as
noise. Therefore, assuming perfect SIC, the output of the mth
SIC receiver can be written as follows

M
yngmhm \/OszESm-i- Z \/OLjPESj + N,

Jj=m+1
“)
where §,, = n7g,,. Subsequently, the instantaneous signal-to-
interference-plus-noise ratio (SINR) of the mth SN can be
expressed as

§3nhfnamPE5[|Sm|2}

Tm = = i , (9
Gl 2 4 PE E]5; 2] + El[nm [?]
which can be rewritten as
«
Ym = ~ (6)

M 1
Zj:m—i—l aj+ -

where p,, is the instantaneous signal-to-noise ratio (SNR) of the
mth SN

pm = Pp g2h2, /o2 (7

where 02 denotes the AWGN variance, and h2, denotes the
small-scale fading of the mth SN with PDF given by (2).

In the following, we analyze the outage probability of NOMA
SNs in underwater VLC network.

III. OUTAGE PROBABILITY ANALYSIS

The outage probability metric is used to quantify the quality
of service (QoS) of a wireless system and can be defined as
the probability that the symbol error rate is greater than specific
threshold. Analytically, outage probability can be evaluated as
the probability that the SINR falls bellow a certain level. In this
section, we analyze the outage probability of NOMA subject to
the aforementioned path loss and turbulence models.

Proposition 1: The outage probability of the mth sorted
NOMA SNs is evaluated as

e ()

1=m k=0
itk
—lnm))] ®

1 _
« l_erfc ([ln (Pm) + 2pim]
2
where erfc(z) = 2/y/7 [° exp(—t?)dt denotes the error func-

/802,
tion [29],

i = &)

J
= max ——————
1<j<m aj — B¢;
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given that
M
Bi= > a (10)
i=j+1
and
¢; =21 —1, (an

where Rj is the targeted data rate of the jth SN. Moreover,

pm = Pr g2,/02, (12)

fm = 24z, and 02, = 402, where p1,, and o2 denotes the mean

and the variance of the log-amplitude X = 0.5In(h2,). It is
essential to highlight that (8) is valid for

0 < ém < am/Bm

otherwise, Ppy:m = 1.

Using (8), the average OP of all NOMA SN can be evaluated
as Pout,a'ug = (1/M) Zi\,{zl Pout,m~

Proof: The outage probability of the mth SN is computed as
the probability that the mth SN cannot detect its own signal or
the jth SN’s signal, where 1 < j < m, subsequently, the mth SN
fails to perform successful SIC. Hence, the outage probability
of the mth SN can be evaluated as

Pout,m =1-Pr (Ercn,l n e ﬂ E?n,m) ;

where I, ; denotes the event that the mth SN cannot success-
fully detect the jth SN’s signal, which is defined as E,, ; £
{Rm-; < }?j }, given that R,,, ,; is the mth SN rate to detect the
Jth SN signal. Additionally, E7, . denotes the complementary
set of I, ;, which can be written as [30]

13)

(14)

Qm

ES = 1og<1+ - >>Rj}
! { Zj:m-‘rl aj + p%

A
= — > Q5 .
{%@+; @}

Therefore, using (14) and (15) and after some mathematical
manipulations, the outage probability of the mth SN can be
written as

s)

Pout,m =1 _Pr(pm > (pj)
= F,, (¢5)

where F'x, (z) is the mth ordered cumulative distribution func-
tion (CDF) of the random variable X . Recalling that the instan-
taneous SNR of the mth SN is p,,, = py, h2, and h,,, follows the
log-normal distribution, the un-ordered CDF of p,, is given by

(31]
—1n(x)> Can

(16)

Fy(x) = serfe ([m (P) + 24tm]

2 /802,

IEEE PHOTONICS JOURNAL, VOL. 14, NO. 1, FEBRUARY 2022

Subsequently, utilizing order statistics, the mth ordered CDF of

Pm can be written as (18), shown at the bottom of this page.
Inserting (17) into (18) and using binomial expansion, yield

the outage probability of the mth SN as given by (8). U

IV. NUMERICAL RESULTS

In this section, we present numerical results to show the outage
probability performance of the SNs in NOMA underwater VLC
system with the presence of turbulence. Without loss of gener-
ality, we consider a two SNs scenario, M = 2, each equipped
with a single PD. In specific, the first SN, SVq, is the node
with the weak channel gain, while the second SN, SN, is the
node with the strong channel gain. Moreover, we investigated the
performance of the underlying system model under two water
types, namely, clear ocean and coastal water with extinction
and correction coefficients (¢,T") equals to (0.15,0.05) and
(0.305,0.13), respectively [10], [32]. Also, we consider receiver
aperture diameter of Dp =5 cm and full width transmitter
beam divergence angle # = 6°. The noise variance is assumed
02 = —120 dBm and the total transmitted optical power is
normalized to unity, Pr = 1. Additionally, the electro-optical
conversion efficiency of the laser diode and the opto-electrical
responsivity of the PD are set to n = 0.5 [33] and = 0.4 [34],
[35], respectively. Finally, assuming salinity of 35 PPT and
temperature of 20°C, the variance o2 can be calculated by using
02 =0.251In(1 + 0?) with o7 denoting the scintillation index?
and can be calculated, for laser sources with Gaussian beam
shape using [36, Eq. 7] in conjunction with [37, Eq. 16]. In order
to compute o', we assume the following. The dissipation rate of
mean-squared temperature equals to 1 x 10~3K?s™3, the dissipa-
tion rate of turbulent kinetic energy per unit mass of fluid equals
to 1 x 1072m?s, relative strength of temperature to salinity
fluctuation of w = -3, and wavelength of A = 530 nm [23], [37].
The relationship between the scintillation index and path-loss
coefficients for clear ocean and coastal water is presented in
Table I for different transmission distances.

The individual and average outage probability of the two
SNs versus the average receive SNR are presented in Fig. 3,
for different power coefficient values, a; = 0.6 and 0.9. The
average receive SNRis given by (12). The figure shows the effect
of the power coefficient 1 on the outage performance of the two
SNs. Note that avy = 1 — . It can be shown from Fig. 3 that
although power coefficients highly affects the outage probability
performance of each SN, changing the power coefficient values
does not affect the achievable diversity order of NOMA SNs.
This can be observed from the slope of the outage probability at
high SNR values.

In Fig. 4, we present the individual and average outage
probability of the two SNs versus the transmission distance for

2scintillation index is the normalized variance of the fluctuating intensity.

F,,, (#j) :{

S () [Fy (o)) (L= Fy ()]0 < < G
1

(18)

s Pm > G
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TABLE I
PATH-LOSS COEFFICIENTS AND SCINTILLATION INDEX FOR DIFFERENT DISTANCES

A (M) 20 21 2 23 24
9730(6231‘;’“ 0.4730 x 10~ | 0.3813 x 10~% | 0.3088 x 10~% | 0.2512x 10~% | 0.2052 x 10~*
gmvfng)s‘al 0.1335 x 10~% | 0.1020 x 10~* | 0.0798 x 10~% | 0.0622 x 10~* | 0.0486 x 10—*
o2 0.2527 0.2912 0.3333 0.3791 0.4288
dyre () 25 26 27 28 29
g’gcgf)’ar 0.1682 x 10~4 | 0.1384 x 104 | 0.1142 x 10~4 | 0.0945 x 10~% | 0.0784 x 104
gm“fggf)“al 0.0382 x 10~% | 0.0302 x 10~% | 0.0239 x 10~ | 0.0190 x 10~% | 0.0152 x 104
o2 0.4824 0.5401 0.6021 0.6684 0.7302
A (M) 30 31 2 33 34
g*gcgl‘;ar 0.653 x 10~° 0.5445 x 10~5 | 0.4553 x 10~° | 0.3814 x 10~5 | 0.3202 x 10~°
gm“f;zf)s‘al 0.1213 x 10=5 | 0.0973 x 10~5 | 0.0783 x 10~5 | 0.0632 x 10~5 | 0.0511 x 10~
o2 0.8146 0.8947 0.9796 1.0695 1.1643
dyre () 35 36 37 38 39
gm (Clear -5 -5 -5 -5 -5
ocoa) 0.2693 x 10 0.227 x 10 0.1916 x 10 0.162 x 10 0.1371 x 10
gm“f;gf‘)“al 0.0414 x 10-5 | 0.0336 x 10=° | 0.0274 x 10~5 | 0.0223 x 105 | 0.0182 x 10~5
o2 1.2643 1.3696 1.4802 1.5062 17178
10° : .
—o— 5N —e— SN i
—a— SNy
* Pouay 107] L —a— SN,
7 *  Poutavg
107 F P
103 F
a; = 0.6 T 3
3 A gt
oS
Clear ocean
10°F 3
4 10-6 L 4
| 107k J
10
| 20 25 30 35
25 30 35 40 45 d (m)
SNR (dB)
Fig. 4. First SN, second SN and average outage probabilities versus transmis-
Fig. 3. First SN, second SN and average outage probabilities versus receive  sion distance for different water types, iy = 0.9.

SNR, clear ocean, oy = 0.9.

different types of water, namely, clear ocean and coastal water. It
can be observed from the figure that in clear ocean scenario, the
outage probability outperforms the coastal water scenario. This
is due to the increased concentration of particulates in coastal
water, compared to clear ocean, which act as scatterers and
lead to severe signal attenuation. Moreover, it can be noticed
from Fig. 4 that the distance between the PD and the SNs
plays a significant rule in quantifying the outage performance of
NOMA SNss. In particular, for a specific performance threshold,
transmission distance can be selected to satisfy a certain QoS
constraints. For example, for clear ocean scenario, given that
the threshold value of the average outage probability is selected

to be 10719, the maximum allowable distance between the laser
source and any NOMA SN should not exceed 25.75 m.

The effect of power coefficients is demonstrated in Fig. 5,
where the individual and average outage probability of the two
SNs are plotted versus «; for clear ocean and coastal water
scenarios, d = 30 m. Targeting users fairness, in which we aim
to achieve an equivalent QoS levels for all nodes without prior-
itizing a particular node, it can be noticed from the figure that
the type of water affects the optimum power coefficient value. In
specific, it can be shown that the optimum power coefficient that
yields fairness for the two SNs equals to 0.88 and 0.93 for coastal
water and clear ocean, respectively. Apart from fairness, it can be
observed that under particular system requirement and according
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~O8sga. Clear ocean

-8 1 1
10
0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1

Fig. 5. First SN, second SN and average outage probabilities versus 1 for
different water types, d = 30.

35 ‘ ‘
—o— SN,
—a— SN,
3 i
25 1
o} Clear ocean
= 2
5
=
@
g
Z 15
a
1
0.5
0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
20 22 24 26 28 30 32 34 36 38
d (m)
Fig. 6. The achievable diversity order of the two SNs versus the distance, for

different water types.

to the turbulence model, power allocation coefficient can signifi-
cantly affect the outage performance of NOMA underwater VLC
systems. Therefore, efficient power allocation schemes should
be developed in order to satisfy specific performance level.

Fig. 6 shows the effect of transmission distance and water
type on the achievable diversity order of NOMA nodes. Note
that the achievable diversity order is defined as the slope of the
outage probability at high SNR values, and can be evaluated for
the mth SN as follows

10g P out,m
log pm
It can be observed from Fig. 6 that the water type significantly
affects the outage performance of NOMA nodes in underwater

VLC systems. For example, it can be noticed that at distance
d = 30 m, the achievable diversity gain of the second SN equals

Diversity = — (19)
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10° T T T T T )
10° 1
Coastal water
10-]0 L 4
Clear ocean
5 10715 - 4
4
10720 1
10725 L 4
—e— SN
—a— SN,
*  Poutany
10 . . . . . . "
2120 115 -0 -105 -100 -95 90 -85 -80
o2 (dBm)
Fig. 7. The outage performance of the two SNs versus the different noise

variance, d = 20 m, a7 = 0.9.

to 0.77 for the coastal water scenario, while for the clear ocean
the diversity gain of the same node equals to 1.41. The same
observation can be obtained for the first SN. Apart from the
water type, it can be noticed that the transmission distance play
an important role in quantifying the achievable diversity order
of each SN, where it can be observed that, as the transmission
distance increases from 20 m to 38 m, the diversity order
decreases by 1.38 and 1.39, for clear ocean and coastal water
scenarios, respectively.

Fig. 7 demonstrates the effect of the thermal noise variance
on the OP performance of the two SNs, for clear ocean and
coastal water scenarios. It can be observed from the figure that
the effect of the noise power is more pronounced on the outage
performance of nodes with lower power coefficients. This is
even more evident in the coastal water scenario, where the
increased number of scatters further attenuate the received signal
strength, and hence, any change in the noise power level causes a
detrimental effect on the outage performance of NOMA nodes.

V. CONCLUSION

In this work, we investigated the outage probability per-
formance of NOMA SNs in underwater VLC system, under
the assumption of turbulence. Particularly, we derived a novel
analytical expression for the outage probability over log-normal
turbulence model. From the derived analytical expression and
the presented numerical results, it was observed that the trans-
mission distance in addition to the water type highly affect the
outage performance of NOMA SNis. Particularly, it was noticed
that the outage probability of the SNs in clear ocean environment
outperforms the ones in coastal water, due to the increased con-
centration of scatterers in the latter. Finally, it was shown from
the obtained results that, although power coefficient allocation
significantly affects the outage performance of all SN, it has no
effect on the achievable diversity order. Rather, the water type,
as well as the distance, have direct impact on the diversity order
of NOMA nodes in underwater VLC environment.
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