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Hybrid IRS—-NOMA Framework for Turbulence
Resilient Underwater Visible Light Communication

Prathibha Praharsha Sripathi

Abstract—Underwater Visible Light Communication (UVLC)
offers high data rates, low latency, and strong physical-layer
security, making it as an alternative to acoustic and RF systems
for real-time underwater applications. However, its performance
is severely degraded by absorption, scattering, and turbulence-
induced fading. To enhance link reliability, recent advances
in Non-Orthogonal Multiple Access (NOMA) and Intelligent
Reflecting Surfaces (IRS) are being integrated into UVLC
systems. NOMA enables simultaneous multi-user access through
power-domain multiplexing, improving spectral efficiency and
connectivity, while IRS enhances signal strength and coverage
by intelligently reflecting and directing optical beams. Motivated
by these benefits, we propose a hybrid IRS-NOMA framework
for UVLC to improve link reliability and mitigate turbulence
effects. A composite channel model is formulated by combining
direct and IRS-reflected paths under absorption, scattering,
and turbulence modeled using the Exponential Generalized
Gamma (EGG) distribution with pointing errors. Closed-form
expressions for the outage probability and average bit error
rate (ABER) are derived in terms of the Meijer-G function.
System performance is evaluated under various configurations,
and Monte Carlo simulations validate the analytical results,
demonstrating excellent match and highlighting the effectiveness
of the proposed IRS-NOMA -assisted UVLC design.

Link to graphical and video abstracts, and to code:
https://latamt.ieeer9.org/index.php/transactions/article/view/10373

Index Terms—EGG Distribution, Intelligent Reflecting Surface
(IRS), Non-Orthogonal Multiple Access (NOMA), Underwater
Visible Light Communication (UVLC).

I. INTRODUCTION

HE growing demand for high-speed, reliable, and secure

underwater communication has generated significant in-
terest in Underwater Visible Light Communication (UVLC) as
an alternative to traditional acoustic and radio-frequency (RF)
technologies [1]. RF signals experience rapid attenuation in
seawater, limiting their effective transmission range. On the
other hand, acoustic waves support long-distance communica-
tion but suffer from low data rates and substantial propagation
delays. UVLC overcomes these limitations by offering wide
bandwidth, low latency, and immunity to electromagnetic
interference, making it well suited for a wide range of ap-
plications, including underwater sensor networks, autonomous
underwater vehicles (AUVs), environmental monitoring, and
defense operations [2].
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Despite these advantages, UVLC performance is heavily
constrained by underwater channel impairments such as ab-
sorption, scattering, and particularly turbulence-induced fad-
ing, all of which cause random fluctuations in the received
optical intensity and degrade link reliability [3]. To address
these challenges, researchers have explored the integration
of advanced communication and signal-processing techniques
into UVLC systems. Among these, Non-Orthogonal Multiple
Access (NOMA) and Intelligent Reflecting Surfaces (IRS)
have recently emerged as promising solutions [4].

NOMA has emerged as a promising multiple-access tech-
nique for UVLC systems, offering enhanced spectral effi-
ciency, reduced latency, and support for massive connectiv-
ity. Unlike conventional orthogonal access schemes, NOMA
allows multiple users to simultaneously share the same
time—frequency resources by exploiting the power domain,
typically employing linear superposition coding (SC) at the
transmitter and successive interference cancellation (SIC) at
the receiver. By allocating higher transmit power to far users
and lower power to near users, NOMA enhances both spectral
efficiency and user fairness compared to Orthogonal Multiple
Access (OMA) [5].

Several studies have investigated the application of
NOMA in UVLC systems under diverse underwater chan-
nel conditions. The authors in [6] analyzed a NOMA-
assisted UVLC system modeled with Exponential-Generalized
Gamma (EGG) fading, deriving closed-form expressions for
the average BER and ergodic capacity while examining the
influence of bubble concentration, temperature gradients, and
salinity. Their results indicate that system performance de-
grades as bubble levels and salinity increase, with bubble-
induced fading exhibiting the most significant impact. Further-
more, the far user’s ergodic capacity saturates at high Signal
to Noise Ratio (SNR) due to strong interference from the near
user. Elamassie et al. [7] extended these findings by evaluating
the capacity of multi-user NOMA-enabled UVLC networks
and highlighting the trade-offs associated with user pairing and
power allocation strategies. To further enhance link reliability,
cooperative NOMA frameworks have been proposed, where
near users assist far users through relaying, as shown by Kapila
et al. in [8], achieving significant gains in coverage and average
rate. Moreover, security-oriented studies such as those by Ku-
mar et al. in [9] have investigated NOMA performance under
imperfect channel state information, emphasizing the need
for robust power-control mechanisms. Although these studies
demonstrate the benefits of NOMA in mitigating underwater
channel impairments, they largely rely on the assumption
of line-of-sight (LOS) transmission. This assumption limits
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their applicability in realistic underwater environments, where
turbulence, scattering, and misalignment frequently disrupt
direct optical paths.

On the other hand, IRS has emerged as a transformative
technology capable of reshaping the wireless propagation
environment. An IRS consists of a planar surface composed of
a large number of passive reflecting elements, each capable of
independently inducing a controllable phase and/or amplitude
shift on the incident signal [10]. In terrestrial optical wireless
communication systems, IRS technology has demonstrated
significant potential in addressing non-line-of-sight (NLOS)
scenarios and improving overall link quality. By intelligently
reconfiguring the propagation environment, an IRS can redirect
signals toward desired receivers, extend coverage, and mitigate
fading effects, thereby substantially enhancing communication
reliability and efficiency [11].

Several studies have investigated the integration of IRS into
UVLC systems to address key underwater challenges such
as signal attenuation, turbulence, and pointing errors. Yalcin
Ata et al. [12] analyzed the outage performance of IRS-
assisted UVLC links under log-normal turbulence, utilizing
the Oceanic Turbulence Optical Power Spectrum model to
characterize the underwater medium. Their results reveal that
IRS deployment offers significant reliability gains, especially
when the number of reflecting elements and the receiver
aperture size increase. In a subsequent study [13], Ata et al.
introduced a unified channel model for IRS-aided underwater
optical wireless communication that incorporates attenuation,
turbulence, pointing errors modeled by the Hoyt distribu-
tion, and Angle-of-Arrival (AOA) fluctuations. Their analysis,
which covers both heterodyne and intensity modulation/direct
detection (IM/DD) schemes, confirms the effectiveness of
IRS in mitigating combined fading impairments. Focusing
on multi-user UVLC scenarios, Rehana Salam et al. in [14]
investigated an NLOS configuration using a mirror-array
(MA)-based optical IRS. They proposed two mirror allocation
strategies—Distance-Based Mirror Assignment (DMA) and
Equal Mirror Assignment —and compared their performance
with OMA, NOMA, and Rate Split Multiple Access schemes.
Their findings indicate that the DMA strategy significantly out-
performs alternative approaches in terms of aggregate spectral
efficiency and user fairness.

Although NOMA and IRS techniques have independently
shown considerable potential in UVLC systems, several im-
portant limitations still exist in the current literature. Most
NOMA-based UVLC studies mainly consider direct LOS
communication and primarily focus on performance metrics
such as outage probability, capacity, and BER, without ex-
ploring the advantages offered by intelligent signal reflec-
tion through IRS technology. Similarly, existing IRS-assisted
UVLC research largely emphasizes single-user communication
or NLOS enhancement scenarios, while the combined use of
IRS and NOMA for multi-user underwater optical communi-
cation has not been thoroughly investigated. In addition, the
joint effects of underwater turbulence, attenuation, pointing
errors, and multi-user interference on IRS-NOMA-enabled
UVLC systems have not yet been comprehensively analyzed.
Analytical studies addressing key performance measures such
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Fig. 1. Proposed IRS-assisted cooperative NOMA-UVLC system
model, where a buoy-mounted optical transmitter serves a near user
(U1) and a far user (Uz). The near user receives both direct LOS and
IRS-assisted NLOS signals through the reflected path d = di + da,
while the far user receives a direct LOS signal and a cooperative
relayed signal from Uj.

as outage probability, coverage probability, and average bit
error rate under realistic underwater channel conditions are
still limited. Therefore, there is a strong need for an efficient
IRS-NOMA -assisted UVLC framework capable of improving
communication reliability, spectral efficiency, and user fairness
in practical underwater environments. Motivated by these
research challenges, this work proposes a novel IRS—-NOMA-
assisted UVLC framework to improve communication reliabil-
ity under practical underwater channel impairments. The main
contributions of this work are summarized as follows:

¢ An IRS-NOMA-assisted UVLC system is developed
for multi-user underwater optical communication under
attenuation, turbulence, and pointing-error effects.

o Closed-form analytical expressions are derived for outage
probability, and average bit error rate.

e The influence of IRS reflecting elements, turbulence
severity, and pointing misalignment on reliability are
examined in detail.

e Numerical and Monte Carlo simulation results are pre-
sented to verify the analysis and compare the proposed
system with benchmark schemes.

The remainder of this paper is organized as follows. Sec-
tion II introduces the proposed IRS—NOMA-assisted UVLC
system model and describes its key components and oper-
ational framework. Section III characterizes the underwater
optical channel, including path-loss, pointing errors, and tur-
bulence effects. Section IV develops the analytical expressions
for the system performance metrics, namely outage probabil-
ity, and average bit error rate (ABER). Section V presents and
discusses the numerical and simulation results, highlighting the
performance gains achieved by the proposed scheme. Finally,
Section VI concludes the paper and outlines potential future
research directions.
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II. PROPOSED SYSTEM MODEL

In this section, we propose a hybrid IRS-assisted NOMA-
based UVLC system as shown in Fig. 1. The system consists
of a surface buoy acting as the optical base station and two
underwater users, namely the near user U; located at a distance
d,, and the far user U located at a distance d,,. An IRS
is employed exclusively for assisting the near user and is
positioned underwater at a distance d; from the buoy and do
from U;.

The buoy transmits optical signals to the users through both
LOS and NLOS links. In the LOS link, the optical beam
reaches U; directly through the channel with coefficient h
and reaches Us through the channel with coefficient ho. In
the NLOS link, the signal is reflected by the IRS through
the channel with coefficient h; 1rs. In addition, U; supports
cooperative NOMA operation by acting as a decode-and-
forward relay! for U, through the channel with coefficient
hi2. The IRS is a passive planar reflecting surface composed
of N phase-adjustable mirror elements. From a practical im-
plementation perspective, this configuration can be interpreted
as a MEMS-based optical reflector array operating in passive
reflection mode, i.e., without signal amplification [15]. By
properly tuning these phase shifts, the IRS effectively redirects
the optical beam toward the intended user, thereby mitigating
underwater impairments such as absorption, scattering, and
turbulence. The total propagation distance of the IRS-assisted
NLOS path is given by d = d; + d». At the transmitter, the
buoy employs superposition coding to generate a composite
signal intended for both users, which is expressed as,

z(t) = Vai P X1 + Vas P Xy (1)

where a; and as denote the power allocation coefficients
assigned to U; and U,, respectively. To ensure feasible
decoding under the proposed scheme, the power-allocation
coefficients are selected such that a1 + ax = 1, as > aq,
and the decoding feasibility conditions as > a;vy,2 and
a1 > cagyy,1 are satisfied. Here, 7,1 and 7y, 2 are the
threshold to decode the symbols X; and Xs, respectively and
€ is residual interference. Moreover, P; represents the total
transmit power, X; denotes the signal intended for U;, and
X5 denotes the signal intended for Us. Accordingly, the signal
received at the user is given by,

y=nx(t)hesr +no )

where 77 denotes the detector responsivity, ng represents the
Additive White Gaussian Noise (AWGN) with zero mean and
variance o2, and h, 7 denotes the effective channel coefficient
associated with the LOS, NLOS and relay transmission links.
The details of these LOS and NLOS transmission links are
presented as follows:

A. LOS Transmission Link:
The LOS transmission takes place between the buoy and
user U;, and the corresponding channel is influenced by

'In this paper, it is assumed that the buoy and the relay U; operate with
the same transmit power.

three principal impairments, namely path-loss attenuation (h;),
turbulence fading (h;), and transceiver misalignment (hy).
Therefore, the channel coefficient corresponding to a i
transmission link is given by,

h’i = h’l1 hpi h’ti7 (3)

Using (1), (2), and (3), the received signal at each user U; is
given by,

YBU;, =1 (\/althl + \/azth2) hi +mno, j€{1,2}.

4)
From (4), the Signal-to-Interference-plus-Noise Ratio (SINR)
at user U; to decode X5 symbol is expressed as [16],

Xo 77@2P|h1|2 (5)
BUL T pajplh2 + 17
where p = 2% represents the average SNR. If U; successfully

decodes the far user’s signal Xo, the interference from Us can
be completely removed through perfect SIC. Otherwise, due
to imperfect SIC, a residual interference (¢) remains while
decoding the desired signal X;. Hence, the SINR at U; for
detecting X is expressed as follows,

x. _ naiplha’

=l 6
7B,U, neazplhi|? + 1 (6)

where € = 0 denotes perfect SIC, while 0 < ¢ < 1 represents
imperfect SIC. Similarly, the SINR at user U, for detecting
the symbol X5 is given by,

nazp|ha|®

- = . 7)
narplial? + 1 (

Xo
YBU> =

B. NLOS and Relay Transmission Links:

The NLOS transmission takes place between buoy and U;
through IRS and the relay transmission is between buoy and
U, through Uy . In the first NLOS link, the channel gain h1 rrs
depends on the IRS elements, and is expressed as,

N
hiirs = Y Hae!'", ®)

n=1

where N denotes the number of reflecting elements in the
IRS, and H,, represents the channel gain of the n-th reflect-
ing element, which is given by H,, = H, 4, H, 4,. Here,
Hy, 4 = une 7% denotes the channel gain over the distance
d, from the buoy to the IRS, while H,, 4, = vpe ¥ denotes
the channel gain over the distance ds from the IRS to user U;.
The term 6,, € [0,2n] represents the phase shift introduced
by the n-th reflecting element. The IRS phase shifts are
configured such that 6, = ¢, + 1, thereby ensuring con-
structive signal alignment and maximizing the received SNR
[12]. Here ¢,, and %, are the incident and reflecting angles
of the optical beam. We assume perfect continuous phase
alignment for analytical tractability, so the obtained IRS gain
represents an idealized upper-bound benchmark. Accordingly,
phase quantization, practical phase-control errors, underwater
perturbations, and misalignment-induced phase mismatches
are not explicitly included. Moreover, the analysis is carried
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NOMA signal formulation

System setup (m(t), P, a1, ag)

Channel modeling
Path loss, pointing error,
and turbulence fading

LOS and IRS-assisted
NLOS transmission modeling

Received signal model
and SINR derivation

Closed-form performance
analysis

Monte Carlo simulation
and validation

Comparative results
and discussion

Fig. 2. Methodological workflow of the proposed IRS-assisted NOMA-based UVLC framework.

out under the linear IM/DD regime; therefore, saturation and Algorithm 1 Proposed IRS-Assisted NOMA-UVLC System

other higher-order nonlinear effects are neglected.
By substituting this condition into (8), we obtain
N
hl,IRS = Z Un67j¢nvn67jwn6j0n

S N ©)
= Z UnUp = Z hl,n-
n=1 n=1

We assume that all reflecting elements of the IRS are identical,
and that the random variables i1 1, h1 2, ..., hi,n are indepen-
dent and identically distributed (i.i.d.). Under this assumption,
(9) is simplified as

hi,1rs = Nhr, (10)

Hence the SINRs at user U; to decode both symbols X5 and
X, are expressed as

,sz _ nasplhi 1rs|? _ nazpN?|h|?
Ui.1rs naiplhirrs|> +1  naipN2?|hg]2 + 1’
(11a)
x,  _ _ naiplhisrs|? nai1pN?|hy|?
’yUl,IRS -

neazplhi,rrs|? +1  neagpN2|hf|? +1°

(11b)
The relay transmission occurs from the buoy to Us via Uy,
with the corresponding channel coefficient denoted by h; ».
The relay link h; o is modeled in the same manner as h;,
except that its distance parameter corresponds to the U;-Us
link. In this case, user U; first decodes the symbol intended
for U and subsequently forwards it to Us. Thus, Uy serves
as a relay between the buoy and U,. Accordingly, the signal
received at the far user Us is expressed as

Yo, U, = NV a2 Pt Xah1 2 + ng.
The corresponding SNRs at user Us is given by,

Vo2, = nasplhaa|*. (13)

Algorithm 1 summarizes the operation of the proposed IRS-
assisted NOMA-based UVLC system. Signal decoding at the
users is performed based on the resulting SINR values, with
SIC implemented at the near user, while an outage event
is declared whenever the required decoding thresholds are
not achieved. Fig. 2 depicts the methodological workflow of
the proposed IRS-assisted NOMA-based UVLC framework,
covering the progression from system modeling to analytical
and simulation-based performance evaluation.

12)

with Selection Combining

1: Initialize P;, N, (a1,as) with ag > ay target thresholds
(Yeh,1, Ven,2)s

2: Estimate channel coefficients hi, ha, hi rrs and hq o;

: Compute combined channel gain h; = hy; by, hy,, RS
{1,2}

: Compute NOMA signal as z(t) as given by (1);

: Compute SINR at U; and U, are fyngl s VBUy 7])3(:"[]2;

: Estimate hl,IRS = 22;1 Hn,d1 Hmdzeje";

: Reconfigure or = arg(Hp.q,) +
arg(H a,), hi1rs = Z::/:&JHn,dl Hy a,l;

. X2 X1 2 .
8: Compute YU, 1rs® VUL 1rs and VLU

. Xo _ X2 X2 X1 _
9: Compute ~;;? = Inax('VB,U1>7U1,1Rs>’ Yo, =

(5]

N N WA

max (7;1[]1 e ms) ;
10: Compute 7()]22 = maz ¢ min (7&2,7()](]27(]2) 77;2[]2};
11: if yl)ff < Yth,2 OF 7[)511 < 7Yth,1 then
12:  Compute outage at Uy
13: else
14:  Successful decoding at U
15: end if
e X X
16: if Y8 < Yeh,2 OF Vi < Vth,2 then
17:  Compute outage at Us
18: else
19:  Successful decoding at Us
20: end if

III. CHANNEL MODEL

In this section, both users are assumed to operate through
UVLC links within the same underwater environment. Hence,
they experience similar statistical channel characteristics, al-
though their instantaneous channel gains may differ due to
variations in link distance, alignment, and propagation condi-
tions. The overall channel response is modeled by considering
three major impairment components: path-loss, transceiver
misalignment, and turbulence-induced fading. These compo-
nents are assumed to be statistically independent for analytical
tractability. In addition, the IRS is considered to consist of pas-
sive reflecting elements with ideal reflection and perfect phase-
adjustment capability. The EGG turbulence model is adopted
because of its ability to characterize weak, moderate, and
strong underwater turbulence conditions. Its parameters are
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TABLE 1
EXTINCTION COEFFICIENT IN DIFFERENT WATER MEDIA
[15]
Water Type T\ S ex
Pure Sea Water 0.053 0.003 0.056
Clean Ocean Water 0.069 0.081 0.150
Coastal Ocean Water  0.089  0.216  0.305
Turbid Harbor Water  0.295  1.875  2.170

obtained through statistical fitting of experimentally observed
irradiance fluctuations under different underwater turbulence
conditions.

A. Path-Loss channel coefficient

According to the Beer—Lambert law, the path-loss in UVLC
systems is primarily governed by absorption and scattering
effects. This attenuation can be expressed as [12]

h; = exp(—ey)L), (14)

where e, denotes the extinction coefficient, defined as
the sum of the absorption coefficient x5 and the scattering
coefficient s,, i.e., ex = x) + s). The value of e, varies for
different water types, as summarized in Table I [15]. Here, L
represents the transmission link distance.

B. Pointing Error Channel Coefficient

In LOS communication systems, pointing accuracy plays a
crucial role in maintaining reliable link performance. Misalign-
ment often occurs due to factors such as wind loads, thermal
expansion, water currents, and tidal variations, which cause
displacement between the transmitter and receiver. Pointing
errors are typically classified into two types: boresight error,
representing a constant offset between the beam and the detec-
tor center, and jitter variance, denoting the random fluctuations
of the beam spot [17].

In UVLC systems, these impairments are further intensified
by underwater environmental dynamics, including ocean cur-
rents, surface waves, relay buoy tilting, and thermal variations.
Such misalignments lead to fluctuations in the received optical
power, introducing an additional fading component that de-
grades overall system performance. Therefore, robust pointing,
acquisition, and tracking mechanisms are essential for ensuring
stable communication in harsh underwater conditions. The
pointing error channel is typically modeled using a Rayleigh
distribution and is expressed as [17]

_ CQ hg2—1
AST

Sy (hp) 15)

) OghpSAp

Wzeg

where ¢ = 5% denotes the ratio between the equivalent
. P o .
beam radius w,, and the standard deviation o, of the pointing

error displacement at both transmitter and receiver ends. The
Vrerf(v)

Z\/ 2vexp(—v?)

equivalent beam radius is Weey = W , where

— /EDr i i
v = \/; W represents the ratio between the receiver aperture
1+ (2%)2. Here,

radius Agr and the beam width w, = wy g
0]

wy 18 the spot size of the Gaussian beam wave and A is the
transmission light wavelength. The parameter A,, is defined as

A, = lerf).

C. Turbulence Channel Fading Model

In UVLC systems, turbulence arises from random fluctua-
tions in temperature, density, salinity, and pressure within the
underwater environment. These fluctuations induce stochastic
variations in the refractive index, which in turn cause intensity
fading at the receiver. To accurately model this behavior, we
employ the EGG distribution, a mixture model that combines
the Exponential and Generalized Gamma distributions through
a weighted sum [20]. For the convenience of the reader,
Table II summarizes the differences between the proposed
framework and related studies in terms of system configu-
ration, adopted channel model, and main contribution. Un-
like the existing studies summarized in Table II, the pro-
posed framework jointly considers IRS-assisted propagation,
NOMA-based multi-user transmission, pointing errors, and
EGG turbulence fading within a unified analytical framework.
The PDF of the turbulence-induced fading coefficient is ex-
pressed as

frulh) = esn (<5) +

C(l_w) ac—1 ht ¢
peeta) ¢ P [‘ (b) } 19

where w is the mixture coefficient satisfying 0 < w < 1, \is
the exponential distribution parameter, and a, b, and ¢ denote
the generalized gamma parameters. Here, I'(-) represents the
gamma function. It should be noted that the EGG parameter set
(w, A\, a, b, c) is condition-dependent and is obtained through
statistical fitting to measured irradiance data for each specific
turbulence scenario [20]. Therefore, the cited model does not
provide an explicit closed-form mapping from bubble level
(BL) to the corresponding EGG parameters. Moreover, w
represents the mixture weight of the exponential component
and may be physically interpreted as the relative contribution
of bubble-dominated deep-fading events in the overall UWOC
turbulence statistics.

D. Combined Channel Gain

We assume that both users experience nearly identical un-
derwater channel impairments. Thus, the combined normalized
channel gain for user ¢ is modeled as the product of the
independent fading components:

Considering turbulenceh,,, pointing errorshy,, and determin-
istic attenuation jointly, (17) can be expressed as,
h;
= el
Since hp, and hy, are random variables, the PDF of the
combined channel gain is obtained using the transformation
of random variables [12]:

fhi(hi) = /fhi/ht,i <;LL:> fhti (htL) dht7 (19)

i

(18)
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TABLE 11
COMPARISON OF THE POPOSED FRAMEWORK WITH RELATED WORKS IN TERMS OF SYSTEM MODEL, CHANNEL MODEL,
AND MAIN CONTRIBUTION

Reference System Type Fading / Channel Model IRS NOMA Main Contribution Performance Metrics
IRS-assisted UVLC
[12] UVLC system Log-normal Yes No assiste . Outage probability
performance analysis
NOMA-based UVLC
[18] UVLC system EGG model No Yes ) ase . . Outage probability
with EGG fading analysis
[16] Full-duplex EGG model No Yes Cooperative/full-duplex Outage probabil.it.y,
UVLC system NOMA-UVLC framework coverage probability
IRS-assisted UWOC Out bability,
[19] UWOC system Gamma—-Gamma Yes No asstste . " age. proba 1.1 ¥
performance analysis ergodic capacity
IRS-assisted Joint integration of IRS Out babilit
T ility,
Proposed Scheme = NOMA-UVLC EGG model Yes Yes and NOMA for UVLC utage proba y. .
BER, coverage probability
system under EGG turbulence

where the conditional PDF is valid for 0 < h; < Aphy, hy,.

h; 1 h;
Thishe, (fhs) = mfhp (hliht>
h; )<21

CZ
AS hy by, (hlihtl

Substituting (16) and (20) into (19), we obtain

¢ (T
X
» hihe, <h/llht1 >

C(l — CU) ac—1 hti ‘
+ 2T (a) hif™ " exp [— (b ) Hdhti.
2D

(20)

Since the composite channel satisfies h; = hy hphy, and
the pointing error coefficient is bounded as 0 < hp < Ap, it
follows that h; < Aphy, hy,, which yields hy, > 4
the lower limit of the integral with respect to Ay, is a, h . We

evaluate the integral by separating it into two terms, "denoted
by Iy and II;. Hence

=1IIp +II;

)CZI

(22)

2 ( h;
S hy by, \Duhe,

(o)
H =
0 hi
Aphi,

Similarly, for II;,

> ¢ ( h;
I, = / i
! AS hu, by, \ il

-1

)
1-w ac— hl ¢
b(r<>)h - () o

) C
= 2 2 ; t; "
beel(a) A5 by, 5t b
(25)

Comparlng (25) with (9) of Section 3.381 in [21],

foox e P dy = m;bgf Doy = mtl “and setting u =

= hz ,m=ac—1— 2 ﬂz%,n—c, anduzmT“, (25)
h;

can be written as follows:
. 26

1 — 27¢%—1 2

(et T
(Aph, b)) T(a)

Substituting (24) and (26) into (22), the PDF expression in

Eq. (23) is obtained as,

I, =

_ e [w hi
Fuutha) = W[w (¢ )+
1 —w §2 hl ¢
r(a)bczF (“ (A hy, b) >] @7)

Further, rewriting (27) in terms of Meijer-G functions using

w<2h§2_1 /oo 1 ( ht,-) o (07.34.03.0613.01) in [22], we obtain
- T 5 3 . — Xp | — b .
M T A iy = S gan( |1 Y
23) M (AR, )¢ | A Aha| 1-¢20
Comparing (23) with (3) of Section 3.381 in [21], 1—w 0 L c 12 o)
ffo oV le=HE dpy = w'T(v, pu), and setting u = A:;izi’ T(a )b<2 1,2 A b . %, 0 .

(23) can be expressed as follows:

h.
r{1-¢,—= )
< ¢ Aphy, A

1/:1—C2,and,u:§,

wehs
(Aphi A)¢*

Iy = (24)

The CDF corresponding to the above PDF is given by,

hi
= / fhi(h )dh
0

(29)
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Using (07.34.21.0003.01) in [22], the CDF can be expressed
as (30).

1—w G2’1 hz ¢
cl(a)bs® ~ 23\ \ A,y b

IV. PERFORMANCE ANALYSIS

In this section, we evaluate the performance of the proposed
system in terms of outage probability, and ABER. These
metrics are widely adopted in UVLC and related optical
wireless systems, as they provide insight into the robustness
of the link under various channel impairments. The outage
probability characterizes the likelihood that the system fails
to meet a predefined SNR threshold, whereas the average
BER quantifies the probability of incorrect bit detection at the
receiver. Taken together, these metrics offer a comprehensive
view of the system’s reliability and data integrity.

A. Outage Probability

Outage probability is a key metric for assessing the relia-
bility of a communication system under fading and noise. It
is defined as the probability that the instantaneous received
SNR *y[)]i’" falls below the target SNR threshold ~:p,, where

Vih, = 2R§z — 1 is the minimum SNR required to support the
desired data rate R)Ui_’ k.

1) Outage Probability of Near User: An outage event at
user U; is declared when the required signals cannot be
successfully decoded through either the LOS or the NLOS
transmission path under selection combining. Therefore, the
outage probability at U; is given by,

LOS _NLOS
Pout,Ul = Pr[max (’YUI » YU,

L
= Pr(’YUIOS < Yth,i;

_ pLOS NLOS
- Pout,Ul Pout,Ul

) < Yth,i]

NL
08 < Veh,i)

’YUI (31)

Here, 7y, is a threshold for decoding the symbol X,
intended for a user. Moreover, the outage event at the user
Ui is defined as the failure to decode X5 or X; through a
given LOS or NLOS transmission path. Therefore, the outage
probability of U; corresponding to each transmission path can
be expressed as,

PLOT, =Privp3y, <Yz o 75y, < Yenal, (32a)
X X
PﬁtLgls =Pr[v;? 1rs < Mth,2 OF Yy, 1rs < Ven,1l- (32b)

Yth,2

From (5), we obtain h1 < oq, where a1 = W
th,1

and from (6), we obtain h; < 31, where 1 =

np(ar—azeyin,1)”
Hence, (32a) becomes

PLOS

out, Uy = Pr[h1 <ajorh; < ﬂl] = PI‘(hl < Al) = Fh1 (Al),

(33)

where A; = max(«ay, 81). Similarly, from (11a), we get hy <

— Yth,2
Q1,TRS where QO1,JRS = m and from (llb),
’ Yth,1

we obtain h[ < ﬂl,IRS’ where BL]RS = m
Hence, (32b) becomes

NLOS
P, v, = Prlhi1rs < ai1rs or hi 1rs < B1,1Rs]

= Pr(h1,rrs < A1,1rS) = Fhy 1rs(A1,1Rs), (34)

where Ay 1rs = max(a1 1rs, B1,1rs). Hence 31 becomes as

Pout,Ul - Fh1 (AI)FhLIRS (ALIRS)’

2) Outage Probability of Far User: The signals received
at Uy through the LOS and user-relayed paths are combined
using selection combining. Accordingly, the resulting SINR at
Us,, denoted by 7,)](22, is given by [16].

(35)

3 = mas {min (33 0%0,) i} GO

An outage event at user Us occurs when it fails to decode Xo.
Thus, the outage probability at Us is given by

Pout.v, = P72 < yen2), 37
Since the channels are independent, it can be rewritten as [16]
Pout,u, = Pr {min (viﬂvéﬂ‘i@) < ’Yth,Q} X
Pr {7§?U2 < ’Yth,?}
= [1 —Pr (’Y[)J(f > ’Yth,z) Pr (7()](12’(]2 > ’Yth,z) } X

Term-PiJ2

Term—P;] 2

Pr{oii, <ma}. G9)

Term-P} 2
Consider Term-Ple, and it can be simplified as,
Term-P[1]2 =Pr (yl)ff > 'yth,z)
=1-"Pr (%)Jiz < ’Yth,2>
=1-Pr (max {fyngl,’y[)]?,IRs} < ’Yth,z)

=1- [PI‘ (Vg(,zUl < Yth,2 ) 7512,11%5 < P)’th}Q):|
=1—[Pr(hi <a1 , hirrs <aiirs)
=1- [Fhl (al)Fhl,IRs (al,IRS)}

Consider Term—P2U2, and it can be simplified as, e
Term-Pg2 =Pr (7[)](127[]2 > %h,2>
—1-Pr (%)ﬁ"’,Uz < %m) (40)
=1—Fy ,(12),
From (13), h1 2 < a2, Where ag o = :;‘p’—aj
Consider Term-Pg"’, and it can be simplified as,
Term-Py? = Pr (7])3{,%2 < %h,z) @n

= Pr (hg < 0[2) = Fh2(a2),
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Yth,2

T @ —arvina) Hence the (37)

From (7), ho < ag where ay =
becomes

Pouty, = |1 — (1 — Fp, (al)Fhl,IRS (Oél,IRS))

(1= Fhyo(on2)) | Fry(az). (42)

The system outage probability is defined as the probability
that at least one of the users U; or U, experiences an outage.
It is expressed as

PV =1—[(1 — Ppuyu)(1 -

out —

Pout,Uz)]~ (43)

B. Average Bit Error Rate

The average bit error rate (ABER) represents the long-
term probability of erroneous bit detection at the receiver and
serves as an important measure of the reliability of the pro-
posed IRS-assisted cooperative NOMA-UVLC framework. In
underwater optical channels, the ABER is strongly affected by
deterministic attenuation, turbulence-induced fading, pointing
errors, and the cooperative transmission strategy. In this work,
On-Off Keying (OOK) modulation is considered due to its
low implementation complexity and suitability for intensity-
modulated optical communication systems.

For OOK signaling, the ABER of user U; can be expressed

- oo ’Y;}H
Pov = [ @755 | f) o,
: :

where ((-) denotes the Gaussian ()-function and vff is the
effective instantaneous SINR at user U;. '

In the proposed framework, the near user U; receives the
desired signal through both the direct LOS branch and the
IRS-assisted branch. Under selection combining, the effective
SINR at U; is given by

as

(44)

LOS

~en = max (7%, 0, %) - (45)
Hence, the corresponding CDF is
Fyee(7) = Fypos () Fyrs (7), (46)

and the PDF is obtained as

Ly () = Fipos () Eygros (7) + fonros (7) Fypos (7). (47)

= i€

For the far user U,, reception is achieved through cooper-
ative transmission. Specifically, U; first decodes the symbol
intended for U, and then forwards it over the relay link. The
end-to-end relay-path SINR is therefore expressed as

YR,U> = min (’Y;ig"Ula 7U1U2> y (48)
where
Yon v, = max (Vs s Yostr) (49)

denotes the effective SINR for decoding x5 at U;. Accordingly,
the CDF of the relay-path SINR is written as

iy () =1~ [1=Fpr ()] [1 = Py, (0] . 50)

Since Us also receives the direct signal from the buoy, the
effective SINR at Us under selection combining is

v?fi = max (YBU,» VR,Us) » (51
which yields the CDF
F'ygf; (v) = F’YBUZ (7) F’YR,U2 (7, (52)
and the corresponding PDF
f'yg,f; (’Y) - f’YBU2 (7) F")'R,U2 (’7) (53)

+ f’YR,U2 (7) F’YBU2 (7)

Substituting (47) and (53) into (44), the ABER of U; and
U, can be respectively expressed as

ﬁb,Ul = A Q(\/Z) f*ybff (7) d77
Py, :/o Q(\/Z) fygf;(W) dry.

V. RESULTS AND DISCUSSION

(54)

(55)

This section presents the numerical results of the proposed
IRS-assisted NOMA-UVLC system. The performance evalu-
ation is conducted using various underwater channel parame-
ters, with the corresponding numerical values summarized in
Table III. The specific EGG distribution parameters associ-
ated with different bubble lengths (BLs) for both saltwater
and freshwater are listed in Table IV. All the analytical
expressions are validated by Monte Carlo simulations. For
Monte Carlo validation, each simulated point is obtained using
10° independent channel realizations. The turbulence-induced
fading coefficient is generated according to the EGG model
using a mixture-based sampling procedure. Specifically, for
each realization, a uniform random variable is generated to
select the exponential distribution with probability w or the
generalized-gamma distribution with probability 1 — w. If the
exponential distribution is selected, the sample is generated
from an exponential distribution with parameter A. Otherwise,
a Gamma random variable Y ~ I'(a, 1) is first generated, and
the corresponding generalized-gamma sample is obtained as
hy, = bY''/¢. The pointing error coefficients are generated
independently for each realization according to the adopted
pointing error model. Moreover, under the ideal phase-control
assumption, the IRS phase shifts are updated once per channel
realization to ensure constructive signal alignment.

Furthermore, the robustness of the proposed IRS-assisted
NOMA in UVLC system is examined by analyzing the ef-
fect of key design and channel parameters on the outage
performance. Specifically, the influence of the number of
IRS reflecting elements N, NOMA power allocation coeffi-
cient ay, bubble level (BL), and pointing-error parameter ¢
is considered. These parameters are important because they
affect the reflected link gain, power distribution among users,
turbulence-induced fading, and alignment accuracy, respec-
tively. The corresponding results provide useful design insights
into the behavior of the proposed system under practical
underwater channel variations.
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TABLE III
PARAMETERS CONSIDERED FOR NUMERICAL RESULTS

Parameter Value Parameter ~ Value
n 0.9 R lem
€ 0.01 wo lcm
A 470nm al 0.3

Dgr Scm a2 0.7
TABLE 1V

PARAMETERS OF EGG DISTRIBUTION[20]

B.L

Water type (L/min) w A a b c

Salt water 4.7 0.2064 0.3953 0.5307 1.2154  35.7368
Salt water 16.5 0.4951 0.1368 0.0161 3.2033  82.1030
Fresh water 4.7 0.2109 04603 1.2526  1.1501  41.3258
Fresh water 16.5 0.5117  0.1602  0.0075 2.9963  216.8356

A. Outage Probability vs SNR

To benchmark the proposed framework against representa-
tive baseline schemes reported in the literature, Table V com-
pares the outage performance of conventional NOMA without
IRS, inspired by [18], and cooperative NOMA (CNOMA)
without IRS, inspired by [16], with that of the proposed IRS-
assisted NOMA scheme under the same simulation settings
for BL = 4.7 L/min.

As shown in Table V, the outage probability of all schemes
decreases with increasing SNR, due to the fact that a higher re-
ceived SINR improves the probability of successful decoding.
Among the considered schemes, the proposed IRS-assisted
NOMA framework consistently achieves the lowest outage
probability for both users, thereby demonstrating a clear reli-
ability advantage over the benchmark schemes adopted from
[18] and [16]. In particular, for the near user Uy, the proposed
scheme reduces the outage probability from 2.5 x 10~7 at
50 dB to 2.0 x 1072 at 60 dB, which is significantly lower
than the corresponding values of the conventional NOMA
baseline in [18] and the CNOMA baseline in [16]. This
behavior can be attributed to the IRS-enhanced reflected link,
which improves the effective channel quality and reduces the
probability that the instantaneous SINR falls below the target
threshold. Overall, the quantitative results in Table V show
that the proposed IRS-assisted NOMA framework significantly
improves system reliability compared with the benchmark
schemes. At SNR = 60 dB, the proposed scheme achieves an
outage probability for U; that is approximately two orders of
magnitude lower than conventional NOMA and seven orders
of magnitude lower than CNOMA. Similarly, for U,, the
proposed framework provides nearly one order of magnitude
improvement over conventional NOMA and more than three
orders of magnitude improvement over CNOMA. These results
confirm the effectiveness of IRS-assisted signal enhancement
in improving underwater communication reliability.

The outage probability, P,,;, as a function of SNR for the
proposed system is presented in Fig. 3, which also includes
the corresponding performance of the system without IRS

0

10 T

UI without IRS

10”2

107

U, with lRS/

107

Outage Probability

——— Analytical for U with IRS
©O Simulation for U with IRS
——— Analytical for U, without IRS
O Simulation for U1 without IRS
Analytical for U
Simulation for U;

10

10 20 30 40 50 60 70
SNR (dB)

1010
0

Fig. 3. Outage Probability of U; user with and without IRS and U>
user.

for comparison. In accordance with theoretical expectations,
the outage probability decreases with increasing SNR, since
a higher received SINR increases the probability that the
decoding threshold is successfully satisfied. It is evident from
the figure that the incorporation of IRS yields a substantial
reduction in outage probability, thereby confirming its effec-
tiveness in enhancing the effective channel quality through
intelligent signal reflection. In particular, at an SNR of 25 dB,
the outage probability of U; in the IRS-assisted case falls
below 1072, whereas the corresponding value for the non-
IRS case remains above 101, For the far user Us, the outage
probability is observed to be approximately 10!, indicating
that although this user remains subject to comparatively less
favorable transmission conditions, the proposed framework
still provides a meaningful reliability improvement. These
results demonstrate that the deployment of IRS significantly
mitigates the probability of decoding failure and, consequently,
enhances the overall communication reliability of the consid-
ered system.

Fig.4 illustrates the sensitivity of the user outage perfor-
mance to the power-allocation coefficient ay. The results show

107

100

Outage Probability

10 ] - ] | | | |
0 10 20 30 40 50 60 70
SNR (dB)

Fig. 4. Outage probability comparison of U; and Us under differ-
ent power-allocation settings as, illustrating the parameter-sensitive
fairness behavior of the proposed scheme in both IRS-assisted and
non-IRS scenarios.
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TABLE V
COMPARISON OF OUTAGE PROBABILITY FOR CONVENTIONAL NOMA AND COOPERATIVE NOMA BASELINE SCHEMES,
INSPIRED BY [18] AND [16], AND THE PROPOSED IRS-ASSISTED NOMA SCHEME UNDER THE SAME SIMULATION
SETTINGS FOR BL = 4.7 L/MIN

SNR in NOMA without IRS [18] CNOMA without IRS [16] Proposed Scheme

dB Uy Us Uy Uz Uy Us

50 30x1076 20x107%° 7.0x107? 24x107% 25x1077 1.5x107°

55 80x 1077 1.1x107° 37x1072 13x1073% 22x1078% 1.7x10°¢

60 25x 1077 65x107¢ 20x1072 7.0x107%* 2.0x107% 2.0x1077

65 35x1078% 50x1077 1.2x1072 40x107* 8.0x107!0 28x1078

70 45x 107 25x1078 7.0x107% 22x10"* 3.0x 1071t 4.0x107°
that the relative performance of U; and Us is not fixed, but mﬂd& T
depends strongly on the system configuration. In the non-IRS . R - SRy ]
case, Us benefits from both the direct transmission from the 4 G
buoy and the relayed transmission through U;, and therefore 107 3
achieves a lower outage probability than U for certain power- 2 - N ]
allocation settings, such as a; = 0.6 and az = 0.8. In contrast, "
when IRS assistance is introduced, the passive beamforming & 10* Analytical of U, at 7, =1dB S e 1
gain significantly strengthens the effective channel of Uy, ig" gl O mwonol f s, 18
causing the performance order to reverse such that U; outper- S 5 S U a :?ﬁldB k
forms Us;. This behavior confirms that fairness in the proposed 10°F —— Analytical of U, at 7 =3dB 0
system is parameter-sensitive and governed by the tradeoff ol _f_::‘:'y‘zt:l“(:fg.;t?mj;: A
between IRS beamforming gain and NOMA power allocation, % Simulation of Uzza[ »,::=3dB 3
rather than being an inherent property of the architecture. 0% o - po " p - p w0

SNR (dB)

Figs. 5, 6, and 7 collectively characterize the outage perfor-
mance of the proposed system under variations in the number
of IRS reflecting elements N, the target SINR threshold
Y+n, and the pointing error parameter (. From a theoretical
perspective, increasing N is expected to improve the passive
beamforming capability of the IRS, thereby enhancing the
effective channel gain and reducing the outage probability.
This expected behavior is clearly observed in Fig. 5, where
larger values of NV result in a pronounced improvement in reli-
ability. By contrast, increasing the SINR threshold ~;;, imposes
more stringent decoding requirements, and therefore leads to
a higher outage probability, as illustrated in Fig. 6. Likewise,
smaller values of ¢, which correspond to more severe pointing
errors, intensify beam misalignment and reduce the received

Analytical for U] at N=8
O Simulation for UI at N=8

Analytical for U] at N=16
O Simulation for UI at N=16
107 Analytical for U, at N=32
Simulation for UI at N=32
Analytical for UI at N=64
O Simulation for UI at N=64

Outage Probability of Ul
S

107 Analytical for U] at N=256
O Simulation for UI at N=256
]Orﬁ T T T T Il Il
0 5 10 15 20 25 30 35 40 45 50
SNR (dB)

Fig. 5. Outage Probability of U; user at different N values.

Fig. 6. Outage Probability of U; and Uz users at different 7, values.

Analytical for U, at (=1
— — —Analytical for U jat =1

Outage Probability

O Simulationat ¢ =1
Analytical for U, at ¢ =1.25
10 = — —Analytical for U, at (= 1.25

¥  Simulation at = 1.25

Analytical for U, at (=15

— — —Analytical for U at (= 1.5
A simulation at (=15

108 T T L L L
20 25 30 35 40 45 50

SNR (dB)

Fig. 7. Outage Probability of U; and Uz users at different ¢ values.

optical power, thereby degrading the outage performance, as
shown in Fig. 7. Across all considered scenarios, the strong
user U; consistently achieves superior outage performance
compared with the weaker user Us, which is consistent with
the expected behavior of NOMA systems under appropriate
power-domain multiplexing and effective SIC operation.
Figure 8 presents a comparative evaluation of the outage
performance of U; with and without IRS, as well as that of
U, with and without NOMA. This comparison is particularly
useful for isolating the individual contributions of IRS and
NOMA to the overall system performance. In accordance with
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2 2
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=
<
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o
S -3
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153 A
= " — = Analytical of U, user with IRS
Q10 O Simulation of U, user with IRS =TT *
— = Analytical of U, user without IRS ~0
A Simulation of U, user without IRS S <
105 H = Analytical of U, user without NOMA S o i
%  Simulation of U, user without NOMA SO
e Analytical of U, user with NOMA
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Fig. 8. Outage probability of U; user with and without IRS, and U>
with and without NOMA.

theoretical expectations, the incorporation of IRS improves
the effective channel quality of U; through intelligent signal
reflection, thereby reducing the probability that the received
SINR falls below the required decoding threshold. Similarly,
the use of NOMA improves the outage performance of Us
by enabling more efficient power-domain resource allocation
and reception. Quantitatively, at an SNR of 30 dB, the outage
probability of U; without IRS is approximately 0.1, whereas
with IRS it decreases to nearly 0.001, corresponding to an
improvement of two orders of magnitude. Likewise, for Us, the
outage probability decreases from approximately 0.45 in the
absence of NOMA to about 0.045 when NOMA is employed.
These observations clearly demonstrate that both IRS and
NOMA make substantial and complementary contributions to
performance enhancement, thereby confirming the effective-
ness of their integration in improving the reliability of the
proposed system.

Fig. 9 depicts the outage performance of U; as a function
of the NLOS link distance for different values of the target
SINR threshold ~;;,. In accordance with theoretical expec-
tations, the outage probability increases monotonically with
distance, since the cumulative effects of attenuation, scattering,
absorption, and geometric spreading progressively weaken the
received optical signal over the extended NLOS path. It is also
observed that lower values of -, yield improved reliability, as
less stringent decoding requirements increase the probability
of successful reception. Furthermore, beyond approximately
120 m, all outage curves exhibit a sharp rise, indicating the
onset of a highly degraded transmission regime in which the
combined channel impairments render reliable communication
increasingly difficult. This behavior highlights the strong sen-
sitivity of the NLOS-assisted link to propagation distance and
underscores the importance of maintaining favorable channel
conditions for sustained system reliability.

B. ABER vs SNR

Fig. 10 presents the ABER performance of both U; and
Us under IRS-assisted and non-IRS transmission conditions.
ABER is expected to decrease with increasing SNR because

a stronger received signal improves the reliability of symbol
detection and reduces the probability of decision error. This ex-
pected trend is clearly observed in the figure, where the ABER
of both users decreases progressively as the SNR increases. In
particular, at 20 dB, the ABER of U; in the proposed IRS-
assisted system falls below 10~!, whereas the corresponding
non-IRS case remains at a significantly higher error level, close
to 10°. This marked difference indicates that the incorporation
of IRS substantially improves the effective channel quality and
mitigates the impact of fading and attenuation on detection
accuracy. Therefore, the results in Fig. 10 confirm that IRS
assistance provides a significant reduction in bit error rate
and thereby enhances the overall transmission fidelity of the
proposed system across the entire considered SNR range.

C. Impact of Water Turbidity

Fig. 11 illustrates the influence of bubble length (BL)
on the outage probability of both users under saltwater and
freshwater conditions. Based on the EGG parameter sets
listed in Table IV, it is observed that the outage probability
increases with BL, which is consistent with the theoretical
expectation that stronger bubble activity intensifies scattering-
induced turbulence and degrades the effective channel quality.
At an SNR of 25 dB, the outage probability of U; in freshwater
for BL = 4.7 L/min is approximately 0.0045, whereas it
increases to nearly 0.055 in saltwater for BL = 16.5 L/min.
For the same BL of 4.7 L/min, the outage probability of
U, is considerably higher, at approximately 0.1, indicating
the comparatively more vulnerable transmission condition of
the far user. As the bubble length increases to 16.5 L/min,
the outage probabilities of U; and U, further increase to
approximately 0.055 and 0.45, respectively. These results
clearly demonstrate that increasing BL has a detrimental effect
on system reliability by aggravating underwater turbulence and
weakening the received signal. Nevertheless, U; consistently
achieves superior outage performance relative to Us, which
may be attributed to the IRS-assisted enhancement of the
effective channel gain available to the near user.

0 o D N

10

Analytical ufU1 at ',m:]dB
© Simulation of U] at ﬂ(h=]dB 4
Analytical nfU1 at ’)mZZdB
Simulation of U, at , =2dB
Analytical ofU1 at wlh:3dB
/\  Simulation of U, at ﬂ,[h:3dB

Outage Probability

| | | | | | |
0 20 40 60 80 100 120 140 160 180
User U] NLOS distance(dl + dz)

Fig. 9. Outage probability of U; with NLOS at a distance of d =
di + da.
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lengths.

VI. CONCLUSION

In this paper, an IRS-assisted NOMA-based UVLC frame-
work was investigated to enhance the reliability and efficiency
of multi-user underwater optical communication under practi-
cal channel impairments. The proposed framework addresses
the adverse effects of underwater turbulence, pointing errors,
attenuation, and residual self-interference through the integra-
tion of IRS-aided signal reflection with NOMA transmission.
Closed-form expressions for outage probability and ABER
were derived using the EGG turbulence model and validated
through Monte Carlo simulations. The results show that IRS
deployment significantly improves the received signal quality
and overall link reliability by reconfiguring the underwater
optical propagation path. Specifically, increasing the number
of IRS reflecting elements reduces outage probability and
improves ABER performance, particularly in the high-SNR
region. In contrast, severe bubble-induced turbulence degrades
system performance, highlighting the sensitivity of UVLC
links to underwater channel variations. Hence, the proposed
IRS-NOMA-assisted UVLC framework offers an effective
approach for improving spectral efficiency, link reliability, and
user performance in future underwater optical wireless net-
works. Future work may focus on optimizing the IRS element

size and adaptive resource-allocation strategies to maintain
user fairness under varying underwater channel conditions.
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