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Abstract—Reconfigurable intelligent surface (RIS), non-
orthogonal multiple access (NOMA), and underwater optical
wireless communication (UOWC) are paradigms of technologies
that drive the development of communications nowadays. In this
paper, we investigate the performance of a NOMA-based RIS-
assisted hybrid radio frequency (RF)-UOWC system. Due to the
interruption of the direct link between the base station and the
ship floating on the surface of the water, communication will
be carried out via an RIS fixed to an intermediate building.
The ship works as a relay that redirects the received signal to
two underwater destinations simultaneously. In this paper, we
provide new analytical expressions for the outage probability
(OP), asymptotic analyses of the OP, and diversity order (D) to
gain insights into the system performance. The results showed
that the diversity order depends on the UOWC receiver detection
technique. In the end, we illustrated that the NOMA-based RIS-
assisted system significantly improves the outage performance of
hybrid RF-UWOC systems over a benchmark systems.

Index Terms—UWOC, reconfigurable intelligent surfaces,
Exponential-Generalized Gamma, decode and forward, non-
orthogonal multiple access, outage.

I. INTRODUCTION

Reconfigurable intelligent surface (RIS) is a promising effi-
cient paradigm for many energy and spectral problems of the
beyond fifth-generation (B5SG) by adding programming capa-
bilities over wireless channels [1]. Such a system is controlled
via an intelligent microcontroller to guide the performance
of the system in terms of scattering and reflection of the
incident radio signals to achieve system requirements [2]—[4].
A resource allocation scheme was proposed to maximize the
sum throughput of a RIS-assisted system was presented in
[5]. The performance of RIS-based systems was proposed in
many works [6]-[8], in [6] the authors studied the capacity
of RIS-assisted multiple-input multiple-output (MIMO) sym-
biotic communications, while authors in [7] performed a com-
parison of RISs and amplify-and-forward relaying systems. In
addition, the secrecy analysis of RIS-based wireless systems
was analyzed in [9], [10].

Non-orthogonal multiple access (NOMA) has been recog-
nized as a bright solution for 5G underwater internet of things
(UIoT) and massive connection networks on account that it
can improve the band and spectral efficiency [11]-[13]. Power
domain NOMA (PD-NOMA) is the most common NOMA
type in which the transmission is accomplished by superim-
posing different users’ signals at different power levels, while

a successive interference cancellation (SIC) is performed at
the receiver to detect its own message [14], [15].

The needs of underwater and wireless communication have
drawn a lot of attention to mixed underwater-RF networks,
which have crucial application scenarios. In recent times, there
has been a surge of interest in discovering the underwater
ecosystem for a wide range of purposes, including oceanic ani-
mal research, oil rig monitoring, surveillance, and autonomous
operations. Consequently, the hybrid RF-underwater optical
wireless communication (UOWC) system has gotten a lot
of attention. The performance of RF-UOWC systems was
proposed in many works [16]—[19]. The authors in [16], [17]
investigate the outage probability (OP), average bit error rate
(ABER), and ergodic capacity (EC) performance of a hybrid
RF-UOWC system under different underwater turbulence sce-
narios. On another perspective, the secrecy performance of the
hybrid RF-UOWC system was studied in the presence of an
eavesdropper trying to intercept RF communications by the
authors in [18], [19].

Although there is extensive research in the hybrid combi-
nation between RF and UOWC, to the best of our knowledge,
only [20] investigated the effect of adding an RIS unit to a
dual-hop hybrid RF-UOWC system in terms of OP and BER.
However, the application of NOMA in RIS-assisted dual-
hop mixed RF-UWOC communication systems has not been
studied yet. Based on this incentive, we will conduct a study
on a NOMA-based RIS-assisted dual-hop hybrid RF-UOWC
system that suffers from an interruption in the direct link
between the base station and a relay fixed on a ship floating on
the surface of the water, so the communication will be carried
out via an RIS mounted on a building. The main contributions
of this paper can be summarized as follows: (1) Derive
new closed-form and asymptotic expressions for the OPs
of a downlink NOMA-based RIS-assisted hybrid RF-UWOC
system assuming that the wireless channels are characterized
by Rayleigh fading with an additive white Gaussian noise
(AWGN) and the UOWC links are characterized by EGG
fading with AWGN. (2) Analyze the diversity order of the
OPs. (3) Validate the analytical derivations through Monte-
Carlo simulations for varying underwater scenarios of air
bubbles level (BL) under thermally uniform and temperature
gradient UOWC channels, then we analyze the impact of
system parameters on the system performance. (4) Finally, we



carried out a comparison between the proposed system with an
orthogonal multiple access (OMA)-based benchmark system.

The rest of the paper is organized as follows, the system
model is introduced in Section II. The performance of the
considered system is analytically evaluated by deriving the
OPs in Sections III. Analytical and simulation results are
discussed and compared with a benchmark system in Section
IV. Finally, the conclusions are provided in Section V.

II. SYSTEM MODEL

In this correspondence, we propose a downlink NOMA-
based RIS-assisted hybrid RF-UWOC system shown in Fig.1,
that combines base station (B), RIS, decode and forward relay
(R) and two destinations D; where ¢ € {1,2}. The B has
an RF interface, and it needs to communicate with a far
destination D; and a near destination D5, both of which have
an UWOC interface, the communication is carried out through
an intermediate R that poses both RF and UOWC interfaces.
Due to the long-distance and the Obstacle buildings, the direct
link between B and R is broken, so the communication
is achieved via N-elements RIS. This system is useful in
many UloT applications [21] (offshore oil field exploration,
oceanic monitoring, and data collection). The B-RIS and
RIS-R channels (h,, and g,) respectively are assumed to
be characterized by Rayleigh fading with a mean of +/w/2
under AWGN. The RF fading channels are h,, = ane?f and
gn = Bne’¥" where n € {1,2,.., N}, a,, and 0, are the
channel amplitude and phase of h,,, respectively, while 3,, and
1, are the channel amplitude and phase of g, respectively.
The R-D; channels (hp,) are characterized by EGG fading
under AWGN.

To enhance the spectrum efficiency, we assume that B
and R adopt PD-NOMA for multiplexing their messages.
The communication is initiated, at B, by broadcasting a
superimposed message x5 = v/a; Pgs1 + /as Pgso over RF
channel, where s; and so are the messages intended for D,
and Ds respectively, Pp is the total transmitted power at B,
a; is the NOMA power allocation factor for D; at B. Without
loss of generality, we assume that a; > ao and a3 + ag = 1.
The received message at R through the RIS elements is

N
YR = Z hnrngan + Ny, (1)

n=1

where n,, represents AWGN with n, ~ CN(0, ¢2) and
rn = |rn|e??n is reflection coefficient of the n-th RIS
element. Additionally, we assume that all magnitudes |r,| =
o, = By = 1, while ¢, is the n-th RIS element adjustable

phases and ¢, = —(0, + 1,). Accordingly, we can write

N
yr = A(Va1Pps1 + Vaz Pps2) + ny, where A = 3 a,fh.

n=1
Using NOMA principle, R decodes s; firstly, and then applies
the SIC operation, which is assumed to be imperfect, to decode
s2 . So, the signal-to-interference-plus noise ratios (SINRs) for
decoding s; and sy are expressed as

a1p3A2
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respectively, where pp = Pp / o2, and 0 < i < 1 is the
residual power factor due to the imperfection of SIC operation.
In the next step, R re-multiplexes the messages using PD-
NOMA again and send them over the UWOC channels where
each link is characterized by mixture EGG distribution [22].
The R transmitted message is g = /b1 Prs1 + Vb2 Prso
where Ppr is the overall transmission power at R, b; is the
NOMA power allocation factor for D; at R. Without loss of
generality, by > by and by +bs = 1. The received signal at the
far destination through hp, link is yp, = (|hp,|"zr + 1y,
where hp, is the EEG fading of UWOC link between R and
D with expectation E[|hp,|?] = 1, ¢ is responsivity which
is considered to be unity and n, is the AWGN with n, ~
CN (0, o2). Consequently, D; decodes its message s; where
the SINR for decoding s; at Dy is

1 bipr|hp, |?
Vo, =% > 4)
71 baprlho, P+ 1

where pp = Pg / 03. Similarly the received signal at Dy
via hp, is yp, = Clhp,|*zr + n, where hp, is the EEG
fading between R and D, with expectation E[|hp,|’] = 1.
D, follows the SIC principle to decodes s; before decoding

its own message so. Thus, the SINRs for detecting s; and so
are

1 blpR‘hD2|2

b, = —prlho, [ )
P2 baprlhp,|” + 1

2 prR‘h’D2|2 (6)
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respectively.

Channels Distributions: We characterize the UOWC channels hp,,
hp, by the EGG distribution presented in [22], which take air
bubbles level (BL) and temperature gradient (TG) into consideration
to describe the underwater turbulence fading. EGG is a weighted
mixture of both Exponential and Generalized Gamma distributions,
it fits the practical results for different scenarios of channel
impairments of UWOC effectively. A closed-form expression for the
cumulative distribution function (CDF) of EGG distribution is [22]
1,1 1,z % 1 1—w 1,1 1 T % 1
F‘hDi|2($)*1UG1,2 (X(E) 170)+WG1’2 <ﬁ(/71) a, 0>7
@)
where 0 < w < 1 is the combination ratio between exponential
and generalized gamma distribution, A represents the exponential
distribution scale parameter, (a,b,c) are the parameters of gener-
alized gamma distribution, G%;%,(.) is the Mejier-G function [23].




Based on the optical receiver technology, the average electrical SNR
pr; is determined. For heterodyne receiver (r = 1), try = oy,
while for intensity modulation/direct detection (IM/DD) (r = 2),

Wy = zwx2+b2(1—u;)}(a+§)/r(a)’ where ()., is the average SNR.

The values of EGG distribution parameters under different turbulence
scenarios are practically determined in [22, Table I, II].

Since A is the sum of the product of two independent and identical
Rayleigh distributed random variables (RVs), Based on [24, eq. 8]
we can write its CDF as

Y(1l+e7)
F = v
a@) Fl+e) ’
where v(.,.) is the lower incomplete Gamma function [25, eq.
2
8.350.1], I'(.) is the Gamma function [25, eq. 8.310.1], ¢ = % -1,

v=12 k=27 and ky = 4N(1 - 7).

ITII. OUTAGE PROBABILITY ANALYSIS

Now, to measure the system’s performance, we derive closed-
form expressions for the users’ outage probabilities and the total
system outage probability. To gain more insights into the system
performance, the asymptotic outage probabilities and the diversity
order for the proposed system are analyzed.

A. QOutage Probability O P,

The outage OP; occurs if R or D; fails to decode si, that can
be written as

(®)

OPy=1—pr(vg > 71,7, > M)

2 2
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where (a) stems from the independence between A and hp,,
Y1 o= 2% _ 1 and R; is the target data rate of s;, 71 =
~v1/(a1 — azy1) with a1 > azvy1 or a1 > v1/(1 + ~1). Similarly,
01 = y1/(b1 — bay1) with b1 > bay1 or b1 > v1/(1 + ~1). Using
CDFs in (7), (8), we get
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B. Outage Probability OP,

The outage OP> occurs if R or D fails to decode s; or s,
according to NOMA SIC principle that requires firstly decoding the
strong message s; and then subtract it from received message before
decoding s2. Thus, OP» can be written as

OPy =1 —pr(vp > 71,78 > 72:7Dy > V1, VD > V2)

1) 1)
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PB PB PR PR

)
Q1 prA> [ ) xpr(hn, P > ),
PB PR

Py P3

12)

where (b) stems from the independence between A and hp,,
v2 = 282 — 1 and R, is the target data rate of sy, 70 =

v2/(az — a1my2) with az > ai1nyz or a1 < 1/(1 + ny2). Similarly
02 = 72/(ba — biny2) with by > binye or b1 < 1/(1 4+ n7y2),
7 = max(11,72) and § = max(d1,d2). With the aid of CDFs in
(7), (8), we can write
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C. System Outage Probability OP;,,

The total system outage O Psys occurs if R or D- fails to decode
any of the two messages or D; fails to decode s;. It can be formulated
as

OP.ys=1—pr(7k > 71, 7% > V2, YDy > V1, VDs > V2,7Dy > 1)
1)

=1 fpr(A2 > Q,A2 > E, |fL1)2|2 > 717
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where (c) stems from the independence between A, hp, and hp,.
With the aid of (11), (13) and (14), we can obtain a closed form
expression of O P, as in (16) at the top of the next page.

D. Asymptotic Outage Probability

To gain more insight about the system’s performance, we derive
the asymptotic outage probabilities under high SNRs scenario such
that

OP* = 1— FP;°Pr,
OPs° ~1— P3°P5°,
OPgys =1 — P Ps°Ps®,

a7

where PS° is the asymptotic of P, and z € {0,1,2,3}. The
asymptotic expression for Py and P, in obtained by substituting
pB — o0 in both (10) and (13) which leads to [25, eq. 8.350.5]

Py =Py ~1— ~1-— ~1
0 2 I(1+e) I(1+e)

(18)

Also a tight approximated expression for the CDF of the EGG
distribution at high SNR is [22]

w, T (1 1—w T
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Based on (19), we can obtain an asymptotic expressions for P; and
Ps as follows

1 ac
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Figure 2. OPs versus SNR p for both IM/DD and heterodyne detection.
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Figure 3. The effect of TG and BL on OPs performance.

E. Diversity Order

In this section, we drive the outage diversity order (D) which is
defined as the slope of outage curves at high SNR. According to [26],
we can calculate diversity order as D; = — lim (log(OF;) /log(p)),

p—r00

where | € {1, 2, sys}. According to (17), (18) and (20), we can write

1 1
D, :min(f,%)g -, (21)
ror r
where (d) stems from the fact that ¢ >> 2 in all UOWC turbulence
scenarios. This result is consistent with the plots in Fig.2.

IV. RESULTS AND DISCUSSIONS

In the following, we will discuss the outage performance of the
proposed system by studying the effects of various system parameters
that affect the quality and efficiency of the system. We justify our
analytical results through an extensive Monte-Carlo simulation. The
EGG UOWC parameters are set according to [22, Table I, II]. Unless
otherwise specified in another context, we set the system parameters
to a thermally uniform UOWC with 2.4 L/min bubble level with
Qzy = Quy =1, a1 = b1 =0.7, 7 = 0.1, Ry = 0.5 bits/sec/Hz,
Ro = 0.75 bits/sec/Hz, and pp = pr = p. We denote ”Ana,
Asym, Sim” as symbols for analytical, asymptotic and Monte-Carlo
simulation results, respectively.

Figure 4. Effect of RIS number of elements on OPs performance.
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Figure 5. Effect of the imperfect SIC residual power (1) on OPs performance.

Figure 2 presents the outage probability of the proposed system un-
der the utilization of two different receiving technologies (heterodyne
or IM/DD) with the same system parameters setting. The figure shows
the superiority in favor of the heterodyne receiver as expected, but this
will be at the expense of the complex design of the receiver. Also,
we notice the perfect match between the analytical and simulation
results over the entire range of SNR, besides the coincide between
analytical and asymptotic results at high SNR, which validates the
obtained formulas. According to (21), we expect a diversity order of
1 and 0.5 for heterodyne and IM/DD receivers, respectively, which
agrees with the results in Fig. 2.

Fig. 3 illustrates the effect of water turbulence parameters,TG and
BL, on the outage performance. The figure provides two cases. In
casel, we set BL = 2.4 and TG = 0.05 and in case2 we use
BL = 4.7 and TG = 0.1. The figure indicates that the increase in
the BL and TG causes a noticeable degradation in the OPs. This
result is due to the increase in water turbulence with the increase in
water BL and TG, which in turn degrades the performance.

The effect of the number of RIS reflecting elements N on the
outage performance is illustrated in Fig. 4. It is clear that the increase
in N has a remarkable enhancing effect on the values of OPs at low
SNR, while this effect diminishes with the increase in transmission
SNR. The explanation for this trend is that the increase in N leads
to an increase in % and v% according to (2) and (3) at low SNR.
At high SNR the values of vk and v% saturates and the effect of N
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outage performance dependency on many of the system parameters
including the water turbulence, NOMA power allocation, receiver
detection technique, and the imperfect SIC residual power factor.
The results indicated the positive push made by raising the number
of RIS elements. Also, As N increases, the UOWC link dominates the
performance of the system. Besides, we illustrated the rule on NOMA
in enhancing the performance via the comparison held against the
benchmark OMA-based system.
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