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Abstract—This paper presents a comprehensive performance
analysis of a two-user Non-Orthogonal Multiple Access (NOMA)
system, with and without including Reconfigurable Intelligent
Surface (RIS) elements, over ~ — i fading channels. The analysis
focuses on key performance metrics, including Bit Error Rate
(BER), Outage Probability, and Ergodic Capacity, under perfect
and imperfect Successive Interference Cancellation (SIC). Inte-
grating RIS in NOMA systems significantly enhances system per-
formance, particularly in mitigating interference and improving
signal quality for both near and far users. Analytical results are
validated through Monte Carlo simulations for the case when
kK =1 and p© = 1 to prove that the introduction of the RIS
elements into the NOMA system will improve the overall system
performance in terms of BER, Outage Probability, and Ergodic
Capacity thereby making the system more robust and resilient
to the practical scenarios.
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I. INTRODUCTION

The advent of fifth-generation (5G) and beyond wireless
communication systems has ushered in an era of high de-
mand for data rates, energy efficiency, and massive device
connectivity. As the world prepares for the deployment of
these advanced communication networks, traditional Orthogo-
nal Multiple Access (OMA) techniques are increasingly seen
as inadequate to meet the rising demands. Consequently,
Non-Orthogonal Multiple Access (NOMA) has emerged as a
promising solution, enhancing spectral efficiency by allowing
multiple users to share the same time and frequency resources.
This is accomplished by superposition coding at the transmitter
and successive interference cancellation (SIC) at the receiver][1,
2]. NOMA’s ability to offer superior performance in terms of
spectral efficiency, reduced latency, and support for massive
connectivity has established it as a key technology for next-
generation wireless networks [3].

Simultaneously, Reconfigurable Intelligent Surfaces (RIS)
have garnered significant attention for their potential to im-
prove wireless communication by controlling the propagation
of electromagnetic waves in a cost-effective manner. RIS
technology consists of passive reflecting elements that can
be dynamically reprogrammed to optimize signal reflection,
thereby improving coverage, energy efficiency, and spectral
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efficiency [4]. Unlike traditional relaying techniques, which
require active components and power consumption, RIS can
enhance the communication environment without additional
energy use, making it a highly scalable and energy-efficient
solution for future networks [5]. With its ability to establish
virtual line-of-sight (LoS) links, RIS can effectively mitigate
the effects of fading, shadowing, and other impairments, par-
ticularly in urban and dense environments [6].

The integration of RIS and NOMA is a subject of active
research due to its potential to address critical communica-
tion challenges. Compared to traditional OMA schemes, RIS-
assisted NOMA systems have been shown to significantly
improve outage probability, ergodic capacity, and energy ef-
ficiency [7]. By leveraging RIS’s ability to manipulate the
wireless environment and NOMA'’s spectral advantages, these
systems are particularly beneficial for cell-edge users who
typically suffer from poor signal quality. Deploying RIS
strategically in urban infrastructure can extend coverage and
improve communication quality [4, 5].

Recent research highlights the importance of considering
practical scenarios, such as imperfect SIC and hardware im-
pairments, in analyzing RIS-assisted NOMA networks. Im-
perfect SIC, where the residual interference impacts system
performance, has been studied to understand its effect on out-
age probability and Bit Error Rate (BER) [6, 8]. Furthermore,
studies on the ergodic performance of RIS-NOMA systems
under realistic fading conditions, such as x — p channels,
underscore the robustness and adaptability of this technology
[3, 7]. Applications of RIS extend beyond simple reflections;
they can be integrated into various surfaces, from building
facades to vehicle exteriors, offering scalable solutions for
diverse deployment scenarios [4, 9].

This work performs a comprehensive analysis of two-user
NOMA systems with and without RIS elements over x —
fading channels. We analyze key performance metrics—BER,
Outage Probability, and Ergodic Capacity—under perfect and
imperfect SIC conditions. The analytical results, validated
through Monte Carlo simulations, reveal that integrating RIS
elements can significantly enhance system performance, mak-
ing it more robust and efficient [10]. The study also discusses
the impact of power allocation strategies and interference
management on overall performance, drawing on findings from
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cooperative and cognitive NOMA systems [11, 12].

II. SYSTEM AND CHANNEL MODELS

In this paper, the main focus is on the performance analysis
of a NOMA system in the presence of RIS. First, the analysis
of the two-user NOMA downlink system without the presence
of RIS elements as shown in Fig. 1. Consider a scenario where
we have two users, Ul and U2, such that U1 is a far user and
U2 is a near user. Also, let the transmitted symbol be given
by x = v/Pix1 + /Pyxs where, P, and P, are the power
allocated to user 1 (U1) and user 2 (U2) respectively. As Ul
is the far user and U2 is the near user, P; > Ps.
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Far User (U1)

Near User (U2)

Fig. 1: NOMA System without RIS elements

Similarly, when we use N-RIS elements, as shown in Fig.
2, we get the system model as follows:
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Fig. 2: NOMA System with RIS elements

Consider the case without RIS in which the received signals
at Ul and U2 are given, respectively, by yi1 = hyiz + nyn
and yye = hyax + ny2 where, hyp and hyo are the channel
between the base station (BS) and U1, BS and U2, respectively.
ny1 and nyo are the AWGN noise at Ul and U2, respectively,
with their corresponding variance being oy; and oge. The
received signal at Ul and U2 without RIS are given by:

yu1 = hu (\/]71331 + szz) + ny1 3
yua = hua (\/Fﬂh + P2362) +nya “4)

The Ul just have to decode the message z;. During the
process, it assumes the message signal xo as a part of the
noise. In contrast, the U2 needs to first decode the message
z1 and remove it from the received signal using the successive
interference cancellation (SIC) method and then have to decode
the message xo. In practical systems with imperfect SIC, the
symbol x; will cause interference in decoding the message
signal xs.

A. Instantaneous SNR without RIS Elements

The instantaneous SNR at Ul for the symbol z; and at U2
for the symbol x, are given by ~y1 and vyo, respectively,
which are given by the expressions:

Py|hy?

= LU 5

YU1 P2|hU2|2+0'2U1 ( )
Py |hyro|?

o 2l s 6)

~ BPi|hyal? + 02,

where, 0 < 8 < 1 denotes the residual interference due to
improper SIC.

III. BER ANALYSIS

A. BER Analysis without RIS Elements

As the channel between the BS and users (both U1 and U2)
follows a x — p fading the pdf of the channel for the i*" user
(U2) is given by the expression:

ptl p—1

pt(1+ k) = 7(‘]12 e~ #(1+r)vus
N

XLyt (2#\/ k(14 k) ’in)

where Z,,,(+) is the Bessel function of the first kind of the order

m. The BER of BPSK modulation for the i* user is given by
the expression:

BERy; = /0 Q, (\/ 27Uz') Jui (Yui) dyui

fuitwi) =
vi(ui) 7

®)

By using the moment generating function (MGF) approach,
the expression for the BER can be approximated as

1
2
where, M., (s) is the MGF for the i*" user (Ui) and is derived

using the expression E [e~*7V]. For a kK — p channel the MGF
function is given by

M

VUi

BERy; = % {1 - 9)

. ©
MUi _ ( \IfUz,u(l + H) ) e—pnm (10)
1+ \I/Ulu(l + Ii)

where, Wy;; is the average received SNR at Us.
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1) BER Analysis of User 1 (Ul): The BER at Ul is given

by the expression
1
2

H 1
) e M TFT g p(FR) (12)

- M

1
BERy; = [1 . (11)

And the MGF is given by

< Upip(l + k)
My =
14+ Wyip(l+ k)

where the average received SNR at Ul is given by Uy =

E{ Pilhys|?
P lhyi[?+0%, [°

2) BER Analysis of User 2 (U2): Based on the NOMA
protocol presented above, first, the U2 has to decode =z,
perform SIC to remove it, and then decode 5. Using the
same lines above, we find that the instantaneous SNR of z;
for U2 is given by vy2 ., = 132\}2}?7&1; and the SNR of
x9 for U2 con31der1ng the improper SIC is given by yy2 5, =

2P2|}L7U2|2 where, 0 < 3 < 1 denotes residual interference
oo tBPL hy2| ) .
due to improper SIC as explained above. Hence, the effective
BER of U2 is given by the effective sum of BERys3 .,
and BERys 4, ie., BERys = BERys ., + BERy2 4.
The effect of using RIS on the system BER performance is
discussed next.

B. BER Analysis with N-RIS Elements

The instantaneous SNR for x; is given by:

(\hU1|2+Z |hRISI,U1| )
X(WMF+ZQBWM&ﬂW)+ﬁn
So, we get the average SNR at Ul for x; as:

Py x <\hU1\2 + Nt |hRISi,U1|2>
Py x (\hm\z + 3Nt |hRISi,U1|2>

13)

YU1

VUl ,Nprs = E {

Similarly, we get Wy 2, Nprs and Wy2 oy Nprg aSE

P x <\hU2\2 + Nt |hRIS1;,U2|2> }

Py x (\hUz\Q +3N! |hRISi,U2|2> +0,
(15)

Py x (\hUz\z + 3Nt |hRISi,U2|2>
B x P2 x (\hm\? + X |hRISi,U2|2> +0o2,

(16)
The MGF and the BER is computed by substituting the values
Vi1 Narss YU2,201,Nprs and Yo 4, Ny e in corresponding
equations which are derived above.

Yu2,e1,Nrrs =E {

V2,00, Nprs = E {

IV. OUTAGE PROBABILITY ANALYSIS

The outage probability (OP) for the i*" user is defined as
the probability that the received SNR (instantaneous SNR) ~
is less than the threshold 7, = 27", where Ry, denotes the
data rate expressed by

Pout (Men) = Prob (v < m4p) (17)

The above expression can be written in terms of cdf as
Powt(Men) = F(mer). For the k — p channel, the OP is given
by the expression

Py (x) —1—Qu<\/2m, “H)) (18)

where Q,, is called as the Marcum-Q function, which can

be approximated by the infinite series expansion Q, =
,u+l 1 G242k 52442
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A. Outage Probability for User 1 (Ul)

The expression the gives the outage probability for the Ul

2 +1
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B. Outage Probability for User 2 (U2)
The expression that gives the outage probability for the U2

Pout,UZ (nth) = Pout,UQ,xl (nth) + Pout,UZ,mg (nth)

(20)
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where \I/Ui,mj, fori=1,2 and j = 1, 2, are defined earlier for
the two scenarios, with and without N-RIS elements.

V. ERGODIC CAPACITY

This section obtains the ergodic capacities (ECs) of Ul and
U2. If the received SNR is 7, then the instantaneous capacity
is given by the formula

C =logy(1+7) (22)

The ergodic capacity is obtained by taking the expectation of
the instantaneous capacity and is given by the expression

C= 112/ log, (1 +7) f+(y)dy

From [2], it can be observed that we can write the equation

(17) as
1 *1-F
In2 1+y

oolt+T+1 r (1+H

2ln2 Z Z

r=0 35=0

xT (—j, M) el

(23)
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A. Ergodic Capacity for User 1 (Ul)

The expression that gives the ergodic capacity of Ul is

1 /Ool_F'YUl(y)dy

2In2 1+
we <1+“> TG+1) (25

CUI =

oo ptr+1
rij! U1

- 21n2 Z ;
M(l + I’»)) o

r _.] )

( Uiy

where Wy,;, for ¢ = 1,2, are defined earlier for the two
scenarios, with and without N-RIS elements.

X

B. Ergodic Capacity for User 2 (U2)

Similarly, the ergodic capacity of U2 is given by the
expression

Cu2 = Cu2yy + Cu2.s (26)

the values for the expression C};;ml and C7U2,_»,32 can be obtained
by using the steps followed above to evaluate that of Ul.

VI

This section presents analytical results derived from the
previous sections. These analytical results are further verified
using Monte Carlo simulations. As specified in the earlier
sections, we will consider a system with two users: the far
user Ul and the near user U2.

NUMERICAL AND SIMULATION RESULTS

BER with =0
100 T

15
o (dB)

Fig. 3: BER of users Ul and U2 for various RIS scenarios
with perfect SIC i.e.., 5 =0 and P, = 0.9 and P, = 0.1 and
K=pu=1

Fig. 3 illustrates the BER of users Ul and U2 with perfect
Successive Interference Cancellation (SIC), i.e., 5 = 0 and
P, = 0.9 and P, = 0.1, under various scenarios. It can
be observed that the BER at Ul saturates, as the signal of
U2 is always treated as noise. Since both signals, z; and
9, experience the same channel conditions, the SNR at Ul
asymptotically approaches %. It can be observed from the
figure that the performance of the system increases with the
introduction/ increase of RIS elements. Fig. 4 will illustrate
the scenario with an imperfect SIC at the U2 with a factor
of 0.01. The imperfect SIC will depreciate the U2

BER with = 0.01
T

«
2
410

Fig. 4: BER of users Ul and U2 for various RIS scenarios
with imperfect SIC i.e.., 8 = 0.01 and P, = 0.9 and P, = 0.1
and k=p=1

performance as depicted in the analysis performed in the earlier
sections. The system model is further analyzed by studying the
outage probability for the users Ul and U2 for both perfect
SIC, i.e.., § = 0 as shown in Fig. 5 and imperfect SIC
condition with 5 = 0.01 as depicted in Fig. 6 for a code
rate of 1 bps/Hz. It can be seen that the outage probability of
the near user U2 will increase as the number of RIS elements
increases, and in the case of the far user Ul, it helps it to reach
the asymptotic level more quickly.

Outage Probability with g = 0
= T

Outage Probability

106

107k

Fig. 5: Outage Probability of users Ul and U2 for various
RIS scenarios with perfect SIC i.e.., 8 =0 and P, = 0.9 and
P,=0landk=p=1

Figs. 7 and 8 show the ergodic capacity of users Ul and U2
with power allocations P; = 0.9 and P, = 0.1 for both the
perfect SIC case, i.e., 8 = 0, and the imperfect SIC case with
B = 0.01, respectively. It is evident from the plots that the
ergodic capacity of the users will increase with the increase in
the number of RIS elements, thereby enabling the base station
to transmit the data at a higher bit rate, fulfilling the demand
for higher throughput.

It is observed that the RIS will improve wireless com-
munication systems by intelligently reflecting and focusing
the transmitted signals. When RIS elements are integrated
into a NOMA system, they help to increase the SNR at
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Fig. 6: Outage Probability of users Ul and U2 for various RIS
scenarios with imperfect SIC i.e.., 5 = 0.01 and P, = 0.9 and
Po=0landk=p=1
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Fig. 7: Ergodic Capacity of users Ul and U2 for various RIS
scenarios with perfect SIC ie.., 5 = 0 and P; = 0.9 and
Po=0landk=p=1
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Fig. 8: Ergodic Capacity of users Ul and U2 for various RIS
scenarios with imperfect SIC i.e.., # = 0.01 and P, = 0.9 and
Po=0land k=p=1

the receiver by enhancing the signal quality, leading to more
reliable communication. This makes the system more robust
and resilient against noise and interference. Also, the far user
(U1) typically suffers from higher interference than the near
user (U2) because it is farther from the base station. The far

user’s performance is often constrained by the power allocation
to the near user. Since the near user’s signal is treated as
interference by the far user (while decoding), the far user’s
achievable data rate and error performance are limited.

VII. CONCLUSION

This paper provides a comprehensive quantitative analysis
of a two-user non-orthogonal multiple access (NOMA) system,
considering scenarios with and without reconfigurable intel-
ligent surface (RIS) elements. Key performance metrics, in-
cluding Bit Error Rate (BER), outage probability, and ergodic
capacity, were analyzed under the x — p fading channel model,
with a focus on both perfect and imperfect Successive Interfer-
ence Cancellation (SIC). The results reveal that integrating RIS
elements into NOMA systems significantly enhances overall
performance. Specifically, RIS elements effectively mitigate
interference, improve signal quality, and boost the signal-to-
noise ratio (SNR) for both near and far users. This enhance-
ment is especially pronounced under imperfect SIC conditions,
where the system’s robustness becomes critical. The study also
demonstrates that the performance gains are more substantial
as RIS elements increase, leading to better BER, reduced
outage probability, and higher ergodic capacity.
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