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The integration of reconfigurable intelligent surface- (RIS-) aided wireless communication and multiple access is an attractive and
promising scheme for next-generation wireless networks. In this research work, separate uplink RIS-aided nonorthogonal multiple
access (NOMA) and uplink relay-assisted NOMA schemes are studied, where the RIS and relay devices are deployed to enhance
the coverage of an obstructed single-antenna far user by assisting it to communicate with a single-antenna base station. In each
scenario, both perfect successive interference cancellation (pSIC) and imperfect successive interference cancellation (ipSIC)
operations are considered in the proposed multiple access network. To characterize the system performance, the associated
residual interference caused by ipSIC and relay loop self-interference is characterized using the Rayleigh fading model;
subsequently, new channel statistics are derived based on the Gauss-Laguerre polynomial. Consequently, the closed-form
approximate outage probability expressions are derived for each scenario in the high signal-to-noise ratio (SNR) regime. To
gain further insight, the system throughput in the delay-limited transmission is also obtained for each scenario. The
formulated expressions are validated via Monte-Carlo simulations. Finally, the obtained simulation results demonstrate and
validate the superiority of the RIS system over the relay device under several system parameters of interest despite the
limitation of ipSIC.

1. Introduction

The prospect of large low-power machine-type communica-
tions (mMTC), very low-delay communication, Tbps data
rates, massive connectivity, and other extraordinary services
and applications in 5G and beyond networks has created
renewed research interest in new multiple access schemes
[1, 2]. In 5G and beyond, multiple access technologies
require a redesign due to the combination of low-energy
Internet of Things (IoT) and massive connectivity [2]. Exist-
ing carrier sense multiple access (CSMA) and noncontention
orthogonal multiple access (OMA) techniques found in 1G-
4G cellular networks do not scale well in massive connectiv-
ity scenarios where a massive number of devices are aimed at
accessing a single base station (BS) simultaneously [2]. Thus,

new multiple access techniques that enhance scale and
reliability need to be considered [2].

Recently, nonorthogonal multiple access (NOMA) is a
promising approach to address the aforementioned chal-
lenges by serving many users within the same resource block
[3–5]. Several recent research works such as [6–9] have dem-
onstrated via numerical results the significant enhancement
obtained by NOMA over OMA under certain channel con-
ditions. However, this is not necessarily the case as the
authors in [6] showed that at low signal-to-noise ratios
(SNRs) in finite blocklength schemes, OMA-based users
with good channel conditions outperform users relying on
NOMA, albeit, at high SNRs, the reverse is true as the overall
link-layer rate of NOMA outperforms OMA when the delay
exponent is loose. In [7], the authors investigated
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cooperative NOMA networks by considering generic α − μ
fading channel under the impact of residual transceiver
hardware impairments (RTHIs). To be practical, imperfect
channel state information (CSI) and imperfect successive
interference cancellation (SIC) are taken into account. More
particularly, two representative NOMA scenarios are pro-
posed, namely, noncooperative NOMA and cooperative
NOMA. The authors in [8] investigated the physical layer
security (PLS) of the ambient backscatter NOMA systems
to raise problems of reliability and security. They considered
the realistic scenarios of channel estimation errors (CEEs)
and imperfect successive interference cancellation (ipSIC)
and residual hardware impairments (RHIs) and how these
parameters affect system performance. In [9], the authors
considered downlink NOMA over fading channels under
full and partial channel state information at the transmitter
(CSIT). Furthermore, the authors showed that NOMA is
more effective than OMA in terms of average sum rate while
maintaining user fairness in fading channels.

There are two ways of implementing NOMA which are
power domain or code domain [3–5]. In this article, we
focus on power-domain NOMA (PD-NOMA). In PD-
NOMA, the users’ receiver has additional complexity from
the successive interference cancellation (SIC) technique
employed to mitigate interference among users [3–5]. How-
ever, as indicated in [10], despite PD-NOMA achieving user
fairness via power allocation, this improvement in the per-
formance of users with poor channel conditions may end
up impacting users with good channel conditions. The inte-
gration of reconfigurable intelligent surfaces (RISs)—also
known as intelligent reflecting surfaces (IRS)—and PD-
NOMA [11] has been proposed as a way to address this
disadvantage of PD-NOMA. RIS devices are made up of
massive passive/active low-cost reflecting elements capable
of smartly configuring the phase shift of incident electro-
magnetic signals via a RIS controller [11]. Hence, RIS-
assisted NOMA systems can provide additional channel
paths which are useful in providing PD-NOMA gain in
unfavorable scenarios such as when the channel strengths
of the far and near user are similar or mutually orthogonal
as in downlink multiple-input-single-output (MISO) net-
works [10]. In such scenarios, NOMA may not be beneficial
or offer many advantages over OMA [12]. Another benefit of
the additional channel paths provided by RIS is in blockage
impacted communication such as in mmWave networks
[13] where mmWave communications are vulnerable to
blockages caused by vehicles, buildings, pedestrians, and
trees. Further, in [14], the authors demonstrated via simula-
tion results that the proposed downlink RIS-aided
mmWave-NOMA system outperforms the traditional
mmWave-NOMA without RIS in terms of achievable sum
rate.

1.1. Related Works on Downlink RIS-NOMA Systems.
Recently, research into RIS-aided NOMA communication
systems has gained considerable attention. However, most
of the research works are focused on the performance of
downlink transmission in RIS-NOMA systems. In [15], the
authors studied a downlink multicluster MISO RIS-NOMA

system with a joint beamforming design. In this system,
the authors demonstrated that using second-order cone pro-
gramming- (SOCP-) based algorithm obtains a locally opti-
mal solution for the total power minimization problem
subject to base station beamforming matrices and RIS reflec-
tion amplitude and phase shift constraints. This enables the
proposed RIS-NOMA system with 32 RIS elements to
achieve a 2.5 dB gain over traditional MIMO systems with
64 transmit antennas. In [16], the authors demonstrated that
RIS devices are a promising technology for improving
NOMA systems in downlink RIS-assisted multicell NOMA
networks, as RIS enables blocked users to transmit informa-
tion. Using stochastic geometry, the authors were able to
show the benefits of integrating RIS with NOMA by deriving
closed-form and asymptotic coverage probability expres-
sions for paired NOMA users. Simulation results proved that
networks aided by RIS significantly outperform conven-
tional networks without RIS. Additionally, the SIC order
can be modified as RISs can alter the channel quality of
NOMA users.

Differently, in [17], the authors considered the downlink
of RIS-aided cooperative nonorthogonal multiple access (C-
NOMA) systems. Here, the authors via simulation results
showed that the RIS-assisted C-NOMA systems empowered
by iterative penalty function-based semidefinite program-
ming (SDP) and the successive refinement approach-based
algorithm outperformed traditional C-NOMA systems
without RIS. Similarly, in [18], the authors considered the
downlink transmission RIS-assisted C-NOMA system with
half-duplex (HD) and full-duplex (FD) relay modes under
consideration. Here, the system is comprised of a BS, two
NOMA users, and a RIS device. The motivation of the
authors was to minimize the total transmit power of the
BS and user-cooperating relay by jointly optimizing the
BS power allocation coefficients, the relay user transmit
power coefficient, and the RIS passive beamforming while
subject to power budget, SIC, and the cellular user mini-
mum required quality of service (QoS). The authors pro-
posed an alternating optimization method to solve the
highly coupled optimization variables. Simulation results
showed that RIS introduces total transmit power gain in
C-NOMA networks.

Moreover, in terms of artificial intelligence (AI) empow-
ered downlink RIS systems, the authors in [19] investigated
the benefits of deep learning (DL) and reinforcement learn-
ing (RL) approaches in empowering both RIS-NOMA and
RIS-OMA multiuser downlink communication systems over
fading channels. The authors also considered the time over-
head required for configuring the RIS elements at the start of
each fading channel. Moreover, the authors maximized the
effective throughput by jointly optimizing the RIS phase
shift and the access point (AP) power allocation for each
channel block. Numerical results highlighted that for the
proposed scheme, NOMA achieves about 42% gain over
OMA; additionally, RL and DL agents achieve similar per-
formance in Rician channels; however, in Rayleigh channels,
RL is the best. However, we should refer to uplink to look at
how NOMA works under the case RIS is enabled as the con-
sideration in the next section.
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1.2. Related Works on Uplink RIS-NOMA Systems. In terms
of uplink RIS-NOMA systems, there have been several
recent research works written on this topic. In [20], the
authors considered the benefits of integrating RIS into
UAV-assisted multiuser NOMA networks to enhance
energy efficiency. The authors also proposed a single-leader
multiple-follower Stackelberg Game to jointly design the
UAV received signal strength and NOMA users’ achieved
energy efficiency. Simulation results demonstrated significant
energy efficiency with the introduction of RIS. Differently, in
[21], the authors studied the spectral and energy efficiency of
RIS-NOMA-enabled simultaneous wireless information and
power transfer (SWIPT) techniques in the Internet of Things
(IoT) networks. The authors also utilized the single-leader
multiple-follower Stackelberg Game to jointly optimize the
RIS phase shifts, IoT devices’ downlink allocated powers,
and their harvested energy. Numerical results demonstrated
the gain obtained by the introduction of RIS to the NOMA-
enabled SWIPT network of IoT devices.

Furthermore, in [22], the authors considered security
concerns when the design of RIS at downlink exhibits bene-
ficial to security improvement by jointly designing the trans-
ceivers and RIS phase shifts. The authors also proposed
performance analysis to confirm the role of the number of
metasurface in RIS for security improvement. Numerical
results demonstrated that in terms of total transmit power,
the framework outdid different frameworks. Differently,
the authors in [23] considered the uplink and how the sys-
tem deals with downlink and uplink when we have different
requirements of services at both sides. Simulation results
showed the benefits of the proposed scheme in enhancing
the performance at base station and mobile users.

On the other hand, in [24], the authors considered both
downlink and uplink IRS-assisted NOMA and OMA net-
works. Here, the IRS is deployed to assist cell-edge users to
communicate with a BS. The authors characterized the sys-
tem performance by investigating new channel statistics of
the BS-IRS-user links under Nakagami-m fading conditions.
Furthermore, the authors also formulated outage probability
and ergodic capacity closed-form expressions for each sce-
nario. For further insights, the authors also obtained the
diversity order and high SNR slope based on the approxima-
tions in the high-SNR regime. Simulation results showed
that IRS reflecting elements and Nakagami-m fading param-
eters impacted the diversity order but did not impact the
high-SNR slope. Numerical results showed that the IRS is
superior to FD decode-and-forward relays.

1.3. Motivations and Contributions. Motivated by the above
benefits of the addition of RIS in uplink NOMA networks,
this article considers the impact on outage probability when
RIS is introduced into uplink NOMA systems and explores
the benefits of RIS under blocking, different from the works
in [20–24] which lacked a detailed study on imperfect SIC
(ipSIC) operation in uplink RIS-aided NOMA.

In this article, we consider the scenario of both perfect
SIC (pSIC) and ipSIC uplink RIS-aided NOMA and uplink
relay-assisted NOMA loop self-interference scenarios, where
the RIS and relay devices are deployed to enhance the cover-

age of an obstructed far user by assisting it to communicate
with a BS. Furthermore, to characterize the system perfor-
mance of each scenario, we adopt the Rayleigh fading model
for both the residual interference caused by ipSIC and relay
loop self-interference. Afterward, we formulate new channel
statistics of these interferences based on the Gauss-Laguerre
integration. Subsequently, the closed-form outage expres-
sions are determined for each scenario. To gain further
insight, the system throughput in the delay-limited trans-
mission is also obtained for each scenario.

Our main contributions can be written as follows:

(i) We provide an analytical study on outage probabil-
ity and throughput of RIS-aided uplink multiple
access transmissions under blocking conditions

(ii) To confirm the strong contribution of RIS in
enhancing the performance of a distant user-facing
obstruction, we compare it against traditional relay-
ing technology facing similar obstruction conditions
as seen in Figures 1 and 2

(iii) We consider the scenario of both pSIC and ipSIC
operations in the NOMA system. To characterize
the system performance, we adopt the Rayleigh fad-
ing model for both the residual interference caused
by ipSIC and relay loop self-interference. Subse-
quently, new channel statistics of these interferences
based on the Gauss-Laguerre integration are derived

(iv) We focus on outage probability and throughput for
the above two mentioned practical situations. To
further provide insights into such RIS and relay-
aided systems, we derive closed-form approximations
for both RIS and relay schemes at a high SNR utiliz-
ing the Gauss-Laguerre parameter T = 40 to yield
close approximate equations. The derived equations
are validated by Monte Carlo simulations

(v) Finally, we analyze and compare the outage proba-
bility and throughput expressions of the two
schemes. In particular, we find that ipSIC and relay
loop self-interference are the main limitations on
both system outage and throughput performance.
Furthermore, we observe that based on these
impacts, an error floor is imposed on the system
outage probability and conversely, a ceiling is placed
on the system throughput. Despite these limitations,
our numerical results showed that the proposed
RIS-aided NOMA scheme can still outperform the
relay-aided scheme in the high-SNR regime

1.4. Organization. The rest of this paper is organized as fol-
lows: Section 2 presents the system models and channel sta-
tistics of the RIS-aided and relay-aided systems in the
presence of a blockage. In Section 3, we analyze the outage
probability of the proposed uplink systems. Section 4 pro-
vides the closed-form outage probability approximations of
both systems as well as the throughput performance. Section
5 provides numerical simulations. Section 6 concludes the
paper.
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2. System Models and the Channel Models

2.1. Scheme I: Uplink RIS. Figure 1 shows the uplink RIS-
aided multiple access systems under blocking. The proposed
system consists of a single-antenna BS, two NOMA single-
antenna users—U1 and U2—a RIS device, and a blocking
object obstructing the direct transmission between the far-
user U2 and the BS. The following transmit power constraint
is imposed at BS in [24]

�yS =
ffiffiffiffiffiffi
PU

p
h1�x1 +

ffiffiffiffiffiffi
PU

p
〠
M

m=1
hm,0h2,mεm

 !
�x2 + �ωS, ð1Þ

where PU denotes each of the two users’ transmit power;
εm = ϖmðϕmÞejϕm is the RIS reflection coefficient produced
by the mth reflector; ϖmðϕmÞ = 1 is the ideal phase shifts
ðm = 1, 2, 3,⋯,MÞ; �x1 and �x2 denote the U1 and U2 trans-
mitted signals, respectively; �ωS denotes the AWGN at the
BS with variance N0; and ϕm ∈ ½0, 2πÞ is the RIS phase-
shift variable of the mth element ∀m ∈M. Moreover, we

have h1 = �h1/
ffiffiffiffiffi
dα1

p
, h2,m = �h2,me

−jϑm /
ffiffiffiffiffi
dα2

p
, and hm,0 = �hm,0

e−jθm /
ffiffiffiffiffi
dα0

p
. According to [25], we assume that RIS knows

perfectly ϑm and θm.
The BS decodes U1 first by regarding the signal from U2

as interference, and the corresponding signal to interference
and noise ratio (SINR) is written as

�γS,x1 =
PUd

−α
1

�h1
�� ��2

N0 + PUd
−α
0 d−α2 ∑M

m=1e
j ϕm−ϑm−θmð Þ�hm,0

�h2,m
��� ���2 : ð2Þ

As in [26], we obtain the maximal SINR using ϕm = ϑm
+ θm. Then, we can rewrite (2) as

�γS,x1 =
ρd−α1 A2

1 + ρd−α0 d−α2 B2 , ð3Þ

where ρ = PU /N0 is the transmit SNR of each two users, A
Δ = j�h1j, and BΔ =∑M

m=1j�hm,0jj�h2,mj with �hm,0 ~ CNð0, λ0Þ,
�h1,m ~ CNð0, λ1Þ, and �h2,m ~ CNð0, λ2Þ.

After implementing SIC, U2’s signal is detected with the
SNR given by

�γipSICS,x2 = d−α0 d−α2 ρB2

1 + �ℓρ hIj j2
, with 0 < �ℓ ≤ 1, ð4aÞ

�γpSICS,x2 = ρd−α0 d−α2 B2, with�ℓ = 0, ð4bÞ

where �ℓ = 0 and �ℓ ≤ 1 represent the pSIC and ipSIC opera-
tions. We assume that the residual ipSIC interference is
characterized as Rayleigh fading, with hI ~ CNð0, λIÞ being
the associated complex channel coefficient with λI repre-
senting the level of residual interference caused by ipSIC
in [27].

2.2. Scheme II: Uplink Relay. Figure 2 depicts the uplink
relay-aided multiple access systems under blocking. The
proposed system consists of a single-antenna BS, two
NOMA single-antenna users—U1 and U2, a relay device,
and a blocking object obstructing the direct transmission
between the far-user U2 and the BS. The following transmit
power constraint is imposed at the BS.

�yR =
g2ffiffiffiffiffi
dα2

p ffiffiffiffiffi
P2

p
�xU2

+ f R
ffiffiffiffiffi
PR

p
�xR + �ωR, ð5Þ

where P2 and PR are the transmission powers for U2 and
relay, respectively, and �ωR denotes the AWGN with mean
power N0. Moreover, the loop self-interference is expressed
as a Rayleigh fading channel with coefficient f R, and λR is
the corresponding average power. For simplicity, it could
be assumed that P2 = PR as well as ρ = P2/N0 = PR/N0.
Hence, the received SINR for �xU2

at the relay is given by

�γR =
d−α2 ρ g2j j2
ρ f Rj j2 + 1

: ð6Þ

Blocking
objects

Relay

BS

U2

U1

fR

g0

g1

g2

Figure 2: Uplink relay-aided multiple access systems under
blocking.

BS

U2

RIS

h1

h2,mhm,0

U1

Blocking
objects

Micro-controller

Figure 1: Uplink RIS-aided multiple access systems under blocking.
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At the BS, the received signal is written as

�yS =
g1ffiffiffiffiffi
dα1

p ffiffiffiffiffiffiffi
PU1

q
�xU1

+ g0ffiffiffiffiffi
dα0

p ffiffiffiffiffi
PR

p
�xR + �ωS, ð7Þ

where PU 1 is the normalized transmission power at U1 and
�ωS stands for AWGN with mean power N0. Similarly, we
assume PU1

= PR and ρ = PU1
/N0.

Therefore, the received SINR at the BS is given by

�γS,U1
= d−α1 ρ g1j j2
d−α0 ρ g0j j2 + 1

: ð8Þ

Next, the BS cancels the signal U1 by utilizing SIC.
Hence, the received SNR at the BS is given by

�γipSICS,R = d−α0 ρ g0j j2
�ℓρ hIj j2 + 1

, with 0 < �ℓ ≤ 1, ð9aÞ

�γpSICS,R = d−α0 ρ g0j j2, with�ℓ = 0: ð9bÞ
2.3. Channel Statistics. Before computing outage probability,
the probability distribution function (PDF) of channel �Z in
which �Z ∈ fh1, g0, g1, g2, f R, hIg, f j�Zj2ðxÞ, is given by [28].

f �Zj j2 xð Þ = 1
λ�Z

e− x/λ�Zð Þ: ð10Þ

In terms of the corresponding cumulative distribution
function (CDF) of channel hp, Fjh�Z j2ðxÞ is given as

F h�Zj j2 xð Þ = 1 − e− x/λ�Zð Þ: ð11Þ

Based on [29], the PDF and CDF of the cascade channel
gain from U2 to RIS and then to the BS are

f B2 xð Þ = 2x M−1ð Þ/2

Γ Mð Þ
ffiffiffiffiffiffiffiffiffi
λ0λ2

p� �M+1 KM−1 2
ffiffiffiffiffiffiffiffiffi
x

λ0λ2

r� �
, ð12Þ

FB2 xð Þ = 1 − 2xM/2

Γ Mð Þ
ffiffiffiffiffiffiffiffiffi
λ0λ2

p� �M KM 2
ffiffiffiffiffiffiffiffiffi
x

λ0λ2

r� �
: ð13Þ

3. Outage Probability

3.1. Scheme I: Performance Analysis for Uplink
Transmission with RIS

3.1.1. Outage Probability of U1. The outage probability of U1
in the uplink phase can be given as

P1 = 1 − Pr �γS,x1 > ε1
� �

= 1 − Pr ρd−α1 A2

1 + ρd−α0 d−α2 B2 > ε1

� �
= 1 − Pr A2 > βB2 + θ1

� 	
= 1 −

ð∞
0
f B2 xð Þ 1 − FA2 βx + θ1ð Þ½ �dx,

ð14Þ

where β = ðε1d−α0 d−α2 Þ/d−α1 , θ1 = ε1/ρd−α1 , and εi = 2Ri − 1, i ∈
f1, 2g, with Ri being the target rate at Ui.

Using (11) and (12) into (14), P1 is calculated as

P1 = 1 −
ð∞
0
f B2 xð Þ 1 − FA2 βx + θ1ð Þ½ �dx

= 1 − 2e− θ1/λ1ð Þ

Γ Mð Þ
ffiffiffiffiffiffiffiffiffi
λ0λ2

p� �M+1

ð∞
0
e− βx/λ1ð Þx M−1ð Þ/2

� KM−1 2
ffiffiffiffiffiffiffiffiffi
x

λ0λ2

r� �
dx:

ð15Þ

Let t = ffiffiffi
x

p
⟶ t2 = x⟶ 2tdt = dx; then, P1 can be

rewritten as

P1 = 1 − 4e− θ1/λ1ð Þ

Γ Mð Þ
ffiffiffiffiffiffiffiffiffi
λ0λ2

p� �M+1

ð∞
0
e− β/λ1ð Þt2 tMKM−1 2

ffiffiffiffiffiffiffiffiffi
1

λ0λ2

s
t

 !
dt:

ð16Þ

Using Equation (6.631.3), P1 is given as

P1 = 1 − e λ1/2βλ0λ2ð Þ− θ1/λ1ð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
βλ−11 λ0λ2

q� �M W−M/2, M−1ð Þ/2
λ1

βλ0λ2

� �
, ð17Þ

where Wa,bðcÞ is a Whittaker function.

3.1.2. Outage Probability of U2. We assume that in the first
time slot, the BS successfully processes messages �x1 at U1:

If 0 < �ℓ < 1, PipSIC
2 can be formulated by

PipSIC
2 = Pr �γipSICS,x2 < ε2

� �
= 1 − Pr �γipSICS,x2 > ε2

� �
: ð18Þ

Proposition 1. The closed-form approximation of outage
probability at user U2 can be given by

PipSIC
2 ≈ 1 −

1
Γ Mð Þ〠

T

t=1
HtG

2,0
0,2

φλIqt + θ2
λ0λ2

����M, 0
� �

: ð19Þ

Proof. The details are given in the appendix.
Similarly, if �ℓ = 0, PpSIC

2 can be first transformed into

PpSIC
2 = 1 − Pr �γpSICS,x2 > ε2

� �
= 1 − Pr B2 > ε2

d−α0 d−α2 ρ

� �

= FB2
ε2

d−α0 d−α2 ρ

� �
:

ð20Þ
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Based on formula (13), The outage probability of U2
with ipSIC for the uplink is presented in the following:

PpSIC
2 = 1 − 2

Γ Mð Þ
ffiffiffiffiffiffiffiffiffi
λ0λ2

p� �M ε2
d−α0 d−α2 ρ

� �M/2

× KM 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ε2
d−α0 d−α2 λ0λ2ρ

r� �
:

ð21Þ

3.2. Scheme II: Performance Analysis for Uplink
Transmission with Relay

3.2.1. Outage Probability of U1. The outage probability of U1
in the uplink phase can be given as

P1 = 1 − Pr �γR > ε2, �γS,U1
> ε1

� �
= 1 − Pr g2j j2 > ε2

d−α2
f Rj j2 + ε2

d−α2 ρ

� �
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

A1

× Pr g1j j2 > d−α0 ε1
d−α1

g0j j2 + ε1
d−α1 ρ

� �
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

A2

:

ð22Þ

Furthermore, substituting (10) and (11) to (22), A1 can
be calculated as

A1 = Pr g2j j2 > ε2
d−α2

f Rj j2 + ε2
d−α2 ρ

� �

=
ð∞
0
f f Rj j2 xð Þ 1 − F g2j j2

ε2
d−α2

x + ε2
d−α2 ρ

� �� �
dx

= e−ε2/λg2d
−α
2 ρ

λf R

ð∞
0
e− 1/λ f Rð Þ+ ε2/λg2d

−α
2ð Þð Þxdx

=
λg2d

−α
2

λg2d
−α
2 + λf R

ε2
� � e− ε2/λg2d

−α
2 ρð Þ:

ð23Þ

Same as A1 and after some algebraic manipulations, A2 is
calculated as

A2 =
λg1d

−α
1

λg1d
−α
1 + λg0d

−α
0 ε1

� � e− ε1/λg1d
−α
1 ρð Þ: ð24Þ

Substituting (23) and (24) into (22), we can obtain the
outage probability of U1 by

P1 = 1 −
λg1λg2d

−α
1 d−α2

λg2d
−α
2 + λf R

ε2
� �

λg1d
−α
1 + λg0d

−α
0 ε1

� �
× e− ε1/λg1d

−α
1 ρð Þ− ε2/λg2d

−α
2 ρð Þ:

ð25Þ

3.2.2. Outage Probability of U2. Based on (9a), if 0 < �ℓ < 1,
then the outage probability of U2 for uplink NOMA with

ipSIC is given by

PipSIC
2 = 1 − Pr �γR > ε2, �γ

ipSIC
S,R > ε1

� �
= 1 − A1 × Pr �γipSICS,R > ε1

� �
|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}

B

: ð26Þ

And by a series of calculations, we can figure out B is
given by

B = Pr �γipSICS,R > ε1
� �

= Pr g0j j2 > ε1�ℓ
d−α0

hIj j2 + ε1
d−α0 ρ

� �

=
ð∞
0
f hIj j2 xð Þ 1 − F g0j j2

ε1�ℓ
d−α0

x + ε1
d−α0 ρ

� �� �
dx

= e− ε1/λg0d
−α
0 ρð Þ

λI

ð∞
0
e− 1/λIð Þ+ ε1�ℓ/λg0d

−α
0ð Þð Þxdx

=
λg0d

−α
0

λg0d
−α
0 + λIε1�ℓ

e− ε1/λg0d
−α
0 ρð Þ:

ð27Þ

So, we substitute (27) and (23) into (26); we can get (28).

PipSIC
2 =

λg0λg2d
−α
0 d−α2

λg2d
−α
2 + λf R

ε2
� �

λg0d
−α
0 + λIε1�ℓ

� �
× e− ε1/λg0d

−α
0 ρð Þ− ε2/λg2d

−α
2 ρð Þ:

ð28Þ

Finally, if �ℓ = 0, then the outage probability of U2 with
pSIC is calculated as

PpSIC
2 = 1 − Pr �γR > ε2, �γ

pSIC
S,R > ε1

� �
= 1 − A1 × Pr g0j j2 > ε1

d−α0 ρ

� �

= 1 −
λg2d

−α
2

λg2d
−α
2 + λf R

ε2
� � e− ε2/λg2d

−α
2 ρð Þ
ð∞
ε1/d−α0 ρ

f g0j j2 xð Þdx

= 1 −
λg2d

−α
2

λg2d
−α
2 + λf R

ε2
� � e− ε1/λg0d

−α
0 ρð Þ− ε2/λg2d

−α
2 ρð Þ:

ð29Þ

4. The Approximation of Outage Probability

4.1. Scheme I: The Approximation for Uplink Transmission
with RIS. As ρ⟶∞, according to (3) and (4a), we have
�γ∞S,x1 = d−α1 A2/d−α0 d−α2 B2 and �γ∞S,x2 = d−α0 d−α2 B2/�ℓjhI j2.
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First, the asymptotic expression for U1 is calculated by

P∞
1 = 1 − Pr �γ∞S,x1 > ε1

� �
= 1 − Pr A2 > βB2� 	

= 1 −
ð∞
0
f B2 xð Þ 1 − FA2 βxð Þ½ �dx

= 1 − 2

Γ Mð Þ
ffiffiffiffiffiffiffiffiffi
λ0λ2

p� �M+1

ð∞
0
e− β/λ1ð Þxx M−1ð Þ/2

× KM−1 2
ffiffiffiffiffiffiffiffiffi
x

λ0λ2

r� �
dx:

ð30Þ

In (30), we pay attention on Kað·Þ which can be
expressed in terms of the Meijer-G function as in [30], Equa-
tion (9.34.3).

KM−1 2
ffiffiffiffiffiffiffiffiffi
x

λ0λ2

r� �
= 1
2G

2,0
0,2

x
λ0λ2

���� �M − 1
2 , 1 −M

2

� �
: ð31Þ

Then, P∞
1 can be reformulated as below:

P∞
1 = 1 − 1

Γ Mð Þ
ffiffiffiffiffiffiffiffiffi
λ0λ2

p� �M+1

ð∞
0
e− β/λ1ð Þxx M−1ð Þ/2

×G2,0
0,2

x
λ0λ2

���� �M − 1
2 , 1 −M

2

� �
dx:

ð32Þ

Applying [30], Equation (7.813.1) from the table of
integrals, (32) can be reformulated by

P∞
1 = 1 − 1

Γ Mð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
βλ−11 λ0λ2

q� �M+1

×G2,1
1,2

λ1
βλ0λ2

���� 1 −Mð Þ/2
M − 1ð Þ/2, 1 −Mð Þ/2

� �
:

ð33Þ

Next, the asymptotic expression for U2 with ipSIC is
calculated by

P∞,ipSIC
2 = 1 − Pr γ∞S,x2 > ε2

� �
= 1 − Pr B2 > φ hIj j2� 	

= 1 −
ð∞
0
f hIj j2 xð Þ 1 − FB2 φxð Þ½ �dx

= 1 − 1
2M−1Γ Mð ÞλI

ð∞
0
e− x/λIð Þ

�
ffiffiffiffiffiffiffiffiffi
4φx
λ0λ2

s !M

KM

ffiffiffiffiffiffiffiffiffi
4φx
λ0λ2

s !
dx

= 1 − 1
Γ Mð ÞλI

ð∞
0
e− x/λIð ÞG2,0

0,2
φx
λ0λ2

���� �M, 0
� �

dx:

ð34Þ

By using Equation (7.813.1) of [30], the asymptotic out-
age probability of U2 with ipSIC at high SNRs can be
claimed by

P∞,ipSIC
2 = 1 − 1

Γ Mð ÞG
2,1
1,2

λIφ

λ0λ2

���� 0
M, 0

 !
: ð35Þ

Finally, the asymptotic outage probability of U2 with
pSIC at high SNRs for the situations M = 1 and M ≥ 2 is
given by the following equations:

P∞,pSIC
2 = −

2ε2
d−α0 d−α2 ρ

ln
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ε2
d−α0 d−α2 ρ

r� �
, M = 1, ð36aÞ

P∞,pSIC
2 = ε2

d−α0 d−α2 ρ M − 1ð Þ , M ≥ 2: ð36bÞ

Proof. To make the computation easier, we use the series
form of the Bessel function KnðxÞ to approximate the high
SNR. KnðxÞ can be approximated when n = 1 and n ≥ 2 as

K1 xð Þ ≈ x
2 ln x

2
� �

+ 1
x
, ð37aÞ

Kn xð Þ ≈ 2n n − 1ð Þ!
xn

−
2n−2 n − 2ð Þ!

xn−2

� � 1
2 : ð37bÞ

Equations (36a) and (36b) can be obtained by putting
(37a) and (37b) into (21), respectively. The proof is finished.

4.2. Scheme II: The Approximation for Uplink Transmission
with Relay. The results can be obtained easily by using three
approximate equations, namely, �γR ≈ d−α2 jg2j2/j f Rj2, �γ∞S,U1

≈
d−α1 jg1j2/d−α0 jg0j2, and �γipSICS,R ≈ d−α0 jg0j2/�ℓjhI j2. Thereby at
high SNRs, we can write the approximate expression for
the U1, U2 with ipSIC, and U2 with pSIC as follows:

P∞
1 = 1 − Pr �γ∞R > ε2, �γ∞S,U1

> ε1
� �

= 1 −
λg1λg2d

−α
1 d−α2

λg2d
−α
2 + λf R

ε2
� �

λg1d
−α
1 + λg0d

−α
0 ε1

� � , ð38aÞ

P∞,ipSIC
2 = 1 − Pr �γ∞R > ε2, �γ

∞ipSIC
S,R > ε1

� �
=

λg0λg2d
−α
0 d−α2

λg2d
−α
2 + λf R

ε2
� �

λg0d
−α
0 + λIε1�ℓ

� � , ð38bÞ

Table 1: Main system parameters.

Monte Carlo simulations 107 iterations
The targeted data rates for users R1 = 0:5, R2 = 1 (BPCU)

The distance from U2 to RIS d2 = 20m
The distance from RIS to BS d0 = 30m
The distance from U1 to BS d1 = 10m
The path loss exponent α = 2
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Figure 3: Outage probability of uplink RIS-aided NOMA system versus SNR in decibels with λI = −30 (dB).
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Figure 4: Outage probability of uplink RIS-aided NOMA system versus SNR in decibels varying λI .
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P∞,pSIC
2 = 1 − Pr �γR > ε2, �γ

pSIC
S,R > ε1

� �
= 1 −

λg2d
−α
2

λg2d
−α
2 + λf R

ε2
� � : ð38cÞ

4.3. Consideration on System Throughput Performance.
Although outage probability plays an important role,
another metric is also necessary to evaluate system perfor-
mance which is given by [31] (Equation (42))

τ⋆I = 1 − P1ð ÞR1 + 1 − P⋆
2ð ÞR2,

τ⋆II = 1 − P1ð ÞR1 + 1 − P⋆
2ð ÞR2,

 ⋆∈ ipSIC, pSICf g :

ð39Þ

We expect to evaluate outage performance, and then,
throughput can be used to provide useful guidelines for design
of such RIS-aided system. More importantly, key parameters
can be determined to control the quality as expected.

5. Numerical Results

In this section, we simulate the obtained outage probability
and further verify with Monte Carlo simulation. The main
parameters used are summarized in Table 1, where BPCU

stands for a bit per channel use and we set the Gauss-
Laguerre parameter as T = 40 to yield a close approximation;
the variances of complex channel coefficients are set to be
λ0 = 1, λ1 = 1, λ2 = 1, and λI = 0:001, respectively.

Figure 3 depicts the outage probability versus transmit
SNR in decibels in uplink RIS-aided NOMA when the resid-
ual interference caused by ipSIC is λI = −30dB. Paying spe-
cial attention to the outage performance of RIS-assisted
uplink transmission from U2, we observe that the best out-
age performance is achieved when the SIC operation is per-
fect and the RIS phase shifts are set at M = 32. On the other
hand, when the SIC operation is imperfect, the outage per-
formance approaches a floor in the high-SNR region. Simi-
larly, the uplink outage probability from U1 experiences
the same effect of approaching a floor in the high SNR
region. The main reason is that both floors of the RIS-
aided NOMA network are also determined by the efficiency
of the SIC.

The impact of residual interference is observed in
Figure 4. Particularly, the worst performance is observed
for the case of λI = 0:01. This means that pSIC allows the
system to work at acceptable outage performance levels.
We can also see the performance could be better by
adjusting the RIS phase shifts reasonably and the outage
performance becomes suitable for continuous work of this
system.
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Figure 5: Outage probability of uplink RIS-aided NOMA system versus R1 = R2 with λI = 0:001 and ρ = 30 (dB).
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In Figure 5, we analyze the outage probability versus tar-
geted data rates R1 = R2 with residual interference λI = 0:001
and transmit SNR ρ = 30 (dB). Here again, we can see the
impact of ipSIC and RIS phase shifts with increasing
throughput. The best outage performance is achieved by
lower R1 = R2 rates. It is important to note that for uplink
RIS-NOMA systems, both Figures 3–5 highlight the contri-
bution of RIS phase shifts to outage probability.

In Figure 6, we can observe the outage probability versus
SNR in decibels for the uplink relay-aided NOMA system
with λf R

= 0:01 and λI = 0:01 representing the relay loop
self-interference and ipSIC residual interference, respec-
tively. All the outage probability curves approach a floor in
the high-SNR region. Similar to the findings in Figure 5,
the best outage performance in the proposed relay-aided
NOMA system is achieved by lower R1 = R2 rates.

Similarly, as in Figure 4, we can see the impact of resid-
ual interference on outage performance in relay-aided
NOMA systems in Figure 7. We can observe the best outage
performance is obtained with both lower R1 = R2 rates as
well as lower residual interference λI .

Figure 8 compares the outage probability of the two pro-
posed schemes versus SNR in dB with λf R

= 0:01 and M = 32.
This figure confirms the superiority of the RIS-aided system
over the relay-aided system.

In Figure 9, we can see the trend of throughput between
the two schemes. The curves approach an error ceiling in the
high-SNR region due to the residual and loop interference.

Finally, we can observe for all Figures 3–9 that the sim-
ulated curves and asymptotic curves closely match in the
high SNR region thus, confirming the validity of the derived
high-SNR approximations.

6. Conclusion

We have investigated the system outage and throughput per-
formance of uplink RIS-assisted multiple access systems by
exploring the impact of pSIC and ipSIC. To gain further
insights into the benefits of including RIS in uplink multiple
access systems, we compared it to an uplink relay-aided mul-
tiple access system. In each scenario, the RIS and relay devices
are deployed to enhance the coverage of an obstructed far user
by assisting it to upload information to a BS. To provide sys-
tem performance analysis, we adopted the Gauss-Laguerre
integration to achieve the closed-form approximate outage
expressions in the high-SNR regime. We evaluate the derived
expressions to understand whether the outage and throughput
can be improved. Numerical results of ipSIC scenarios indicate
that the RIS-NOMA system can still perform despite the
impact of ipSIC. Furthermore, the results demonstrate the
superiority of RIS over the relay in the high-SNR region. How-
ever, it is important to note the existence of outage error floors
and throughput ceilings in a high-SNR region. Therefore, this
regard could be target outage and throughput performance
once we improve other system parameters. In future work,
we will investigate the impact of introducing multiple RIS
devices in the system to further enhance the system uplink
performance.

Appendix

Proof of Proposition 1

The outage of U2 under ipSIC is given as

PipSIC
2 = 1 − Pr γS,x2 > ε2

� �
= 1 − Pr B2 > φ hIj j2 + θ2

� 	
= 1 −

ð∞
0
f hIj j2 xð Þ 1 − FB2 φx + θ2ð Þ½ �dx

= 1 − 1
2M−1Γ Mð ÞλI

ð∞
0
e− x/λIð Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4 φx + θ2ð Þ

λ0λ2

s !M

× KM

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4 φx + θ2ð Þ

λ0λ2

s !
dx,

ðA:1Þ

where θ2 = ε2/ðd−α0 d−α2 ρÞ, φ = ε2�ℓ/ðd−α0 d−α2 Þ, Gm,n
p,q ½:� is the

Meijer G-function given in [30], Equation (9.301), Ht =
ðT!Þ2qt/½LT+1ðqtÞ�2, where Ht is the weight of the Gauss-
Laguerre integration [32] and qt is the q-th zero of Laguerre
polynomial LTðqtÞ. The parameter T is to ensure a
complexity-accuracy tradeoff.

With the help of the [30], Equation (9.34.3) and after
some manipulation, we have

PipSIC
2 = 1 − 1

Γ Mð ÞλI

ð∞
0
e− x/λIð ÞG2,0

0,2
φx + θ2
λ0λ2

���� −

M, 0

 !
dx,

ðA:2Þ

where Gm,n
p,q ½:� is the Meijer G-function given in [30], Equa-

tion (9.301). Specifically, we let q = x/λI and with the help
of Gauss-Laguerre integration [33], Equation (25.4.45). The
closed-form approximation of the PipSIC

2 can be given as

PipSIC
2 = 1 − 1

Γ Mð ÞλI

ð∞
0
e− x/λIð ÞG2,0

0,2
φx + θ2
λ0λ2

���� −

M, 0

 !
dx

= 1 − 1
Γ Mð Þ

ð∞
0
e−qG2,0

0,2
φλIq + θ2
λ0λ2

���� −

M, 0

 !
dq

≈ 1 − 1
Γ Mð Þ〠

T

t=1
HtG

2,0
0,2

φλIqt + θ2
λ0λ2

���� −

M, 0

 !
,

ðA:3Þ

where Ht = ðT!Þ2qt/½LT+1ðqtÞ�2, where Ht is the weight of the
Gauss-Laguerre integration and qt is the q-th zero of
Laguerre polynomial LTðqtÞ.

The proof of Proposition 1 is completed.
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