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Abstract

This paper presents a comprehensive performance analysis of a downlink non-
orthogonal multiple access (NOMA) network assisted by an active reconfigurable
intelligent surface (ARIS) in a cognitive spectrum-sharing scenario. Unlike con-
ventional passive RIS (PRIS), the ARIS can both adjust phase shifts and amplify
incident signals, thereby mitigating inter-user interference and overcoming multi-
plicative fading. We consider a two-user secondary network coexisting with a pri-
mary user, where the base station communicates with the secondary users via the
ARIS. Closed-form expressions for the outage probability (OP), throughput, energy
efficiency (EE), and an approximation for the ergodic data rate (EDR) are derived
under Nakagami-m fading, along with asymptotic OP analysis to reveal the achiev-
able diversity order. We also formulate and solve an optimization problem for the
NOMA power allocation coefficient to minimize OP. The main contributions are: (i)
proposing an ARIS-assisted NOMA architecture for spectrum-sharing networks and
comparing it with PRIS and orthogonal multiple access (OMA) schemes; (ii) deriv-
ing exact OP, throughput, and EE expressions, and an approximate EDR expression,
validated by Monte Carlo simulations; (iii) providing asymptotic OP analysis to char-
acterize the diversity order; and (iv) optimizing NOMA power allocation to minimize
OP. Numerical results confirm that ARIS significantly outperforms PRIS and OMA in
terms of OP, throughput, EC, and EE, demonstrating its potential to enhance spec-
tral efficiency, reliability, and coverage in next-generation spectrum-sharing NOMA
networks.

1 Introduction

The non-orthogonal multiple access (NOMA) has become a potential multiple access
contender for sixth-generation wireless networks, which need to fulfill stringent stan-
dards including low latency, high spectrum efficiency, and massive connectivity [1,2].
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Essentially, NOMA'’s capacity to accommodate many users through a single resource
block greatly boosts spectral efficiency. In contrast, the conventional orthogonal mul-
tiple access (OMA) system assigns distinct users to distinct resource blocks (time,
frequency, and code). However, in power-domain (PD-NOMA), users are assigned
different power levels, and the base station (BS) sends out a single message that
aggregates all of the users’ signals. In order to eliminate inter-user interference and
retrieve the broadcast symbol, the receiver side employs successful interference can-
cellation (SIC) [3]. A controllable analysis framework was presented by the authors of
[4] to evaluate the security and reliability of underlay cognitive radio networks (CRs)
that employ non-orthogonal multiple access (NOMA), where a secondary BS broad-
casts private information to multiple uniformly distributed secondary users while an
external eavesdropper is nearby. Two NOMA users connect via an loT access point
relay using the decode-and-forward (DF) protocol in an Internet-of-things (loT) net-
work with two-way relaying and non-orthogonal multiple access enabled, according
to the study in [5]. An accurate OP prediction and low-computational-complexity
deep-learning solution have been developed for a real-time loT network setup. Sev-
eral papers delve into the performance analysis of NOMA in diverse scenarios. [6]
investigated the performance of a dual-hop mixed Radio Frequency (RF) and Free-
Space Optical (FSO) system combined with NOMA. [7] analyzed the ergodic rate
and effective capacity of RIS-assisted NOMA networks over Nakagami-m fading
channels. [8] provided a performance analysis of a NOMA-based hybrid satellite-
terrestrial relay system using millimeter-wave technology. [9] analyzed the perfor-
mance of multi-hop full-duplex NOMA systems with imperfect interference cancel-
lation and near-field path loss. The integration of RIS technology with NOMA is a
recurring theme. [10] explored the energy/rate-reliability trade-offs and rate adap-
tation in hybrid active-passive STAR-RIS-based NOMA systems. [11] investigated
the performance of the active simultaneously transmitting and reflecting surface
(ASTARS)-aided NOMA network by considering the impact of perfect/imperfect suc-
cessive interference cancellation. [12] focused on enhancing data rate and energy
efficiency in millimeter-wave communications using reconfigurable intelligent sur-
faces. [13] examines holographic reconfigurable intelligent surface-aided downlink
NOMA loT networks in short-packet communication. [14] investigated the capacity
improvement of NOMA networks using multiple aerial intelligent reflecting surfaces.
Security aspects are addressed in [15]. [16] analyzed the reliability, security, and
covertness of active reconfigurable repeater-assisted NOMA networks in the Inter-
net of Things. delves into the physical layer security analysis for RIS-aided NOMA
systems with non-colluding eavesdroppers. Additionally, [5] explored power beacon
and NOMA-assisted cooperative 10T networks with co-channel interference. In [17],
the authors evaluated the uplink and downlink performance of the energy harvest-
ing NOMA system and investigated and tested the closed-form expressions for

OP in a two-user group. The authors of [18] introduced a multi-carrier-based tech-
nique that combines transmit diversity with the NOMA protocol to enhance reliability
and sum-rate performance. The authors of [19] examined outage performance and
improve simultaneous wireless information and power transmission (SWIPT) in a
wireless sensor network that harvests energy and uses NOMA. In [20], the authors
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examined uplink and downlink transmissions in NOMA networks with the use of unmanned aerial vehicles. A large num-
ber of other articles have also examined the OP in cooperative relaying systems that use NOMA [21-24]. Although NOMA
offers several advantages for communication systems, its ability to solve issues brought on by wireless channel random-
ization significantly restricts the performance gains it can make.Additionally, one of the physical layer technologies in 6G
networks, the reconfigurable intelligent surface (RIS), has been presented [25-30]. It may change the direction of incident
electromagnetic waves to the targeted users with variable amplitudes. The passive RIS (PRIS), which is made up of pas-
sive reconfigurable parts, has the advantages of low energy consumption and loss in auxiliary wireless communications,
which prevents the incident wave’s energy from being increased [26]. In contrast to PRIS, active RIS (ARIS) amplifies
incident signals by setting some active reflection components [31]. It is important to note that the abbreviation of ARIS is
utilized to make the full-text statements in the following paragraph more brief. It has the ability to overcome the multiplica-
tive fading that PRIS causes. This kind of ARIS offers a novel way to decrease the size of the surface array and improve
wireless signal coverage [32]. To improve system capacity and coverage, several theses have so far adopted the PRIS to
support NOMA communications [33—-35]. PRIS and NOMA function in tandem and have a mutually beneficial effect on 6G
networks. The PRIS-assisted NOMA transmission mechanism, which was particularly built by the authors of [33], exam-
ined user outage behaviors using an on-off switch. Through the design of PRIS phase shifting, the transmit power at the
BS was compared between PRIS-NOMA and PRIS-OMA in [34]. It was revealed in [35] that PRIS-NOMA had a lower OP
than conventional relaying methods. PRIS-NOMA’'s beamforming architecture was examined with power budget limita-
tions while taking downlink transmission into account [36]. A survey of the different PRIS applications to NOMA systems
was conducted in [37], where it was shown that centralized PRIS deployment can increase user diversity. By dividing the
PRIS zone, the total rate of PRIS-NOMA was examined [38], which makes the detection SIC program easier for power-
ful users. The EDR of two paired users for PRIS-NOMA networks employing wireless information power transmission was
examined by the authors of [39] from the standpoint of harvested energy. The system total rate of uplink PRIS-NOMA was
examined in [40] while accounting for direct connections. In order to mitigate the interference caused by poor SIC, the
inventors of [4 1] also devised the uplink PRIS-NOMA's equalizers and phase shift. The on-off control approach was used
by the authors in [42] to assess the security characteristics of PRIS-NOMA from the perspective of safety applications.
Additionally, the power allocation and passive beam were optimized to determine the system’s attainable rates of aerial
PRIS-NOMA [43]. Compared to PRIS, many scholars have concentrated on the usage of active RIS (ARIS) in wireless
communication [44—46]. Because it can overcome the double route loss from the source to PRIS and subsequently to the
destinations, ARIS is superior to PRIS in addressing the double fading impact. The capacity performance boost provided
by ARIS was examined by the authors of [47] in order to address these fundamental constraints. In comparison to PRIS, it
is shown that the RIS may offer a higher sum rate. According to a study on the attainable rate of an ARIS-assisted down-
link system conducted in [48], ARIS should be installed closer to the intended users with a lower amplification power.
With the introduction of ARIS to wireless systems, the double path loss generated by PRIS was transformed into the extra
form. Compared to PRIS, ARIS has the benefit of system throughput under the same power budget [49]. The energy
efficiency of ARIS sub/fully linked structures was also examined by the authors of [50], who demonstrated that the sub-
connected structure can lower power usage. In [51], adaptive beamforming was designed to emphasize the weighted
capacity of ARIS-aided, wireless-powered systems.The power consumption data are detailed in the hybrid relay/ARIS
designs that were built by the authors of [52]. Therefore, in [53], a novel hybrid PRIS/ARIS design was presented with
amplification factors restricted. In order to provide insight into radar communication, the authors of [37] examined the
likelihood of an ARIS-assisted radar system being detected.Recent research has demonstrated a significant increase

in utilizing ARIS with NOMA systems in wireless communications. This trend is driven by ARIS’s impressive advance-
ments and the potential of ARIS-NOMA to enhance the efficiency and performance of wireless networks.Several stud-

ies have explored the benefits of ARIS-NOMA. For instance, the authors in [54] investigated the aggregate throughput of
uplink ARIS-NOMA, while [55] examined its achievable rate under restricted energy conditions, confirming its superiority
over ARIS-OMA. Further research in [56] utilized reinforcement learning to investigate the communication likelihood of an
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ARIS-aided energy harvesting NOMA system. To address user needs, [57] calculated the aggregate attainable capacity
of an active surface-assisted NOMA system.Beyond these benefits, ARIS has also been shown to enhance rate-splitting
multiple access [58], offering a balance between computational complexity and resource efficiency. The authors in [59]
recently examined the performance of ARIS-NOMA, taking hardware limitations into account. Most recently, [60] ana-
lyzed the performance of ARIS-NOMA in secure communications with discrete phase shifting. [61] further investigated the
performance of ARIS-NOMA in covert communication with hardware impairments, comparing the performance of active
and passive RIS systems.Meanwhile, [62] focused on the secure communication of active RIS-assisted NOMA networks,
assuming that each ARIS element owns a dedicated active reflection-type amplifier. These studies highlight that ARIS-
NOMA is a promising research area with significant potential for application in next-generation wireless communication.
Although research on ARIS-assisted NOMA systems is still in its early stages, existing studies have laid the groundwork
for understanding PRIS and ARIS in wireless communications. ARIS, which can be implemented using current-inverting
converters or asymmetric current mirrors, offers the potential to improve coverage for obstructed or fading communi-
cation links by amplifying reflected signals [54,55]. This advantage comes at the cost of increased power consumption.
However, by enabling ARIS to support NOMA, the system’s spectral efficiency can be significantly enhanced. In theory,
ARIS-NOMA systems allow for flexible ARIS deployment and expanded coverage for targeted users. Current research on
ARIS-NOMA primarily focuses on optimizing the cumulative data rate. For example, [54] investigated the uplink cumula-
tive data rates of ARIS-NOMA with multiple antennas using alternating optimization, while [55] developed a beamforming
design to maximize ARIS-NOMA throughput. Despite these advances, there remains a critical need to evaluate ARIS-
NOMA systems under practical spectrum-sharing scenarios, where interference management toward primary users is
crucial. Moreover, most prior works have emphasized throughput or rate maximization, leaving a gap in understanding
the outage performance, reliability, and EDR of ARIS-NOMA in cognitive underlay settings. This gap is particularly impor-
tant because next-generation wireless networks must not only maximize spectrum efficiency but also ensure robust per-
formance under interference and fading conditions. Specifically, this study addresses this gap by analyzing the impact of
ARIS on key performance metrics, including OP, throughput, and EDR, for secondary NOMA users sharing the spectrum
with a primary user. Unlike previous work such as [60], which explored ARIS for security enhancement; [61], which inves-
tigated covert communication with hardware impairments; or [62], which considered secure communication with a differ-
ent system model, this research utilizes a unique model with dedicated reflection-type amplifiers for each ARIS element.
It emphasizes interference management towards the primary user in a spectrum-sharing scenario. This distinct focus and
novel system model contribute to a unique analysis and offer valuable insights into the practical implementation of ARIS
in NOMA networks. Table 1 shows the comparison between our work and related papers. The main contributions of this
treatise are outlined as follows:

* We proposed the ARIS-assisted NOMA network with spectrum-sharing communications to improve the spectrum
efficiency, and ARIS is capable of boosting superposed signals and reflecting them to users and to enhance the perfor-

mance of the system.

Table 1. Comparison of this work with existing studies (v: considered; X: not considered).

Ref./Our work Cognitive Radio NOMA OP | High SNR EC | Energy Efficiency Optimization
[4] v 4 v X X X X
[5] X 4 4 v 4 X v
[35] X v v v v v X
[39] X 4 4 4 v X X
[53] X X X X v X v
[54] X v X X v X v
[59] X 4 v v v 4 X
Our work v v v v 4 4 v

https://doi.org/10.1371/journal.pone.0336951.t001
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* We derived the exact closed-form expression for OP, throughput, and the approximation expression for EDR of users to
evaluate the performance of the proposed system with ARIS and PRIS. To get the deep insight of the proposed system,
we derived the asymptotic expression for OP and get the diversity order.

Organization: The subsequent sections of this manuscript are organized as follows. Sect 2 delineates the system
architecture of ARIS-assisted NOMA spectrum-sharing communications. The exact and approximate outage probabilities
pertinent to ARIS-NOMA spectrum-sharing networks are meticulously delineated in Sect 3. The numerical evaluations are
presented in Sect 4. Lastly, Sect 5 encapsulates the findings of this manuscript. The mathematical proofs are compiled in
the appendix.

Notation: The important notations in this work are shown here. The symbol (-)H indicates the conjugate transpose
operation. Pr(.) denotes the probability operator; E {.} and D{.} denote the expectation and variance operations, respec-
tively; H(x) is so-called the Heaviside step function; T (a) is the Gamma function; I'(.,.) denotes the upper incomplete
gamma function; GZZ;,” [.] is the Meijer G-function; the probability density function (PDF) and the cumulative distribution
function (CDF) of a random variable X are represented as Fyx (.) and fy (.), respectively. The symbol diag (-) represents a
diagonal matrix with only one member.

2 System model
2.1 System description

We examine a communication scenario involving RIS-assisted NOMA spectrum sharing, illustrated in Fig 1 (The forma-
tion of a reduced cluster associated with the two paired devices serviced by BS results in diminished decoding complexity,
reduced interference, and minimized latency at the receivers when juxtaposed with the multi-device cluster NOMA [63].

In scenarios where the quantity of devices within the network is significantly high, an escalation in the number of station-
ary base stations (SBSs) is necessitated, resulting in increased expenses. It is imperative to highlight that the two-user
paradigm consistently diminishes latency due to the fewer signal detection processes required between ground users and
the SBSs. The presence of a greater number of users within a cluster deteriorates performance for those users due to

the substantial interference present among them. Furthermore, the stationary SBS establishes a connected network with
adjacent SBSs that are equipped with powered signal processing units capable of efficiently managing multi-device sce-
narios. It is presupposed that the backhaul connection among SBSs is flawless, and the intricate analytical aspects, as

ARIS ’/,—"/ reflection
CICICIC IO T

amplifier phase-
shift —patch
circuit

Secondary Network

Primary Network

Fig 1. The system model of ARIS-assisted NOMA spectrum-sharing communications, with ARIS capable of boosting superposed signals and
reflecting them to users.

https://doi.org/10.1371/journal.pone.0336951.g001

PLoS One | https://doi.org/10.1371/journal.pone.0336951 November 25, 2025 5/ 32



https://doi.org/10.1371/journal.pone.0336951.g001
https://doi.org/10.1371/journal.pone.0336951

PLOR. One

well as the clustering issue, lie beyond the purview of this manuscript.), where a secondary network utilizes the spectrum
designated for a primary network that includes a primary user (PU) equipped with a single antenna. The secondary net-
work consists of a single antenna BS serving two single antenna users (the nearby user U; and the more distant user U,)
through N active reflecting elements. Specifically, contemporary ARIS architectures not only feature identical circuitry for
phase shift control as seen in PRIS, but also incorporate power amplifiers to enhance the transmitted signal. The incident
superimposed signals at ARIS are boosted with a noticeable gain before being reflected towards the intended users. The
inherent multiplicative attenuation present in PRIS-assisted systems will be effectively addressed by active elements while
maintaining low power consumption. In practice, we direct our attention to the direct links between BS and users that

are hindered by high-rise buildings [64], where the implementation of ARIS can establish a line-of-sight between the BS
and non-orthogonal users. Distortions on both the BS and users’ sides are taken into account to more accurately reflect
real-world scenarios. We consider a total transmit power budget P, for the secondary BS, which is allocated between
NOMA users via predefined power allocation coefficients. The BS—user, BS—PU, BS-ARIS, ARIS—user, and ARIS-PU
links are modeled as independent Nakagami-m fading channels with shape parameter m and average power 1, com-
bined with large-scale path loss d=¢, where d is the link distance and ¢ is the path loss exponent. This unified channel
modeling approach captures both small-scale fading and large-scale attenuation, ensuring that the performance evalua-
tion of ARIS-NOMA spectrum-sharing networks is based on realistic propagation conditions. To represent genuine chan-
nel circumstances, we assume that the wireless connections of ARIS-NOMA networks undergo large-scale fading and
Nakagami-m fading (In our work, we have considered the Nakagami-m fading channel, which is widely used to model a
broad range of wireless communication environments, including scenarios with severe multipath fading and line-of-sight
conditions. The Nakagami-m model is a generalization of Rayleigh and Rician fading, making it a more flexible and real-
istic choice for analyzing RIS-assisted NOMA systems. Moreover, it is worth noting that the derivations of performance
analyses specifically designed for ARIS-aided NOMA spectrum-sharing networks can be easily and seamlessly applied
across a wide range of multiple fading channels, including Gaussian, Rayleigh, and Rician fading models. This ensures

H
that our analytical framework remains robust and applicable to diverse wireless environments.). Let g, = [g,1 s glf’, gI’V] ,

ie{1,2}and g, = [gg, s G e gg’]H represent the baseband channel coefficients between ARIS and U; and BS to the
ARIS. gy and g7 represent the complicated channel factors that exist between BS and ARIS’s nth reflective element,

as well as between ARIS’s nth reflective element and user i, respectively. The reflection matrix at ARIS is specified as

® =/pdiag (6", ..., €0, ... 6PN), where the angle 6, lies within the interval ranging from 0 to 27, and the variable g sig-
nifies the phase shift associated with the nth reflection element along with its corresponding reflection amplification coef-
ficient. The reflection elements integrated within ARIS are strategically situated within active amplifiers that utilize either
tunneling diodes or resistive converters, thereby enhancing their operational capabilities. Leveraging the fundamental
principles of electromagnetic scattering, each individual element is capable of not only reflecting an incoming radio fre-
quency (RF) signal but also amplifying it, with both the amplitude and phase being adjustable to meet specific require-
ments. This sophisticated feature enables ARIS to attain a reflection amplification coefficient that exceeds unity, which
mathematically translates to 8 being greater than 1, as referenced in numerous studies [65,66]. In practical implementa-
tions, a negative resistive element, such as a tunnel diode, can be effectively employed to amplify the incident RF signal,
facilitating the conversion of direct current bias power into RF power, thereby enhancing the performance of the system.
As a result, the integration of such components allows for a remarkable increase in signal strength and quality, which is
crucial for advanced communication and imaging applications. Consequently, the innovative design and functionality of
ARIS play a pivotal role in advancing the field of radio frequency technology and its myriad applications in both research
and industry. We assume that the instantaneous channel state information (CSI) is available at both the BS and ARIS
through the use of channel estimation or compressive sensing techniques [67]. The effect of imperfect CSI on the perfor-
mance of ARIS-NOMA networks will not be addressed in this paper.
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2.2 Signal Model

In spectrum-sharing systems, the PU requires that the instantaneous interference caused by the BS be less than a set
threshold Q, which represents the maximum permitted interference power at the PU. At the same time, the BS’ transmit
power is limited by a peak power restriction. As a result, the transmit power at the base station may be stated as

P, = min (Pb,%>, (1)
|hol

where P, is the maximum transmit power of the BS, Q is the interference temperature constraint (ITC) at the PU, and |h0|2
represents the power gain of the channel between the BS and PU.

The BS transfers superimposed signals, i.e., x =1/a;Pyxy + 1/a,Ppx,, specifically directed towards user i through a pro-
cess known as ARIS, where the parameters x; and x, are defined as normalized power signals that maintain a unity value
for U, and U,, respectively, ensuring that both users receive the appropriate signal strength. To ensure non-orthogonal
users’ fairness, the power allocation factors a; and a, for U; and U, must meet the relations a; < a, and a;a, =1. P,
represents the BS transmission power. Unlike PRIS, ARIS uses active devices such as tunnel or Gunn diodes to enhance
overlaid signals and noise received at itself. In these situations, the received signals at user i, (i € {1,2}) can be described
as

yi= \/ng-_l@gox + \/Eg,l-_l@no + w;. (2)

where © = diag (%", ..., €0, ... eV) is so-called the phase shift matrix at ARIS. ng ~ €NV (0, Ny,ly) denotes the thermal
noise at ARIS with the noise power N, and Iy € CN*1 is the identity matrix. w; indicates the Gaussian white noise gener-
ated at the user i with w; ~ €N (0, 6?) in which o2 denotes the noise power at user i.

In accordance with the NOMA principle, U, will initially identify U,’s information, which has superior channel conditions,
and subsequently remove it prior to decoding their own signal. Therefore, the resultant received SINR can be expressed
as

2
,BPbaz|97990|
2 2
5Pba1'97®90| +§ﬁNtn|gl1—I®| + 02

yX2—>X1 -

2

3 5Pbaz|97990|

- 2 2 ’
Bovas|g0gy|” + EBNy,|gl e[ + 1

Here p, = Pb/o2 represents the transmit signal-to-noise ratio (SNR). Parameter £ denotes the conversion factor
between noise and amplified signal power at the ARIS; & = 1 for ARIS and & = 0 for PRIS. After eliminating the information
from U,, the receiving SINR for U,, while decoding its own signal, can be expressed as

2

3 Brvai|g;0g,|

=
EBNp|gl'e| +1

X1

Due to the unfavorable channel conditions experienced by U,, it perceives x; as interference and therefore directly
identifies its own signal x,. For now, the SINR that U, uses to detect x, can be expressed as

2
5Pbaz|gg®90|

Vg = 2 L2

Brrai|d,0g,| + EBN,|GTO| + 1
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To demonstrate the performance advantages of ARIS-NOMA, we use ARIS-OMA as a to demonstrate the performance
advantages of ARIS-NOMA, we use ARIS-OMA as a benchmark for comparison. We have the SINR for user O is pro-
vided by

2
5Pb|9'8@90|
70 et o1
EBNy|g30| +1

H
where g, = [h1 ,hé, ...,hg, ...,hg] denotes the complex channel coefficient between ARIS and user O.

3 Outage probability

In this segment, we evaluate the performance of ARIS-NOMA/OMA secondary networks by scrutinizing their outage char-
acteristics, wherein we formulate the closed-form expressions for outage probabilities pertaining to U; and U, within the
framework of cascade Nakagami-m fading channels. Additionally, we consider the thermal noise produced by ARIS to be
a constant in facilitating the computational analysis.

3.1 The outage probability of U,

In this scenario, the occurrence of outage behavior at U, transpires when U, is unable to perceive the signal from U, as
well as its own signal. We may articulate such an adverse situation as follows

PARIS =1 — Pr (min (_yxz*” : yi) > 1)
k Ytn, Vi,

(7)
=1 - Pr (yX2—>X1 > J/thQ’ YX1 > Yth1) ’

Here y4, = 2R —1 and Yiny, = 2Rz _1 denote the desired SNRs at U, for decoding x; and x,, respectively. R, and R, rep-
resent the corresponding goal rates.

With respect to cascade Nakagami-m fading channels, the closed-form for the OP of U, within ARIS-NOMA spectrum-
sharing networks can be given as

- Pmaxdq
_ Hopg mo—1 I‘(b +1,¢7° —)
PARIS — 4 _ [1 —e #6/06] 118 T,
] >, =2

o teh T(by+1) (8)
-2 —
— 2uy 08, Al by Ko 1 [Po
T(mo)T'(by+1) 7922 9.\ pa)’
Yt Ytn —1 Pmaxd M, Nu? Q4
where ¢pp = ——2— ¢, = —L, =max (¢q,P,), dy =EBN,,NA, +1,8,=cC Xl gg=—2,by=—-1,¢4 ==,
o B(ao—7mpar) #1 o Pmax $1, $2), di = §BN, 91 1 1 P Mo ng 1 o, 1 3

I'(mgy +0.5)I'(mg, +0.5), /Agy Ag, < 1 [F(mg +0.5)T(mg, +0.5) 2> _ _
L Q=2 (1-— 0 91 ] , B, = P, /Ny denotes the average SNR
Mo oy e 1 Aol timg)rime) | ) P2 = Pa/No g

atthe BS and pq = Q/No denotes the average SNR of interference at the PU. We have m;, , my, and mg, denote the
Nakagami-m fading parameters from the BS-PU, BS-ARIS and ARIS-Uj, respectively. 1, = E {|h0|2}, g =E {|gg|2}

M1 =

mgo mg1

and 1,, = E]|g" 2 are the mean of |h 2, fol 2 and |g" 2, respectively. We have E{.} and I" (.) represent the the expecta-
91 1 0 0 1

tion operation and the gamma function, respectively. I'(.,.) denotes the upper incomplete gamma function. }C,Q"q”usvt;’,()
represents the extended generalized bivariate Fox H-function (EGBFHF) in [68] and A (a, b, ¢) is shown as

_ ,2:1,0:0,1 ( (—a—2mg;2,1),(1—2mq;2,1) = 1,1)
Aa.b,0) = HyFoh Y] ( Coman P ol G |bs C)- 9)
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In accordance with the definitions pertaining to OP for U,, the proof procedures commence by integrating (3) and (4)
into (7), where P('S is defined as follows

lgheg,|” > £ (EﬁNt gle| + 1)
o gy 19199 ol j
|91®90| > _( ﬁNtn|g1®| + 1) (10)
2
~1 - Pr(lg0g,|" > £ (con, el + 1)),
where ¢, = S L — P = Y » Pmax = Max (¢4, $,). It is noted that p, = min (pb, ) in which g, = Pb/a and
B(az—vinya1) Bay lhol?
po=Q/c?, (10)is calculated as
PIRS =1 - Ay — A,. (11)
Here, A4 and A, are calculated below as follows
2 max 2 2
A =Pr( |2y > fmx (5/3Ntn|9'1-’®| + 1),|ho| < )
Pb Pb
¢maxd1 2 rQ
=P Zmax1 £
r( |Z1|> R :|h0| < R ) (12)
Q ¢maxd1
Ao (52)| - e 222
and
maxh
Ay =Pr< lg7eg,[* > Snadol (g/st|gq’@| + 1) |ho|* > £2 )
:Pr( |Z1|> [¢maxd1|h0| ,|h0|2>P__Q )
. 1e] Pb (13)
¢ d1X
Z/fmof o1 —F|z1( e )|
[ide]
Pb
where dy = EBNydg, +1, Z = gl'0g, =Y _, |gO| 97| e = Z - It is important to observe that the equation (12)

has been formulated with the aid of coherent phase shifting, WhICh serves to optimize the performance received by the
intended users. In order to compute equation (12), it is imperative to first determine the PDF and CDF of the random vari-
ables X = |h0|2 and Z, respectively. Given that |hy| is presumed to conform to the Nakagami-m distribution, the associated
PDF and CDF of X is represented as follows

fo2(0)= Me—/xox, (14a)
Ihol ' (my)
' (Mo, Xto) —u Xm0_1 HoX'
— =1_ L Ul 14b
Fpo (0 =1 = —pens= =1 —e7 g(}) T (14b)
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where ug = zﬂ in which 1, and m, representing the mean and integer fading factor, respectively. It can be observed
h

that the CDF c0>f Z cannot be obtained through a direct method. Nevertheless, we may employ the Laguerre polynomi-
als to furnish an estimated CDF. By considering the optimal phase shift as [69,70], we can obtain Z, = |gf| |g7| with the

Mg, +0.5 4 +0.5), [Ag, 2
expected value and variance of Z, can be respectively expressed as follows: us = E{Z,} = F(may +0.9)r(rmg W ol and

) I'(mgq )T (Mg, }y/Mgymg,

_ _ 1 [T(mgy+0.5)r(mg, +0.5) . .

Q=D {Zp} = Ag, 44, <1 P [ SR in which mg,,

severity of fading and 44, 44, and 44, are the spread parameter of the distribution. According to [71,72], let dpy denote the

distance between BS to PU, dags to denote the distance between BS to ARIS, dy, to denote the distance between ARIS

mgy, and mg, are the shape parameter, indicating the

to U;, i=1,2, we get channel gains of fading as Ay, = d;,;,/do, A, = d, 5,/ 0o, Ag, = daf/do and Ay, = dazg/do in which ¢ is
the pathloss exponent and dj is the reference distance. From [59], the approximate CDF and PDF of Z are obtained as

X

bia ¢
fz(0) ~ #, (15a)
C11 F(b-I + 1)
y(bs+1,c7"x r(by+1,¢7"x
Fy ()~ (b L )z G ) (15b)
rby+1) ry+1)
NE(Za}1? D{Za} - . : : .
where by = ozy 1,¢1= AL v (.,.) is the lower incomplete Gamma function and T'(.,.) is the upper incomplete
Gamma function. ’
First, by substituting (15b) and (14b) into (12), A4 can be obtained as
(b, +1. ¢ ¢maxd1>
_#Horg Mo T 1yt of ( T 5
Ar=|1-e Y Hfa &/ (16)

Finally, substituting (15b) and (14b) into (13), A, is written as

Ay =

fx’"o - #oxr(m +1,9 \/_) (17)

Pb

r(mo)r(b1 +1)

where 8, = c1‘11 / @. Based on (17), using t= \/>_< A, can be calculated as
Q

24 ’
Ay = o ey / 2mo=1g=Hof'T (b, + 1, 941) dit

I'(mg) T (b4

Pb

215° r p
:—ft2m0—1e—uot2/-/ Eby 4
L(my)T(by+1) Pa
0

x T (by + 1,90 dt,

(18)
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where H(.) is heaviside step function. To solve the integral A,, we utilize the following transformations involving the Meijer
G-function [73, Chpt. 8.4] , [71]

e—Hotf! = G1°(u0t2 ) (19a)
Pb 0,1 Pp .| 1
H( /%t—1)=61’1< /%t 0 ) (19b)
2,0 1
F(b1+1,191t)=G1:2(91t b1+1 0 ), (190)

Plugging (19c), (19b) and (19a) into (18), A, can be expressed as

2m0—1 1r0 -
A2 = F(mo)r(b1+1)/t Coi <“°tz‘ 0 )

o1 [Pb,| 1 2,0
XG1,1< %t 0 )G1,2 (91t

We apply the following (21) to solve integrals (20) in which H;":_:‘f.g’f( ) stands for the extended generalized bivari-

ate Fox H-function (EGBFHF) in [74]. This function can be conveniently evaluated using mathematical software such as
Mathematica [75, Table 1] and Matlab [76, Appx A].

(20)
1
by +1,0 )dt‘

(s

A—1 .m0 G2 h | Cp2 m3,n3 k|eP3>
fX G (nx‘ ) P2,92 <9X |dq2 )Gps,% <5X o, ) X
0

(21)
—/1H0m ma,nz:ma,ng  (1=bg (cpp1) | (ep1) | 6 S
a:P:P2:92:P3:93 \ (1=ap=2hk) | (dgy1) | (fgqo1) [P 7k
Base on (21), A, is written as
A / £mo=1G7; (94t !
2= F(mO)F(b1+1) by +1,0
- Op 4| 1 (22)
x G ( uof? G, [Let| )t
(IuO 0 ) 1,1 Pq 0

2™ (e 1 o
L(mo)T(by+1) \ 92" 91\ pa/
where A (a, b, ¢) is already given below (9). Substituting (22) and (16) into (11), we can obtain (8).
When £ =0, the closed-form OP of U, for PRIS-NOMA may be stated as
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PERS 1|1 h St ror 1.7 25" 60m)
ur — b ) T(by+1)
= (23)

5—2 _
24508, A o 1 [po
T(mo)T'(by+1) ’

1y =05 =
92781\ pa

T Yth T Ythy 1 T = _ ¢
where ¢, = —2 &, =1 =max (¢, p,) and &, = ¢!, [ Zmax
¢2 e 917 5, Prmax (61, ¢2) 1=2C; e

3.2 The outage probability of U,

Concerning U, facing deteriorated channel conditions, an interruption is initiated if it cannot recognize or decode its trans-
mitted message x,. In such circumstances, the OP for U, within the context of ARIS-NOMA spectrum-sharing networks is
defined by

=1-Pr(vy,>7m) (24)
=1 - 31 - Bz,

where B, and B, are already given below

(2] > 2 (£8N,|g70]" + 1
31_Pr( :21 i"l Gﬁ lgfel ) ) (25a)
0 __
505, *> ¢ (g jgtef +1),
m=pr| ) h . (25b)
hol” > £2

Similarly, by solving
articulated as

?Gf’s and the closed-form of the OP for U, within ARIS-NOMA spectrum-sharing networks may be

_rpﬁR/S =1-|1-¢ "o Z /‘Of’ Pb
=0 t!pé T'(by+1) (26)

_ HorPq m0—1 t [Q:| F(b2+1,051 @
mg o=2mg -
_2upm 9, A ( Ho 1 Pb)

T(mo)Tbp+1)  \ 282”9, \| pa

) I'(mg. +0.5)0(mg, +0.5), /A A
whered2=§‘3NtnN/1gz+1,192=Cz_1\/%,%:%—1,%:&4‘2: (g 2090z +09) o 92,
00 Q, M2 I'(mgq )T (Mg, )y/Mige g,

2
~ R T'(mgy +0.5)I(mg, +0.5)
Q= /190/192 <1 Mgy Mg, [ r(mgo)r(mQZ) .

When parameter £ is set to zero, the closed-form OP of U, for PRIS-NOMA may be stated as

Hopq mo—1 ENI=F:
PERIS_q_|1_e h g iR r(eerrs'o5'%)
Uz ~ gl T(bp+1)
i=0 27)

52 -
A NN P N
T(mo)T(bp+1) \ 282" 3,\| pa )’

s _ 1 [&
where §; = c; .
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3.3 The outage probability of user O

In a manner similar to the aforementioned analytical advancements, the probability of outage for orthogonal user O within
ARIS-OMA spectrum-sharing networks is articulated as by

?éRIS =1-Pr (yO > ]/tho) . (28)

where y,, denotes the target SNRs of user O.
Subject to the constraints of cascade Nakagami-m fading channels, the OP associated with user O within ARIS-OMA
spectrum-sharing networks may be articulated as

1 [$090
_ Hopq mo—1 F(b +1,¢ 1,/,—)
_’PéRIS =1— [1 —e o E :“(t)Pf:J:| o fe) Pp

=0 t!ﬁfJ T(bo+1) (29)

-2 —
_ 2°% ™ ko 1 [po
T(mo)T(bo+1)  \ O 92”90 \/ po )’

where ¢ = V% do = £ANyAo +1and 8o = ¢’ "’gﬂ
Q
When the parameter £ is set to be zero, the closed-form OP of user O for PRIS-OMA can be expressed as

Yth
_HoPQ mo—1 ¢ r(bo+1,c51,/,—°)
.'PgRIS =1—-|1=¢€ # z HoPa Pb
T'(bo+1) (30)

=0 b

mg g—2m, —
208 A( Ko 1 P_b)
’

T(mo)Tbo+1 \ 0”32 36\ pa

where 3¢ = ¢ Yo
Pa

3.4 Diversity analysis

In this segment, we select the diversity order to scrutinize the outage characteristics of ARIS-NOMA spectrum-sharing
networks. In other terms, the diversity order serves to characterize the rate at which the likelihood of outage diminishes as
the SNR increases [77]. As the diversity order is enhanced, the probability of outage declines more rapidly. To elaborate
further, the diversity order is articulated as

D= — lim 29" Bp)

pp—co  l0Q(0p) (31)

where P* () represents the asymptotic OP in case of high SNRs.

When g, goes to infinity then we have A, ~ 0 and ‘;—Q ~ 0, the asymptotic expression for ?ﬂf's’“’ is calculated as:
b

2
> ¢maxd1 |h0| , |h0|2 > 0)
V Pa
Ko

— 1 =
—1 —mfxmo e~Ho'T (by + 1, 94v/X) dx.
0

N
[
n=

(32)

~ T(mo)T (b
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Lett= \/7( and rewrite the exponential term with the G-function, (32) is rewritten as follows

2ug® r
RiSeo g 20 [ mo—1g=kofT (b, + 1, 8,f) dt
u F(mo)r(b1+1)f oD
F(mo)r(b1 + 1)
1 -
2,0 1,0 2
X G1’2 (‘911' b1 + 1’0 )G0,1 (,Llot 0 )dt
Using property [78, Eq. (2.24)], the asymptotic OP of U, for ARIS-NOMA may be calculated as follows:
RiSwo _ 4 _ 2b1+0.5+2m0#870191—2m0
i =
1 V27T (my) T (by + 1)
—b1 —2[770 1—b1 —2m0 1—2[770 1 (34)
G1 4 [ 4uo S T, ,1—mg
92 0 —mo, 1—2m0
When ¢ equals zero, the asymptotic OP of U, for PRIS-NOMA may be calculated as:
5—2
?ZRIS,oo 4l 2b1+0.5+2m0/i€)"0191 Mo
1 V2rT (mg) T (by + 1)
—b1 —2m0 1—b1 —2m0 1—2m0 1 (35)
G1 4 [ 4K > T, ,1—my
92 0 m0’1 2m0
As p, approaches infinity, the asymptotic OP of U, for ARIS/PRIS-NOMA may be calculated by
RIS _ 1 b +0'5+2m°,u870192_2m0
U =
2 \V2rT (mg) T (by + 1)
—b1 —2m0 1—b1 —2m0 1—2m0 1 (36)
G1 4 4#0 2 2 ’ » 1= Mg
9 O _ 1-2mg ’
2 s m09 2
and
?PRIS - ; 2b1 +0.5+2m0#87092—2m0
U =
? V27T (mg) T (by + 1)
—b1—2mg 1-b1—2mg 1-2mq 1 (37)
G1 4 [ 4uo S T, ,1—mg
92 0 —mo, 1-2mqg
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Similarly, by solving (36) and (37), the asymptotic OP of user O for ARIS-OMA and PRIS-OMA can be separately
expressed as

b1+0.5+2myq ,,M0 q—2Mg
29 o1y 90

PARIS.c0 _ 4
o =1
V27T (M) T (bo + 1) 28
—bo—2m0 1—bo—2m0 1—2m0 1 ( )
x G 4o 2 2 g Mo
a3\ 52 0, —mg, 1210 ’
and
2b1+0.5+2mg m09—2mo
?SRIS,co —-1_ Ho %Yo
V22T (M) T (bo + 1) 29
—bo—2m0 1—bo—2mo 1—2m0 1 ( )
%< G4 410 2 2 2 0 Mo
4,3 9% 0’ —my, 1_§m0

Upon substituting equations (39), (38), (37), (36), (35), and (34) into equation (31), it is observed that the diversity order
of user Z, Z € {U,, U,, O} is equivalent to zero. This phenomenon arises from the residual interference induced by the tem-
perature constraint at the PU. We see that diversity order is the power exponent, which defines the rate of convergence of
PU to the error floor. Furthermore, it can be deduced that the diversity order is linked to the number of reflected elements
and the order of the channels, and it is noteworthy that the introduction of thermal noise from the ARIS does not influence
the diversity order.

3.5 Delay-limited transmission

In delay-limited systems, the BS transmits data at a consistent rate, which is affected by the stochastic variations of the
wireless channel. The resultant system throughput can be expressed as

th=(1-25 )R + (1= P},) Ry, x € {ARIS, PRIS} (40)

4 Ergodic data rate

In this segment, the performance of the ergodic data rate (EDR) for each device can be assessed in both ARIS and PRIS
scenarios. Unlike [11], our objective is to derive an approximate expression for EDR. Both the OP and EDR can be vali-
dated using well-known software tools like Mathematica or Matlab. Essentially, EDR is defined as the long-term average
data rate that can be achieved without factoring in any delay constraints. The EDR constitutes a significant metric for
assessing the efficacy of a communication system. When the conditions of the channel dictate the user’s desired rate, the
ergodic data rate may be articulated as the optimal rate at which the system is capable of transmitting accurately across
cascade Nakagami-m fading channels, and it can be delineated as

C=E[log,(1+7:)] ¢ €{xy,Xp, O} (41)

4.1 The ergodic data rate of ARIS networks

The average user g, (g € {U, U,, O}) attainable rate can be extracted from (41), characterized as €4%'S = E [log, (1 + 7.)]-
In this scenario, the formulation of user g for ARIS-NOMA networks can be allocated in the subsequent proposition.
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Based on cascade Nakagami-m fading channels, the EDR of U, for ARIS-NOMA networks may be estimated as
_ HoPq mg—1

(42), in which K is a complexity-accuracy tradeoff parameter, v = [1 —e f Y () (“OPQ) ] G(x)=tan (@)

{=0
_ —1 d1 9(X) 2 — 2 2k
g1 (X) =c; \/ Baipq , sec” (x) = 1/005 (x) and &, = COS( 2K ”)'

AR /1 a7 sec? (T @t D 1
€u, 4KF(b1 +1)In2 & Z 1= @is ( )1+9(<I>k)
y /d19<c1>k> I GG
vr(b1+1,c1 N >+ o) (42)
b Mo 1 P
XA( " oy @ 21 (@0 Po)]’

Using the coherent phase shifting technique and changing (4) into (41) further, the EDR for U, of ARIS-NOMA is
computed by

X

e =Elog, (1+7y,)]

Brpasa Ggol

=E|log, |1+
55le9’;’®| +1 (43)
~—_ —

X
_ 1 1 - Fx(X)
“In2 14+ x
0
Hence, Fy (x) is calculated by
Fx()=1—-[V1+ V2], (44)

d1y

dilh 2
where V; = Pr(|2n 1gog1( hol” < )and Vz_Pr<|Z,, 19091) 1\ o\ Y |hy| >;_<§

The equation is presented in (ﬁ) can be readlly derived as obtained in (1_1) Hence, we can rewrite Fy (x) as

_ v 1 [ _dix
XOO=1" 1+ 1)( Hhe \/ﬁbﬁa1)

2u5° [91 (X)]_ e Mo 1 [pp
— Al by,
L(mo)T' (b +1) [19 (X)] 191 ™\ Pa
_ HoPq mg—1

wherev=|1—e # Z M- (“‘)’o“’)]and91(x):c1‘1 _hx
Baipq

(45)
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Substituting (45) into (43), we have ¢S is given by

(e

1 1 dyx
CARIS = / r(b,+1,c" i
F(b1+1)|n2 1+x v 1 C1 ﬁbﬁa»]

248 o] ’"°A b _bo
' (mo) [191()()] 191()()

Exchanging the variable t = %arctan (x) — 1=>tan (”“4“)) x=Z= sec2 ( (t+ 1)) dt = dx, we have €S can be calcu-
lated as (47),

w75

! sec? (z

sec (t+1 )) mq —2mq

ARIS _ 4 4 2uy” [g01 (D]

€0 = I +1)In2f T+50 |t r(m1 o) o @)

24
Mo 1 P

Al b >
5 (1 50, OF #1 OV P )

where G(f) = tan ("(m)) g1(H=c;",/ 519@ and sec? (x) = 1/cos? (x).

Unfortunately, finding a closed-form expression for (47) is a tough task, but an accurate approximation can be obtained

for it. By using Gaussian-Chebyshev quadrature [79, Eq. (25.4.38)], it can be achieved in (42), in which ®, = cos (%n)

Given cascade Nakagami-m fading channels, the ergodic data rate of U, in ARIS-NOMA networks is approximated as

i ich = (f) = t az(f+1> HEW®) 2k—1
(48) in which £(f) = ——— W() = 22, g, (= ¢5 . /—pQ and @, _cos( = 71)
K Y, .V
@ARIS 7ay V 11— @

2Ka;In2 &4 1+ W (D))

v 1 [ QRE W (D)) 48
(b + 1) (sz’CZ P ) o

2" @I (L g 1[5
T(m)T b+ 1)\ [y @0 #2@0\ pa

By plugging (5) into (41), the EDR for U, of ARIS-NOMA networks can be calculated by

>

e, =Eflog, (1+7s,)]

82/61

1 1 . X (49)
:mf 1+xFY<pr(az—a1x)>dX’

0
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where Fy (x) denotes the complementary CDF, Fy (x) =1 — Fy(x) and

5Pbaz)ZN g"gn|2
Y= n=1v092 ) (50)

N n~n 2
ﬁpba1)2n:1 9092| +d;

We have Fy (x) may be easily deduced as gained in (26). So Fy (x) may be written as

v dox
Eu(x)=1— by +1,¢c;1, [ 222
A ) (2 2\ pb>

. —2m (51)
2ug"° [’92 (X)] OA by, Ko 1 Pb
L(mg)T' (b2 +1) [19 (X)] 192 ™V Pa
where §, (x) = ¢} ‘;ix.
Q
Substituting the result of (51) into (49), the EDR of U, is given by (52)
1 — Y 7 (b2 t1,¢5, [ LEED) (t)))
EARIS@ __ &2 f 1 Fbz+1) Po
U - _ )
2 281 In 2_1 1 + Ip(t) 2#6770 [@2 (t)] 2my o 1 pb
- A by, , =
I'(mg)T (b2 +1) [0, O]F #2D Pa
(52)

K 1— @2 -
RIS 2 (b) mas k 4 1 dzd (lIJ (q)k))
ey 53 by + 1,651, | 22X (@)

r
T 2Ka;In2 21+ ¥ (@) (by+ 1) Po

26 lpa @I (L o 1[5
T(me)T(b+1) "\ [go, @ #2( @)\ pa)’

Then, (52) can be re-written, where step (a) follows by letting t = ?{ —1; step (b) follows by using Gaussian-

Chebyshev quadrature approximation; K is a parameter which determlnes the trade-off between complexity and accuracy;

az(t+1) dyE(¥(f)) _ 2k—1
E()= pr(az e ()= g2 () =c5 ", T . and ®, = cos (—2K 7T>.

The EDR of the orthogonal user O in ARIS-OMA networks may be estimated as (53), in which g (x) = 05)11 / %.
Q

2 K

ARIS T 2 2 ﬂ(‘bk + 1)) 1
~ 1-@
€0~ IRT (o + Dn2 pa kSee ( 4 T+ G(2)

vF(bo+ 165", /%) (53)
b

245" [0 (@)1 4o 1 [
+ L' (my) A<bo’ (90 (@] #o (@I ra)|’

X
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4.2 The ergodic data rate of PRIS networks

The EDR of PRIS-NOMA networks may be calculated for the exceptional case (¢ = 0), as the reflecting element for the
PRIS does not contain amplification.

For £ =0, the EDR of U, for PRIS-NOMA across cascade Nakagami-m fading channels may be calculated as (54), in

which @+ (B =c¢; ", /%.
s — 7r(<13k+1)> 1
Cu 4KF(b1+1)In22 V1 - Pisec ( T+ 5@

@ 2 5. (@,)] 2 5
T b1+1,c1‘1 9_( K) N 1o ® (91 ()] Alb, Uo - 1 Po ’
Ppai ' (my) (91 (@)]° #1( P Po
When & =0, the EDR of U, for PRIS-NOMA-HIS across cascade Nakagami-m fading channels is approximated as (55)

in which = (x) = _x and ©- (t) = C—1 dZE(\IJ(t)).
*) Pp(az—arx) 20 2 00
K 1— (1)2
ma \/ k
CPRIS ~ 2 2

Y2 7 2KayIn2 &1+ ¥ (D))

v 1 1 doE (¥ (Py)) (55)
NOTE) (b2+ i P

26 P2 @™ (g 1 [
T(m)T b+ 1)\ 2 [@, @) #2(@)\ Pa
The EDR of the orthogonal user O in PRIS-OMA networks is given as (56) in which ¢ (x) = 051 G309

Pa
PRIS ., [1 &2 T (P + 1)) 1
Co 4Kr(bo+1)|n2Z 1= s ( 1+ G (D)

doG (D)) N 2u3° [$o (‘Dk)]
Pb ' (mg)

Mo 1 Pb
A (bo’ [0 @] Po (@) Po)] ’

(54)

X

X

5

X

(56)

vF(bo+ 1,65

4.3 Delay-tolerate transmission

In delay-tolerant frameworks, the BS disseminates data at a consistent rate determined by the constraints of the
user’s channel condition, utilizing the EDR as a maximum threshold. Consequently, the system throughput for
ARIS/PRIS-NOMA networks may be articulated as

Ty = Cl, + €. x €{ARIS, PRIS}. (57)
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5 Energy efficiency

In ARIS-NOMA networks, the overall power usage of the system mainly includes the power transmitted from the BS, the
power used by the BS itself, the power utilized by ARIS, the output power from ARIS, and the power consumption of the
hardware at the user devices. This can be expressed precisely by [59,64]

_ o _ _ 2
Ptotal:€_1pb+PBS+NPRE+Pout+zI-:1 Py, (98)

where ¢ represents the efficiency of the transmitter power amplifier, P, signifies the power emitted at the BS. Pgg refers
to the overall static power loss at the BS, while NPge denotes the cumulative hardware static power loss from N reflector
elements at the ARIS. P, indicates the output power from the ARIS, and Pu/ represents the hardware power consumed
by the ith user. It can be concluded that the energy efficiency of the system can be expressed as the proportion of the
sum rate to the overall power usage of the system, which is denoted as

*

TA
NEEA= 5> (59)
Ptotal

where *x € {ARIS, PRIS} and A € {dlt, dft}. 7}, and 7}, can be derived from (40) and (57), respectively.

6 Optimizing power allocation in the ARIS-assisted NOMA spectrum-sharing systems

In this segment, we examine the optimization of power distribution to enhance the efficacy of the proposed ARIS-assisted
NOMA spectrum-sharing framework. Initially, we ascertain the optimal power allocation coefficients at the BS (referred to
as ay) with the objective of individually minimizing the OP within the ARIS-NOMA network. This endeavor concentrates on
determining the power allocation coefficients of a} at the BS that yield the minimal OP. To accomplish this, we establish
the ensuing minimization problems:

rr;in P, (ar)
.

a;+a,=1 (60)

s.t.
O0<a;<1

Here, x € {ARIS,PRIS} and i € {1, 2}.

The objective function delineated in (60) exhibits a joint concavity in a4, as illustrated in Fig 6. In light of the derived OP
expressions, it proves challenging to ascertain closed-form expressions for the optimal values of the power allocation fac-
tor a,. Fortunately, one may employ low-complexity algorithms founded on the golden section search method to address
this issue. For instance, in Algorithm 1, we delineate the procedures to ascertain the precise value of a; that minimizes
the OP for the second user. The accuracy of Algorithm 1 is predominantly contingent upon the specified step search
interval A.

7 Numerical results

In this section, we conduct a numerical assessment of our theoretical findings regarding the performance of the OP. We
establish the fading parameters as m = m, = mgy, = mgy, = m, . The results obtained from Monte Carlo simulations are
averaged over 108 independent trials. The target rate is measured in bits per channel user and is succinctly referred to as
BPCU. In the subsequent figures, we abbreviate “Ana.” and “Sim.” to represent analytical computation and Monte Carlo
simulation, respectively. The other principal parameters are encapsulated in Table 2.

It is important to clarify that in order to validate the accuracy of the outcomes, we have ensured that the total power
used by PRIS-NOMA and ARIS-NOMA remains constant. To elaborate, we set the total power consumption for two active
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Algorithm 1. Optimization Algorithm to find a; based on Golden section search [71].

V51

Input : Initialize YPmin=0, Pmnax=0.5, the golden section search W= and a stopping threshold
A=1073.
Output The optimal of aj that minimum the outage performance ?L*/’_ (aj), *x € {ARIS, PRIS}.

1 repeat

2 61 = Pmax — (d)max - lvbmin) w .

3 B2 = Pmin + Dmax — Ymin) @ -

4 Obtain Pp (B1) and P (B2) from (8), (9), (26) and (27).
5 if Py, (B1) <P, (B2) then

6 ‘ Update: Ymax < P2

7 else

8 ‘ Update: YPmin < B1

9 end

10 until |¢max - zl)min| <A

-
ey

return The optimal of &; = (Ymax + Pmin)/2

H DARIS _ DPARIS DARIS C C DPRIS _ PPRIS C D _ DARIS _ PPRIS
and passive systems as Pg’tota, =PARS + PARS + N(Psw + Ppc), P = PLRIS + NPgy, and P, = Pg,total = Pztota,, where

pgg/s _ 9(,-32?;2, — N(Psw + Ppc)) and p/;l;ls =1 - 9)(/‘32\50’2, — N(Psw + Ppc)) represent the transmission power of the
base station in ARIS and PRIS networks, respectively. Meanwhile, ¢ € [0, 1] denotes the power distribution factor, Pg,
denotes the power consumed by the control circuit and phase shift switches for each RIS element, and Py refers to the
direct current biasing power [61,80].

Fig 2 provides a comprehensive overview of the relationship between OP, a key measure of connection reliability, and
the average transmit power (5,). As expected, the OP curve sharply decreases as g, increases, reaffirming a fundamental
principle in wireless communication: a stronger signal is more resilient to noise, thus reducing the likelihood of discon-
nection. However, the key takeaway here is not just this general trend but the stark contrast in performance between
ARIS-NOMA and PRIS-NOMA at the same transmit power level ARIS-NOMA consistently achieves a lower OP than
PRIS-NOMA, particularly in the low transmit power regime.This highlights the superior efficiency of ARIS, with its active
signal amplification capabilities, in leveraging the available transmit power to bolster connection reliability. In essence,
ARIS-NOMA acts as a skillful “resource allocator,” effectively utilizing every “unit” of energy to fortify the stability of the
connection.

Table 2. Main parameters for our simulations [59].

Parameters Notation Values
Monte Carlo simulations - 108 iterations
Power splitting factors {a4, a2} {0.2,0.8}
Target rates SINR to decode x4 and x, {R1, R0} {1.5,1} BPCU
The fading parameter m 1

The interference constraint at PU fq 5dB

The reflection coefficient of ARIS B 5

The thermal noise power at ARIS N —20dB

The hardware power consumption {Psws Ppc} {=5,—10} dBm
Distance from BS to PU dpy 6m

Distance from BS to ARIS daris 5m

Distance from ARIS to U4 dy, 5m

Distance from ARIS to U, dU2 10m

The pathloss exponent S 2

The power distribution factor I} 0.5

https://doi.org/10.1371/journal.pone.0336951.t002
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Fig 2. Outage probability versus the transmit power budget, with N=5, =5, m=1, pq = 5[dBm] and R = R, = 1.5 [BPCU].
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Fig 3 illustrates the OP performance of the ARIS-assisted NOMA and OMA systems under varying channel condi-
tions and transmit power levels. It is evident from the graph that the ARIS-NOMA system consistently outperforms the
ARIS-OMA system across all scenarios. This observation underscores the superior performance of NOMA in mitigating
interference and improving spectral efficiency compared to OMA, particularly in challenging channel conditions. And the
increasing g, also improved OP, as in a similar discussion in Fig 2. Moreover, the OP is plotted against the Nakagami-m
fading parameter, which characterizes the severity of fading in the wireless channel. The graph also reveals that the OP
is significantly affected by the severity of fading. A higher value of m indicates a less severe fading environment. For both
NOMA and OMA, the OP is notably higher when m=1 (Rayleigh fading) compared to when m=2, indicating that fading
has a detrimental impact on system performance. This observation highlights the importance of employing techniques to
combat fading, such as ARIS, to maintain reliable communication links.

109

Outage Probability

<.
[}

- - Pgms" OMA — Ana. ¢ Sim.
- - PS5, NOMA — Ana. - - - - Error floor
- ] - PARIS, NOMA — Ana.

107
5 0 5 10 15 20 25 30

Py (dB)

Fig 3. Outage probability versus the transmit power g;,, with N = 4 and pq = 5 [dB].

https://doi.org/10.1371/journal.pone.0336951.g003
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Fig 4 illustrates the impact of the reflection amplification coefficient (8) on OP for both ARIS-OMA and ARIS-NOMA. It
is observed that OP decreases as f increases, but only up to a certain point. After that, OP reaches a steady state, and
further increasing 8 does not provide significant improvement. Specifically, with 3 increasing from 0 to 10, OP is signifi-
cantly reduced. However, when g increases from 10 to 50, OP decreases only slightly and remains almost constant. This
observation indicates the existence of an optimal 3 value where OP reaches its minimum. Increasing 5 beyond this opti-
mal value does not yield significant performance benefits and may lead to unnecessary energy consumption. Therefore,
selecting the optimal § is crucial to balancing OP reduction and energy saving.

A thorough examination of OP for both OMA and NOMA schemes under different ITC at the PU is shown in Fig 5. One
important finding is that, with or without ITC, NOMA consistently outperforms OMA, demonstrating its higher spectrum effi-
ciency and user fairness as a result of its capacity to support numerous users within the same time-frequency resources.
The impact of ITC on OP is also obviously shown in the image. Both OMA and NOMA experience a decrease in OP in
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Fig 4. Outage probability versus the reflection amplitude factors g, with N=8, m =1, pq =10 [dB] and Ry = R, = 1.5 [BPCU].

https://doi.org/10.1371/journal.pone.0336951.g004

-
<

Outage Probability

\ \ 1y N, N,
\ \ 3 N AN
Lo ] hat
-5 7-— PAFS OMA (no ITC) —V—PWS NOMA — Ana.
1073 P4, OMA — Ana. Pjﬂ“ NOMA (no ITC) |\ E
—-=¢-=PLHTIS OMA (no ITC) PLS, NOMA — Ana. | %

Ae— PURIS OMA — Ana. -} p;’“g NOMA (no ITC) | 3¢
—--O-=PAIS NOMA — (no ITC) —3— P75, NOMA — Ana. \
—O— P15, NOMA — Ana. o Sm. \

4 --X7-— P35, NOMA — (no ITC) - - - - Error floor A
10° -
-30 -20 -10 0 10 20 30

The Power Budget (dBm)

Fig 5. Outage probability versus the transmit power budget, with N =5, m =1 and pq = 5 [dBm].

https://doi.org/10.1371/journal.pone.0336951.g005

PLoS One |https://doi.org/10.1371/journal.pone.0336951 November 25, 2025 23/ 32



https://doi.org/10.1371/journal.pone.0336951.g004
https://doi.org/10.1371/journal.pone.0336951.g005
https://doi.org/10.1371/journal.pone.0336951

PLO.“... One

the absence of ITC because a stricter interference limitation reduces secondary users’ transmit power and raises their

OP. g, from 15 dB to 25 dB lowers the OP more than the other plan, particularly in the scheme without ITC, indicating the
important influence of ITC. The analytical expression obtained in equation (1) of the study, which clearly depicts the con-
nection between g, and ITC value, supports these facts. In conclusion, Fig 5 provides a comprehensive overview of the
outage performance of ARIS-assisted OMA and NOMA schemes under ITC scenarios, highlighting the influence of ITC on
system performance and the superiority of NOMA.

Fig 6 provides a detailed analysis of the OP as a function of the power allocation factor (a4) in both ARIS-NOMA and
PRIS-NOMA systems. The analysis considers two scenarios with different numbers of reflecting elements (N =4 and
N = 8) for both ARIS and PRIS. The figure clearly demonstrates the impact of power allocation on the outage performance
of both the primary user (U,) and the secondary user (U,) in both ARIS and PRIS systems. A striking observation is the
existence of an optimal a; (a; = 0.325) value that minimizes the OP for both users. This optimal point signifies the ideal
balance in power distribution between the users, minimizing their outage probabilities while adhering to the interference
constraints. This close alignment of optimal a, values for both users highlights the effectiveness of NOMA in achieving a
fair and efficient resource allocation. Comparing ARIS and PRIS, we observe that ARIS consistently outperforms PRIS in
terms of OP for both users across all values of a,. This advantage stems from the active signal amplification capability of
ARIS, which effectively boosts the received signal strength and reduces the OP. Furthermore, increasing the number of
reflecting elements from N =4 to N = 8 leads to a noticeable improvement in OP for both users in both ARIS and PRIS.
This improvement is attributed to the enhanced spatial diversity offered by a larger number of reflecting elements, which
helps to mitigate the detrimental effects of fading. The results emphasize the importance of optimizing power allocation to
minimize OP and demonstrate the performance gains achieved by ARIS and a larger number of reflecting elements.

Fig 7 plots the outage comparison between ARIS/PRIS and the relaying scheme, including the DF and AF cases. We
can observe that the performance of ARIS is better than the other schemes. Since the RIS can enhance the channel
quality and improve the received SINR of users by increasing the number of reflecting elements. Fig 8 provides a com-
prehensive analysis of system throughput (ST) as it relates to transmit power (5,) for various multiple access schemes,
including both OMA and NOMA, implemented with both ARIS and PRIS. A key observation is the consistent superiority of
NOMA over OMA in terms of ST across the entire range of transmit power for both ARIS and PRIS, highlighting NOMA's
enhanced spectral efficiency due to its ability to accommodate multiple users within the same time-frequency resource
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Fig 6. Outage probability versus power allocation factors, with m =2, Ry = R, =1 [BPCU] and pq = 5 [dB].
https://doi.org/10.1371/journal.pone.0336951.9g006
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block. Furthermore, ARIS consistently outperforms PRIS for both OMA and NOMA due to its active signal amplification
capabilities, which boost received signal strength and enhance overall throughput. As transmit power increases, ST ini-
tially increases for all schemes but eventually saturates due to the interference constraint at the primary user and inherent
channel capacity limits. For example, at a transmit power of 10 dB, ARIS-NOMA achieves an ST of approximately 2.8
BPCU, while PRIS-NOMA achieves around 2.5 BPCU, demonstrating the throughput gain provided by ARIS. The ana-
lytical results, represented by solid and dashed lines, closely match the simulation results, validating the accuracy of the
derived expressions for system throughput, such as equation (33) in the paper, which explicitly captures the relation-

ship between ST, transmit power, power allocation factors, and the type of RIS. Fig 9 provides a detailed illustration of
how the EDR changes with varying transmit power (5,) in a wireless communication system employing both OMA and
NOMA schemes; the analysis considers both ARIS and PRIS configurations. A prominent trend observed in the figure
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is the positive correlation between transmit power and EDR. As g, increases, the EDR also increases for all considered
schemes (ARIS-OMA, PRIS-OMA, ARIS-NOMA, and PRIS-NOMA). This behavior is intuitive, as higher transmit power
translates to a stronger signal, leading to a higher achievable data rate. However, the rate of EDR growth varies across
different schemes and exhibits a saturation effect at higher transmit power levels. Specifically, NOMA schemes (both
ARIS and PRIS) demonstrate a steeper initial rise in EDR compared to their OMA counterparts, highlighting NOMA's
superior spectral efficiency in accommodating multiple users within the same time-frequency resources. Furthermore,
ARIS consistently outperforms PRIS for both OMA and NOMA, showcasing the benefits of active signal amplification in
enhancing data rates. This advantage is particularly noticeable in the lower transmit power regime, where ARIS exhibits
a more pronounced improvement in EDR compared to PRIS. As the transmit power increases beyond a certain thresh-
old, the EDR growth gradually slows down and eventually saturates for all schemes. In summary, the results highlight the
positive correlation between transmit power and EDR, the superior performance of NOMA over OMA, the benefits of ARIS
over PRIS, and the saturation effect observed at high transmit power levels due to interference constraints and channel
capacity limitations.

Figs 10 and 11 provide a comprehensive analysis of the factors influencing the EDR in ARIS and PRIS-assisted OMA
and NOMA systems. Fig 10 illustrates the impact of the reflection amplification coefficient (8) on EDR, demonstrating that
EDR increases with 3 but eventually saturates, highlighting the importance of § optimization. ARIS consistently achieves
higher EDR than PRIS due to active signal amplification, while NOMA outperforms OMA due to superior spectral effi-
ciency. Higher transmit power also leads to higher EDR, as shown by the different curves for 5, = 10 dB and 5, = 20 dB.
For example, with ARIS-NOMA at g, = 10 dB, increasing 8 from 0 to 10 significantly boosts EDR, but further increasing
B to 50 yields only marginal gains, demonstrating the saturation effect. Fig 10 further explores the impact of the number
of reflecting elements (N) on EDR. Similar to the trend observed with 3, EDR increases with N but eventually saturates,
indicating that there is an optimal number of elements for maximizing EEDR. Again, ARIS consistently outperforms PRIS,
and NOMA outperforms OMA, across all values of N. These observations are supported by analytical expressions in the
paper, which capture the relationship between EDR, 3, transmit power, the number of reflecting elements, and the type
of RRIS.In conclusion, Figs 10 and 11 offer valuable insights into the factors influencing EDR in ARIS and PRIS-assisted
communication systems, emphasizing the importance of optimizing system parameters such as 8 and N, and highlighting
the advantages of ARIS over PRIS and NOMA over OMA in achieving higher data rates.
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Fig 12 illustrates the energy efficiency graphs in both delay-limited and delay-tolerant transmission modes where N =4,
m=0.7, Ry =R, =2 BPCU, ¢ =2/3, P, = 10 dBw, Pgs = 4 dBw, Pgz = 10 dBm, P,,; = 10 dBm and F’u, =10 dBm [64].
Fig 12(a) depicts the delay-limited transmission mode, where energy efficiency is computed from achievable through-
put under the outage constraints metric within the context of ARIS/PRIS-NOMA networks. The influence of interference,
quantified by pq, is scrutinized for the values of 10 dB and 20 dB. The findings indicate that NOMA consistently surpasses
OMA in terms of energy efficiency, whilst ARIS demonstrates superior performance when compared to PRIS. An increase
in interference pq enhances efficiency across all configurations, and energy efficiency exhibits a consistent rise with
respect to g, indicative of improved signal quality. Fig 12(b) corresponds to the delay-tolerant transmission mode, where
energy efficiency is computed from the EDR. It presents a comparison of energy efficiency (bit/J) concerning the transmit
power (P,) for ARIS and PRIS under the OMA and NOMA schemes, with p,, established at 10 dB and 20 dB. The findings
suggest that energy efficiency is enhanced as P, is elevated. NOMA consistently surpasses OMA, thereby illustrating
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its superior efficiency, while ARIS demonstrates a greater energy efficiency in comparison to PRIS across all evaluated
conditions. An increase in pq contributes positively to energy efficiency across all configurations. It is noteworthy that the
ARIS-NOMA configuration at pq = 20 dB attains the optimal performance, highlighting the significant potential inherent in
the integration of active intelligent surfaces with advanced communication methodologies for the development of energy-
efficient systems. In summary, the ARIS-NOMA arrangement at elevated values of P, and pq, yields the most optimal
energy efficiency, underscoring the advantages of advanced technologies and effective interference management.

8 Conclusion

This paper investigated the performance of an ARIS-assisted NOMA network in a cognitive spectrum-sharing scenario.
By exploiting the ARIS’s ability to intelligently adjust phase shifts and amplify reflected signals, the proposed system miti-
gates inter-user interference, overcomes multiplicative fading, and enhances signal strength compared with conventional
PRIS-assisted NOMA and OMA. We derived exact closed-form expressions for the OP, throughput, and EE, as well as an
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approximate expression for the EDR, all validated through Monte Carlo simulations. Asymptotic analysis was conducted
to reveal the achievable diversity order. Furthermore, we formulated and solved an optimization problem for the NOMA
power allocation coefficient to minimize OP, demonstrating additional performance gains. Numerical results showed that
the ARIS-assisted NOMA system consistently outperforms both PRIS and OMA counterparts in terms of OP, throughput,
EDR, and EE. These findings highlight the ARIS’s potential to significantly enhance spectral efficiency, reliability, and cov-
erage in next-generation spectrum-sharing NOMA networks. Future research could explore the effects of imperfect CSlI,
advanced resource allocation strategies, and extensions to multi-cell and multi-antenna scenarios.
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