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Abstract—This paper investigates reconfigurable intelligent
surface (RIS) aided multi-cell non-orthogonal multiple access
(NOMA) networks with stochastic geometry methods. Under
Rayleigh and Nakagami-m fading channels, we provide two types
of approximate channel models to depict RIS channels, i.e.,
the N-fold convolution model and the curve fitting model. The
analysis reveals that the N-fold convolution model is accurate and
tractable when ignoring inter-cell interference, while the curve
fitting model can evaluate the impact of inter-cell interference
with a small error. The N-fold convolution model provides
accurate diversity orders compared to other existing approaches
such as the central limit model. Based on these channel models,
we derive the closed-form analytical and asymptotic expressions
of coverage probabilities and ergodic rates for two paired NOMA
users. The analytical results demonstrate that: i) When we ignore
inter-cell interference, the diversity order of the typical user is
equal to the number of Rayleigh fading channels; and ii) For
Nakagami-m fading channels with coefficient m, the diversity
order is equal to m times of the channel number. Numerical
results show that: i) RISs are capable of enhancing the coverage
performance and ergodic rates of the proposed network; and ii)
RISs provide extra flexibility for NOMA decoding orders.

Index Terms—Multi-cell NOMA, reconfigurable intelligent sur-
face, stochastic geometry

I. INTRODUCTION

Compared to the fifth-generation (5G) mobile communica-
tion to fulfill emergencies such as massive throughput and low
latency transmission [2], [3], a controllable wireless communi-
cation environment is important for the sixth-generation (6G)
of mobile communication networks [4]. To achieve the “smart
radio environments” [5], reconfigurable intelligent surface
(RIS) is a promising technology by reconfiguring radiation
signals, which has rekindled the interest of researchers due to
the ability of integration.

Non-orthogonal multiple access (NOMA) introduces en-
hanced connectivity to communication systems through dy-
namic power allocation and successive interference cancel-
lation (SIC) techniques. Despite its impressive potential for
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achieving substantial throughput, the NOMA technique en-
counters various implementation challenges, as highlighted
in previous research [6]. Particularly, the introduction of
NOMA brings about supplementary interference, resulting in
compromised quality of service (QoS) for users situated at the
cell edges in contrast to those in orthogonal multiple access
(OMA) networks. Furthermore, the rigidity of SIC orders for
selected NOMA users poses limitations due to its dependence
on individual channel qualities. This inflexibility can lead to
unfavorable scenarios, such as pairing a weak user with high
QoS demands alongside a stronger user. In such cases, the
performance of the weaker NOMA user tends to be inferior
compared to an OMA scenario.

To overcome these shortcomings, RISs offer a viable so-
lution. By leveraging RISs to enhance channel quality, the
performance of cell-edged users experiences a notable uplift.
Additionally, the incorporation of RISs introduces a malleable
aspect to the ranking of channel quality. This adaptability
becomes especially evident when segments of NOMA users
benefit from RIS assistance. Consequently, the flexibility in
SIC orders mitigates the interference challenges posed by the
SIC process. In light of these advancements, RIS-aided NOMA
networks emerge as a promising avenue for the future of 6G
programmable communication and multiple access paradigms.

To achieve “smart radio environments” with massive con-
nectivity, one of the priorities is to derive tractable and accurate
channel distributions for RIS-aided channel models. An RIS
achieves phase shifting by controlling the phase of incident
electromagnetic waves on its reflecting elements. Channel
estimation is critical for optimizing the RIS’s behavior, in-
volving the use of known pilot signals to estimate the channel
response between the transmitter, RIS, and receiver. The RIS
then adjusts its phase shifts based on the estimated channel
information to enhance communication performance.

One controversy is whether the RISs are regarded as whole
linear materials or antenna elements [7], [8]. Furthermore,
the models that describe large-scale fading, commonly known
as path loss models, can be broadly categorized into two
main types: near-field models and far-field models. For the
scope of this paper, our emphasis is placed on the far-field
scenario, allowing us to allocate more dedicated attention to
comprehensively analyzing the performance within the near-
field context. Moreover, although several channel models are
proposed in recent works, tractable channel models for multi-
cell networks are still in their infancy as the complexity is
significantly enhanced. Hence, the main challenge is “how to
find a tractable and accurate channel model for RIS-aided



multi-cell NOMA networks” .

A. Related Works

This section provides the related works for RISs and NOMA
networks.

1) Related Works for RISs: Recent research contributions
have evaluated the RIS-aided networks in several aspects. For
information-theoretic fundamentals of RIS-aided networks,
different channel models including propagation and path loss
modeling have been proposed [7]-[10]. Additionally, various
specific path loss models are provided by [8]. More specifical-
ly, the channel models for linear materials have been proposed
and investigated by [7], [10], and other papers focused on RIS
models with antenna elements [8], [9]. Based on the existing
channel models in current works, contributions to different ap-
plications are summarized in the following. One breakthrough
for RISs is the passive beamforming design [11]-[15], which
is the main focus of RIS-aided systems. Several aspects of
technologies have provided theoretical basics for performance
analysis, including passive beamforming [15], information
transfer [13], modulation [16], and resource allocation [14].
Additionally, research papers of RIS applications in different
scenarios have indicated the benefit that RISs have high
compatibility, such as RISs combined with machine learning
methods [17], [18], RIS-aided mmWave networks [19], [20],
and RIS-aided internet of things (IoT) networks [21].

2) Related Works for RIS-aided NOMA: Since RISs en-
hance the performance of NOMA networks and provide the
flexibility of SIC orders, recent RIS-aided NOMA networks
have received heated discussions in the research community
[22]. In physical layer analysis for RIS-aided NOMA net-
works, valuable contributions have been provided with various
approaches, directions, and scenarios. Firstly, beamforming
designs for RIS-aided NOMA networks have been investigated
to meet the characteristics of NOMA in [23]. Based on the
beamforming designs, the outage performance of a single-cell
RIS-NOMA network has been evaluated in [24]. With the aid
of the aforementioned efforts, different channel models have
been derived: i) by the “central limit theorem to calculate the
approximated expressions and limits [25]; and ii) by the 'N-
fold convolution’ to obtain the asymptotic expressions with
diversity orders [26] for single-cell scenarios.

We draw a clear distinction between our study and the
work presented in [10], [27]. The paper [10] also explores
multi-cell aided NOMA networks while their approach entails
modeling RISs as linear materials. This stands in contrast
to our paper’s consideration of RISs containing numerous
individual elements, a more comprehensive approach in our
current investigation. Moreover, the authors of [27] have
evaluated the performance of RIS-assisted multi-cell networks
using stochastic geometry models, presenting insights into
the application of stochastic geometry models in RIS-aided
networks. With different motivations, our study centers on
NOMA networks and seeks to leverage RISs to enhance the
performance of weaker users, given that cell-edge user per-
formance is typically inferior in NOMA networks compared
to OMA cases. With this motivation, our paper delves into

investigating RIS-aided multi-cell NOMA networks, with a
unique focus on viewing RISs as individual elements rather
than an entire linear material.

B. Motivation and Contribution

We aim to exploit RISs to provide additional flexibility of
SIC orders in NOMA networks and to combine the techniques
to achieve massive connectivity. Considering RISs are made
of sub-wavelength-sized elements, we investigate RIS-aided
NOMA networks in multi-cell scenarios to evaluate the cov-
erage performance and ergodic rates. In this paper, we consider
the ’product of distances’ model to present the path loss
model. We additionally invoke stochastic geometry methods
to analyze the spatial effects of users and base stations (BSs).
Hence, the main contributions are summarized as follows:

o We derive two types of channel models of RIS links
(including reflection links and direct links). For the first
type of channel model, we utilize “N-fold convolution”
to derive asymptotic expressions, followed by diversity
orders when ignoring inter-cell interference. With the aid
of the curve fitting tools, we derive a channel model
exploited in multi-cell scenarios. We additionally extend
the models from Rayleigh fading channels to Nakagami-
m fading channels. By modeling the multi-cell networks
as two homogeneous Poisson point processes (HPPPs),
we investigate the spatial effects of networks.

o We then derive the closed-form analytical expressions for
the coverage probabilities of the typical user and the
connected user, respectively. To investigate the impact
of RISs, we analyze the asymptotic performance for
the typical users versus the number of RIS elements n
and transmit power P;. The analytical results reveal that
increasing the number of RIS elements is able to enhance
the coverage probability.

« We additionally derive the closed-form analytical expres-
sions for ergodic rates of NOMA users. Moreover, the
asymptotic analysis is provided, which reveals that the
achievable rates reach upper limits with a large number
of RIS elements or a large transmit power level.

o We verify our analytical results by Monte Carlo simula-
tions. Numerical results demonstrate that: i) RISs enhance
the coverage performance and ergodic rates of NOMA
networks; ii) The SIC orders of NOMA networks enable
to be altered with the aid of RISs; and iii) For multi-
cell scenarios, the NOMA users have upper limits of
the performance (including coverage performance and
ergodic rates) because of the interference from other cells.

C. Organizations

This paper is organized into the following sections. In
Section II, we introduce the signal model with stochastic
geometry methods. In Section III, we derive the channel
models, including an asymptotic analytical model to derive
the diversity orders and a curve fitting model to fit multi-cell
scenarios. In Section IV, we derive the analytical coverage
probability as closed-form expressions for a typical user and
a connected user in a NOMA pair. We additionally derive



the asymptotic coverage probability expressions of the typical
user to investigate the effect of RISs. In Section V, ergodic rate
performance is investigated by deriving closed-form analytical
and asymptotic expressions. We present numerical results in
Section VI, followed by Section VII as a conclusion.

II. SYSTEM MODEL

This paper uses stochastic geometry models to study how
space affects long-term average performance. When a user
has already connected to a BS, other users are randomly
joining in this channel with the aid of NOMA. As for the
practical implementation, the first coming user will be paired
with the connected user. We investigate a RIS-aided multi-cell
NOMA network, which includes randomly distributed BSs,
users, and fixed RISs. We evaluate a two-user NOMA pair
in this treatise, where different NOMA pairs are served by
orthogonal resource blocks to cancel inter-cell interference'.
In practical scenarios, this paper focuses on a connected
user continuously connecting within a BS, while other users
join using NOMA. This involves a fixed connected user and
dynamically joining typical users forming NOMA pairs. The
typical users are randomly chosen from a point process. The
RIS remains stationary on structures like tall buildings. This
establishes a premise where typical users and BSs follow
HPPP distributions, while connected users and RISs remain
fixed at known distances.

A. Deployment of Devices

Applying stochastic geometry, we employ two independent
HPPPs to model users and BSs: i) ®, C R? with a density
of )\, representing users; and ii) ®, C R? with density )\,
depicting BSs. The typical user serves as the reference point
at origin O on the plane. For simplicity, we assume a fixed
distance rry between the user and its nearby RIS, while the
distance from the connected BS to the RIS is defined as rpg.
A connected user, located at x¢, is already associated with
the BS. Consequently, this user is excluded from the ®,, set,
and its distance to the BS remains constant at 7.

We assume rry < rggr since the RIS is allocated near
to the typical user. Hence, the distances rpr and rpy are
approximately equal, i.e., rpr =~ rpy. The association crite-
rion for the typical user is to select the BS with the strongest
received power. This means that the distance between the
RIS and the associated BS is the nearest under the above
assumptions, i.e., X peqr = argminxpg € ®y, |xpz|, where ||
is the magnitude or absolute value. Based on the definition
that the position of the typical user is regarded as the origin,
the communication distances from the typical user to the RIS
(at xR) and the associated BS (at Xp neqr) are denoted as
rru = |Xg| and rpy = |XB near|, respectively. Therefore, the
distance between the associated BS and the RIS is given by
rBR = |XBR| = |XBnear — Xgr|, Where xpp is the distance
vector between the BS and the RIS.

'As an additional illustration, in multiuser superposition transmission
(MUST), a downlink version of NOMA was proposed for the 3rd generation
partnership project long-term evolution advanced (3GPP-LTE-A) initiative,
where again, a two-user pairing case is considered [28], [29].

Based on 2-D HPPP statistics, the probability density func-
tion (PDF) of the distance between the RIS and its nearest BS
is expressed as [30]-[32]

fTBR, (.’L’) ~ f’I‘BU ({E) =2\ exp (_7T>\b1'2) . (1)

B. RIS-aided Channel Model Design

We consider the case where the RIS has n elements, while
the BSs and the users are equipped with a single antenna.
The multi-antenna cases are still in our infancy and would be
evaluated as future work.

For the typical NOMA pair, there are three types of com-
munication links: i) the BU link, the direct link between
the typical user and its associated BS; ii) the RU link, the
link between the RIS and the typical user; and iii) the BR
link, the link between its associated BS and the employed
RIS. Additionally, the BR and RU links are combined as the
reflecting link for the typical user. Since RISs are capable of
altering the wavefront of the radio waves, the phase responses
for the RIS reflect links and direct links are aligned towards
the same direction. With the aid of RISs, we consider the
following assumptions and definitions to fit the RIS-aided
NOMA networks.

1) Small-Scale Fading Model: We assume all the links of
the typical and connected users are Rayleigh fading channels?,
i.e.,, hpy for BU links, hry, for RU links, hgpr,; for BR
links, and h. for the links between the connected user and
its BS, where ¢ € [1,n]. Hence, the PDF for Rayleigh fading
channels is expressed as frayicigh(Z) = 2z exp (fx2). Since
it is assumed that the RIS is located close to the typical user,
we ignore the small-scale fading for RU links.

2) Interference Analysis: Since the RIS only reflects the
signals that reach its front surface, the interfering BSs are
split into two portions: i) The interfering BSs reflected by the
employed RIS; and ii) The interfering BSs blocked by the
employed RIS. This is the key difference between RIS-aided
multi-cell networks and conventional multi-cell networks. We
introduce a coefficient, denoted as pr € [0,1], designed
to replicate the proportion of interfering BSs augmented by
RISs. Drawing from the characteristics of HPPPs, a notable
observation emerges: when we envision the RIS segmenting
the area into two equal sub-regions, fewer than half of the BSs
are likely to impact users due to the RIS’s ability to concentrate
signals in particular directions. This insight naturally leads
us to the conclusion that p; is constrained within the range
pr < 0.5.

3) Path Loss Model: For each NOMA pair, the path loss
model for the three links is defined as per conventional
wireless communication models. Therefore, the path loss ex-
pressions for the connected user and the typical user are as

2We consider Rayleigh fading to depict a rich scattering environment and
we also extend the channel model in terms of a general Nakagami-m fading
in section III.
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follows:

Per(XBnear»XR) = CBR [XBnear —Xg|” ", (2)
Pru(O,xr) = Cru [xr|™"", 3)
Peu(0,%xB near) = CBU [XBnear| ", €]
Pe(XB near, Xc) = Ce [XB near — Xc|” "¢, (5)

2
where the {Cpr, Crvu,Cpu,C.} = ﬁ) are reference-
distance based intercepts for different links with the reference
distance dg = 1 m in this work, where ¢ = 3 x 108 m/s is the
speed of light and f. is the used carrier frequency. The . is
the path loss exponent for the connected user and «y is the
path loss exponent for the typical user (including the direct
and reflecting links). Since the connected user is associated in
the previous user association phase, 7. = |XB near — Xc| is @
constant. As the RIS is located close to the typical user and
the small-scale fading for RU links is assumed as a constant,
we express |hru,; 2 Pru(0,xr) = A.

C. Signal Model

We assume that BSs possess knowledge of users’ QoS
demands, allowing the segregation of delay-sensitive users
from delay-tolerant users. This paper employs QoS-based SIC
[33]. Based on the QoS-based SIC, the messages of delay-
sensitive users are detected first to avoid further latency caused
by the SIC process.

In a specific case featuring a delay-sensitive near user
(referred to as the connected user) coupled with a delay-
tolerant far user (referred to as the typical user). To ensure
quality of service based on latency, the far user has the SIC
process, which may cause severe outage due to its low received
power. To address this, RISs are harnessed to enhance the
typical user’s channel quality, thereby amplifying the SIC
success rate. By utilizing QoS-based NOMA, the associated
BS allocates higher transmit power to the connected user,

performing SIC at the typical user to mitigate channel quality
discrepancies.

The channels between the typical user and its associated
BS are divided into two components: i) the reflective links
via RISs; and ii) the direct link using conventional wireless
communication methods. Passive beamforming designs at the
RISs involve two directions: i) one to maximize received
power; and ii) the other to minimize interference through
signal cancellation [34]. This paper aims to improve the typical
user’s performance using RISs, assuming a scenario of perfect
coherence achieved by appropriate passive beamforming de-
signs. This coherence implies that all channels are aligned
with the same phase, allowing signals from various links,
including reflective and direct links, to be coherent with the
same frequency and waveform.

With  respect to the channel matrixes, we
have Gpy = hpuyPeu(0,XBnear)s Gru =
Hru/Pru(0,xgr), GeBr = HervPsr(XBnears XR)
and Ggrg = Hgar+v/Ppr(x:,xr). We note that
Hgr = [hBRJ,hBR’Q,"' ,hBR’n]T is the n x 1 channel

gain matrix of BR links, x; represents the locations
of interfering BSs, Hgru [hRU,h hRU,27 <o 7hRU,n]
is the 1 x n channel gain matrix of RU links, and
(S} diag|B1¢1, Pada, -+, Bndn] is the diagonal matrix,
where 3, € [0,1] represents the energy loss coefficient of
RISs, ¢, = exp(j0,) with j = \/(—1), and 6,, € [0,27).
We denote an equivalent channel between the typical user
and its BS as ggy = GRu®GBRr+Gpy. As for the Rayleigh
variables in the complex form, we denote the smallscale fading
coefficients as hBR,i = CBR,i €XpP (—jGBRﬂ») with 7 € [Ln]
and hpy = cpy exp (—j0py). With the assumption that the
RISs are deployed near to the typical user, we consider the
small-scale fading for RU links as a constant, denoted as
|hRU,Z-|27DRU (O,xr) = A. Based on the equations above,
we simplify the equivalent channel model gpy as (6) in



the next page, where ¥J; is the initial phase of the i link,
fpu is the small-scale fading for the RIS-aided channel,
PBR (XB7 near 7XR) = PBU (nyB7 near ) = Ctdt_at for the
path loss, C; is the intercept and d, is the distance between
the typical user and its BS, which has the PDF as (1).

Based on the assumption of the perfect coherent scenario,
the phases of all links are adjusted as the result of ¥;4+-0pr; =
Opy = 6 for all ¢ € [1,n]. Hence, we express the equivalent
channel model in the power domain as

n 2
lgsul? = Cyd; (Z APicpr,i + CBU) (6)
i=1

Therefore, the signal-to-interference-plus-noise ratio (SINR)
of the SIC process at the typical user is given by

a.P;|Gru®GBR + GBU|2

Ysic =
a,P,|GruO®Gsr + Gpul’ + L1y, + 02
acPt\gBU|2
= 5 5 @)
atPlgpul” + Lt p, + 0
where
Lipy=pr Y.  Plgsul’

x1 €L, \XB near

+(1—pr) Pihpu|*Pu (0,%1), (8)

>

X1 €P\XB near

with Py (0,x7) = Cpy |x7|” ", a. and a; are the power
allocation parameters for the connected and the typical user,
P, is the transmit power of BSs in NOMA pairs and o2
is the variance of additive white Gaussian noise (AWGN).
Additionally, we set a. > a; and a. + a; = 1. Regarding
the interference I; ,,, we assume p;y = 0.5 to simplify the
derivations, which is the maximum interference case, while
the practical value is much lower than 0.5.

With the help of the SIC process, the messages from the
connected user are canceled, and then the data for the typical
user is decoded. The SINR after the SIC process for the typical
user is expressed as:

4 P;|Gru©®Gar + Gpu|* _ a:Pilgsul’

"= Lipy +0? Ly o2

The connected user enables to directly decode its messages
by regarding the other NOMA user’s signal as interference?.
Hence, we express the SINR for the connected user as

9

acPyilh. 2Pc XB,near, XC
- 2t| |"Pe(xs, ) - (10
atPt|hc| ’PC(XB,neah XC’) +1lc+o

where I, = > Pyl *Po(x1,%c)
X1 €EPL\XB near
Pc(XI»XC) =C, ‘XI - XC|7QC-

and

D. Channel Models with “N-Fold Convolution” Method

The N-fold convolution model is an outgrowth of the
traditional convolution model, which is a mathematical frame-

3The connected user is located beyond the LoS ball centered around the
RIS [35]. As a result, any interference that might be reflected from the RISs
is disregarded.

work devised to tackle weighted summation across multiple
variables, as outlined by equations (4) and (5) in [36]. The
parameter “N” designates the number of variables involved in
the convolution, leading to the designation of this model as
the “N-fold convolution model™.

Theorem 1. Since we consider the sub-links, including the
reflecting links through each RIS element and the direct links,
are independent Rayleigh fading channels, cgy and cgr.; (for
i € [1,n]) are n + 1 independent and identically distributed
(i.i.d.) variables. We assume the energy loss coefficients for
all RIS elements are the same, denoted as 1 = o = -+ =
Bn = B. Hence, the distribution of the channel model | gBU\2
in power domain is derived as

_ 1 —1 1 1132 K T
f'””(””)Mﬁsk{<2@(1’2’4)> }( v
(11

where A = Cyd;(AB) and K = n + 1. Additionally,
[ngl {z} (y) is inverse Laplace transform of x with variable y,
W (-, ;) is Tricomi’s confluent hypergeometric function, and
U (1,3;2) =2 —2exp(z) y/my/zerfe (/2) is a special case
for Tricomi’s function.

Proof: See Appendix A. ]

Since the inverse Laplace transform of (%\Il (1, 5 %))
is tough to be obtained in Theorem 1, we cannot derive
an efficient and concise distribution. Hence, we derive the
asymptotic expression of the cumulative distribution function
(CDF) of gpy as the following corollary.

Corollary 1. With the assumptions, i.e., s — oo and x — 07,
the asymptotic PDF and CDF expressions of the combined
channel | gBU|2 are derived as

asy N o (2x)K71 12
Towor* @) = RKT @F) (12
2K711,K
asy _
Fosor ®) = RART 2R0): 4
Proof: Also see Appendix A. ]

Remark 1. In rural areas, we omit interference from inter-
ference BSs and define the outage probability for a BS-to-

user channel as: P (z) = Fl‘;lyU‘Q Cﬁ” , where Cgq is
the combined coefficient (including the transmit power and
large-scale fading) and p = %. Hence, the accurate diversity

order via the “N-Fold Convolution” method is calculated as
asy CRa
log (Fm e (42))
log p

Corollary 2. We also extend Corollary 1 to Nakagami-m
fading channels. When s — oo and x — 07, the asymptotic

di¢ = — lim
BU S

(14)

4The paper [37] has also exploited the “N-fold convolution model”. The
difference is that this paper evaluates the traditional RIS by exploiting
stochastic geometry models to evaluate the spatial effect of the system,
while the reference [37] evaluates another type of the RIS, which is called
simultaneous transmitting and reflecting intelligent omini-surfaces.



PDF and CDF expressions are derived as

naka,asy 2m™T (2m) K K-l
p o (w) = , (15
lgsul T'(m) 2A™ET (2mK)
Fnaka,asy (33) _ 2m™T (Qm) K MK
lgsu|® I (m) 2mKA™KT (2mK)’
(16)
Proof: See Appendix B. ]

Remark 2. With the same assumptions and settings in Remark
1, introducing Cy, as the combined coefficient including
transmit powers and large-scale fading, the accurate diversity
order under Nakagami-m fading channels is derived as

naka,asy ( Cpnq
IOg (FLQBU\2 ( p ))
log p
Remark 3. Based on Remark 1 and Remark 2, we conclude

that the diversity gains are influenced by the channel models,
such as Rayleigh fading or Nakagami-m fading.

dyE = — lim =mkK.

p—+00

a7

E. Channel Models with “Curve Fitting” Tools

Since the “N-Fold Convolution” model is generally used
to derive diversity gains and is difficult to obtain closed-form
distribution functions, we utilize Matlab’s curve fitting tools
to derive a tractable expression for the RIS-aided multi-cell
NOMA networks. Based on simulation results, the trend of the
CDF for the channel distribution in the power domain closely
approximates a Gamma distribution. Hence, we employ a
Gamma distribution to fit the targeted RIS-aided channel as
Theorem 2 [38].

Our mathematical approach differs from the current research
using the Gamma distribution. In the current papers, since
the distribution of the product of two “i.i.d Rayleigh random
variables” follows a Gamma distribution [39], they commonly
use a method called “moment-matching”, which calculates
certain parameters of a channel model by evaluating the
expectations and variations of matrices [40], [41]. Although
this method has strong mathematical foundations, it becomes
complex and might not provide tractable derivations when
dealing with correlations or multi-cell scenarios.

In contrast, our curve fitting model offers more flexibility
for different distributions and scenarios. Even though we fitted
the channel as a Gamma distribution in this treatise, our model
allows for other suitable distributions as well. Essentially, our
approach provides more adaptability and options for modeling
the channel.

Theorem 2. The distribution for the RIS-aided channel model,
including the direct and reflecting links, is fitted as a Gamma
distribution. Therefore, the PDF and CDF for the small-scale
fading model | gBU|2 in the power domain are expressed as:

a—1

figpup2 (@) = %exp (—%) , (18)
Flyay e (2) = Tt (ﬁ’(z)/ 23 (19)

where a and b are curve fitting coefficients with a = K, the
scale coefficient b ~ K when 8 = 1, and T'(-) is complete

gamma function and ~(-,-) is the lower incomplete gamma
function, denoted as ~(s,x) = [ t*~te~'dt.

Remark 4. For several specific settings, we utilizing curve
fitting to calculate the coefficients as: i ) a =5 and b = 4.134
for K=5and A =1;ii)a="5and b= 2909 for K =5
and A = 0.8; iii) a = 10 and b = 8.041 for K = 10 and
A =1, and iv) a = 10 and b = 5.421 for K = 10 and
A = 0.8. Hence, we conclude that for our RIS-aided NOMA
networks, we have the coefficient a = K, the scale coefficient
b =~ K when 8 = 1, which is mathematically proved as a
lower bound in Lemma 1 of [42].

Corollary 3. To extend the channel model of \gBU|2 to
Nakagami-m fading channels, the PDF and CDF expressions
are expressed as

0= e () ()
ma e = (M)

where a, b and c are curve fitting coefficients with a = K.
Other coefficients are obtained by curve fitting tools.

2D

When we ignore the interference, the central limit theorem
provides approximate expressions for RIS-aided systems while
it is hard to obtain accurate diversity orders. Additionally, the
central limit theorem cannot fit the channel models of RIS-
aided networks with a few RIS elements. The derivation of
“N-fold convolution” as Theorem 1 is exploited to analyze
the accurate diversity orders for RIS-aided systems. When
considering stochastic geometry models, the two approaches
are not friendly for multi-cell scenarios when considering
interference to obtain tractable derivations, thereby we propose
curve fitting models as Theorem 2 to investigate multi-cell
RIS-aided systems. We compare the channel models and
present diversity orders by the following two figures (Fig. 2
and Fig. 3). The pros and cons of the mentioned three channel
models are summarized by Table. I°.

III. PERFORMANCE EVALUATION

Regarding performance metrics, while bit error rate (BER)
hones in on individual signal transmission accuracy, coverage
probability evaluates the system’s capability to offer depend-
able communication coverage across a specified geographic
area. Given our use of a stochastic geometry model and
the inherent spatial unpredictability in our communication
network, coverage probability becomes a more relevant and
meaningful performance metric. It allows us to gauge how
well our system sustains signal quality and connectivity across
diverse regions, factoring in real-world elements like sig-
nal fading and interference. In essence, prioritizing coverage
probability grants us insights into the overall effectiveness
of our communication system’s coverage abilities within an
unpredictable and long-term environment.

5The channel models in this paper are proposed for the user served by a
single RIS. When other practical scenarios are considered, multiple RISs may
serve a single user or multiple users may share a single RIS, which needs
further investigation of their channel models.



TABLE 1
THE COMPARISON OF THREE CHANNEL MODELS

Channel models Complexity Accuracy Limit
Central limit theorem Medium ﬁc;ttlsrate for large RIS ele- No correct diversity order
. . Accurate for high transmit | No exact closed-form chan-
N-fold convolution High SNR nel model
Curve fitting Low High accuracy No theoretical proof

o
o

o
o

CDF of | fpu?
o
o~

Simulations .
ayleigh: f=1and K =5

0.2 @)' -¢Rayleigh: f =08 and K =5
> Nakagami-m: f=1and K =5

0.1 Rayleigh: =1 and K =10
. i = 0.8 and K =10

f=1and K =10

| 80‘0 100 120 140 160
foul?

Fig. 2. The CDF versus the value of |fpgs|? with various numbers of RIS
elements and energy loss coefficients.

107 F Tl Rayleigh: simulation, 1
T curve fitting, and N-fold
concolution

1070 Simulation: Nakagami-m

- Center limit: Namagami-m
N-fold convolution: Nakagami—m

/|- Curve fitting: Nakagami-m

10"} s Simulation: Rayleigh

> Center limit: Rayleigh

---N-fold convolution: Rayleigh

_4||[AxCurve fitting: Rayleigh

85

Outage Probability

Nakagami: simulation,
curve fitting, and N-fold
concolution

90 95
SNR (dB)

Fig. 3. (Comparison on outage performance among the central limit theorem,
the N-fold convolution model, and the curve fitting model when K = 2, the
path loss as 10003, the outage threshold as one, the transmit power varies
within [—5, 5] dBm, and the noise power as —90 dB.

We’re examining the coverage performance of both the
typical and connected users in this section. The expression
for the coverage probability of these two users is formulated
as:

(22)
(23)

Pcm),t =Pr {’YSIC > ’Y§’ILC7’Yt > th} ’
Pcov,c =Pr {’YC > %t;h} ’

where 74, i and v!" are the SIC threshold and coverage
threshold, respectively.

A. Interference Analysis

Before delving into the performance analysis, we derive
the Laplace transforms of the interference for the typical and
connected users using Lemma 1 and Lemma 2. For the typical
user, we assume that only the interfering BSs facing the RISs
possess RIS-aided channels. This categorizes the interfering
BSs into two groups: i) those facing the RISs with RIS-aided
channels, and ii) those located behind the RISs, using con-
ventional wireless communication channels (Rayleigh fading
channels). On the other hand, for the connected user, the
interfering BSs experience Rayleigh fading channels without
the aid of RISs.

Lemma 1. For the typical user, the Laplace transform of
interference, including two portions of interfering BSs, is
derived as

2 2
E’ES) = exp (—WAbdf <2F1 (—, 11— —; —fls) — 1)>
Qi Qi
9 2 2
xexp | —mhpd; | 2F1 | ——,a;1 — —; =25 | — 1 ,
Qi Qi

(24)
where 51:(1_’;’#, & = % and oFy (-, ;) is the
hypergeometric function. ’

Proof: See Appendix C. ]

Lemma 2. For the connected user, the Laplace transform of
interference is derived as

2 2
(sy=exp (—W)\ng (2F1 (—71; l=—; —§SS> - 1)) ;
(e79 Qe
(

25)

where we have &3 = %
Proof: The proof process is similar to that in Lemma 1
and we omit it here. ]

B. Coverage Probability

Based on the derivations of the Laplace transform, we derive
the coverage probability expressions for both the typical user
and the connected user as follows.

Theorem 3. Since the RISs enhance the channel quality of
the typical user, we arrange for the typical user to complete



the SIC procedure. Hence, the coverage probability following
the SIC process is derived as:

a
_ k+1(a
Peovt =270 Y (—1) (k) I, (26)
k=1
where I; = fooozexp (—Zazt) exp (—Ele)d;L’, T =
max <@_V’%}I§Cm), % , Ho = % and =2, is expressed
as
—_ 2 2
E1 =12 <—> Lil——; —k’ntT(l—Pl)>
Qg Qg
2 2
+ 7 <2F1 (—,a; I——; —lmthp[) —1> . @27
Qg Qg
Proof: After we define a coefficient, denoted as T =
th th
max i L) the coverage probability is ex-

pressed as Py, = Pr {|fBU|2 > YTdj (Itw + 02)/PtCt}.
By exploiting the close boundary of the Gamma distribution,
denoted as P|;, > {|fBU|2 < x} ~ (1 — exp(—nx)) with

Ny = %(OL!)_é [43], the expression of the coverage probability
is derived as

a - ot _k at 2
Pcov,t: Z (_1)k+1 (a>E [ewh*pl} E [e%}
k=1 k
- fir (@, [ Emerarto? ey Y%
P (k)E {e Lo\ TR, T )
n=1
(28)

and substituting the Laplace transform of interference for
the typical user into the coverage probability expression, this
theorem is proved. ]

Corollary 4. When we consider a special case with oy = 2,
the closed-form coverage probability expression is derived as

RS k+1[a T
g (s

k=1

(29
Proof: Based on Eq.[2.3.3.1] in [44], one is derived as
I :/ x exp (—Eqx*) exp (—Elx2)dx
0

oo 1 _ _
= / —exp (— (E1 + Zq) t)dt
0

2
1
= o= (30)
2 (:1 + :2)
and substituting I into (26), this proof ends. ]

Corollary 5. Conditioned on a; = 4, we derive the closed-
form expression of the coverage probability for the typical user
as

() T ( =2 =N
Pcov~ == SV Y — exp Tl erfC y
)t ; 2(71)k+1 =9 4= 24/ =9

€2y

Proof: With the aid of Eq.[2.3.15.4] in [44], we derive

I as

o0
I = / T exp (—ng4) exp (—Ele)dx
0

1 [ < =2 ) " ( = )
= —,/ = exp — eric — 5
4 =92 =9 2\/ pity}

and substituting I, into (26), we obtain the final answer. R

(32)

Theorem 4. Since the channel quality of the connected user is
lower than that of the typical user, the signal of the connected
user will be directly decoded to ensure its performance. Thus,
the coverage probability of the connected user is derived as:

Peov,c = exp (—E3r2°) exp (—547“3) , (33)

th
where E4=7T)\b 2F1 (—%,1;1—%;—#%) —1),
Egzncvghaz/((ac—’yghat) PtCC) and 7.=1.

Proof: The proof process is similar to that of Theorem 3
and we omit is here. ]

C. Asymptotic Analysis

We evaluate the asymptotic coverage performance of the
NOMA users and examine the individual influence of various
variables on the coverage probability for these users

1) Evaluation on P, — oo : We first investigate the
asymptotic performance as the transmit power tends to infinity,
denoted as P, — oo. Hence, we derive the asymptotic cov-
erage probability expressions by exploiting the Taylor series
expansion of the exponential function, denoted as exp(—z) =~
1— 2 when z — 0.

Corollary 6. Conditioned on P, — oo, we derive the closed-
form expression of the asymptotic coverage probability for the
typical user as

asy - 1 Sl (22
(4 )

k=1 =1 (1)
(34)

Proof: This corollary is proved by exploiting exp(—x) =~
1 —x and Eq.[2.3.18.2] into [44]. [ |

Corollary 7. With the assumption of P, — oo, the closed-
form expression of the asymptotic coverage probability for the
connected user is derived as

tothe = (1= Zri) exp (—Ear?) . (35)
Proof: The proof process is similar to that of Corollary

6. |

Since the relationship between outage probability and cov-
erage probability is defined as P,,; = 1— P,,,, we express the

definition of diversity orders via Pioy 1t and P%5¥! by Remark
S.

Remark 5. For multi-cell scenarios considering interference
from other BSs, we derive the diversity orders for the typical



user and the connected user, respectively, as

log (1 - PY})

di= — lim —V ") (36)
A% T Togp
o pasyl
d, = — lim log (1~ Pigie) _ 0, 37)
p—00 log p

where p = P, / o? is the transmit SNR for users.

Considering the multi-cell model, inter-cell interference
becomes a factor. The derived diversity orders indicate that
NOMA users exhibit diversity orders of zero. Consequently,
in multi-cell scenarios, users also experience zero diversity
orders. This outcome is due to amplified interference result-
ing from increased transmit power. Consequently, the outage
performance reaches its lowest limit with zero diversity orders.
These observations suggest the existence of an optimal count
of RIS elements that yield the most favorable performance.
However, addressing this optimization quandary is deferred to
future endeavors due to constraints in available space.

2) Evaluation on Ay, — oo : We assume the density of
BSs )\, — oo, which means more BSs are allocated in this
area. Hence, we analyze the asymptotic coverage probability
expression of the NOMA users as the following corollaries.

Corollary 8. As for the typical user, various density of BSs A
influences the distributions of the associated BS and interfering
BSs. Thus, with the assumption of A\, — oo, the asymptotic
expression is calculated as

P‘;jg";— lim 27X, Y (—1)F (Z)

— 00
Ab k=1

X /ooxexp (—Zz) exp (—E x2) =1. (3%
0

Proof: This corollary is prove by calculating the integral
first and then deriving the limit. For example, when oy = 2, we

. asy2 __ . = k+1(a 1
derive P = /\ll_rfloo Ty k; (=1) (k) Ea+E1 (M)’

cov,t
=1 (Xp) is the function Z, with respect to \y. Hence, since

2 . .
lim ﬁ 1, where C}*Y" is a constant without Ay, we
xTr—r0o0

can derive the final limit. Other values of oy are calculated
using similar derivations, but they are omitted here to avoid
redundancy. [ |

where

Corollary 9. For the connected user, we consider a large A
with severer interference. Thus, with A, — oo, the asymptotic
coverage probability is derived as

(39)

posyl = /\ii_r)noo exp (—Z5re) exp (—E4r2) = 0.

3 ; asyl
Proof: Since Pgih . ~

lim C’Cbsy1 exp( C’asyl)\b>,
Ap—00

where C’asy1 and Casyl are other parameters without X\, we
calculate the limit by lim exp (—z) = 0. |
T—r00

Based on the evaluation of Corollary 8 and Corollary 9,
we conclude that increasing the number of BSs improves the
coverage performance of the typical user while reducing the
coverage performance for the connected user. This enhance-
ment for the typical user occurs because employing more BSs

reduces the distance between the associated BS and the typical
user, consequently improving their performance. Conversely,
for the connected user, the performance reduction arises due
to the fixed channel condition between the associated BS and
the connected user, where additional BSs amplify the strength
of interference.

3) Evaluation on n — oo : We assume that the number
of elements of the RISs n tends to infinity, i.e., the shape pa-
rameter a of the small-scale fading model | f BU|2 approaches
infinity, denoted as a — oco. Since the connected user is not
affected by the RISs channel parameter n, our attention is
solely on the asymptotic coverage probability expression of
the typical user.

Corollary 10. When we utilize large RISs, we assume RIS
elements n goes to infinity to evaluate the coverage perfor-
mance. Hence, the asymptotic coverage probability is derived
as

P

=1— lim <127r)\b/ zexp (—Eqx™) exp (Ele)dx)
a—r o0 0

=1. (40)
Proof: This corollary is based on

1— 271\ fooo xexp (—E2x™) exp ( Eva?)dx < 1, thereby

_ _ = 2 a _
ahﬁm (1—=2mX [y wexp(—Eqa°t)exp (—E12%)dx)" = O.

Remark 6. According to Corollary 10, the analysis demon-
strates that augmenting the elements on the RISs results in
enhanced coverage performance. However, larger RIS configu-
rations might introduce more interference, potentially reducing
the performance. To further examine this effect, we will assess
the high Signal-to-Noise Ratio (SNR) slope of the ergodic rate
in the following section.

IV. ERGODIC RATE

In this section, we derive closed-form expressions for the
ergodic rates of the NOMA users. Furthermore, we evaluate
the asymptotic expressions of the ergodic rate. The definitions
of ergodic rates for both the typical user and the connected
user are expressed as:

E [R?IS} = E [log, (1 +7)] Pr {7ys1c > 7}
1 e Pcov,t (Z)
W2, 1ie % “
E [Rffs} = E[log, (1 + 7.)]
1 [P
Peove (2) ;. 42)

:E 1+2

where E [-] is the mean value. Furthermore, in this scenario,
we consider the SIC process for the typical user. Consequently,
the ergodic rate of the typical user corresponds to situations
where the SIC process succeeds. Therefore, if the SIC process
fails, the ergodic rate becomes zero.



A. Performance Evaluation

With the help of the relationship between the derived
coverage probability expressions and the definition expressions
of ergodic rates shown in (41) and (42), we derive the closed-
form expressions for the ergodic rates of the typical user
and the connected user using the following theorems and
corollaries

Theorem 5. For the typical user, the analytical expression of
the ergodic rates is derived as

21\
RIST _ b k+1
E[Rt ]71112 k:1 <>/at / 142
X exp (—@2( )x ')exp (—@1( ) )dmdz
mb [yt /‘“O /
1n2 — 1+z

X exp <®2 (at@c)> exp (61 ((Z@C)) dxdz,
T x

(43)
ZO’2 th
where  €:(:)=(lpE. Oty and
01 (2) :mbgF1 ( L= Zi—knz (1= pi)) +
ﬂ)\bg) ,a; 1—— —kntb p;)—l).
roof: The detalled proof of lhe closed-form expressions
is shown in the following corollaries. ]

Corollary 11. As for the special case of the path loss exponent
oy = 2, the closed-form expression of ergodic rates for the
typical user is derived as

E[RIS] = 211); 3 (1) (k)
k=1
s
XX:%V

4at@c @1

(4ot !

)+@2(s 1)

k+1< > In (a;0,.)
k)2 (@1 (at@c) + 69 (at@t:))’
(44)

k=1

where w, = ” vy =

cos((2s —1)m/ (25))

Proof: Substituting the coverage probability expression
into the definition expression of ergodic rates (41). Based on
the equation fooo zexp (—Joz™) exp (—J12?)dx
the ergodic rate expression is derived as

:21%” Za:(A)k“ <Z>

k=1

2a4;,0.5s — 1 and kg, =

_ 1
— 2(J1+J2)’

B[R]

=2 (1+¢71) 7"

L serEn TeE
i X0 ()

In (atGC)
. 45
% 2 (@1 (at@c) + @2 (atG)C)) ( )

Exploiting Chebyshev-Gauss quadrature, which is expressed

dt

S

as fjllf(ac) = > we/1—a2 xf(x,) with wg = % and
s=1

xs = cos ((2s — 1) 7/ (2S)), this corollary is proved. [ |

Corollary 12. Under the special case of the path loss exponent
oy as 4, we derive the closed-form expression of ergodic rates
for the typical user as

a S
s _ 270 Sy (0) 5 @y vi
E[Rt ]_ In2 ;( 1) k Sz::lgat(—)c (1""[)5 )

X Lexp <@%(1)> erfc M
O, (vi') 102 (v:) QW

27T \p vkt (@) In(a:©c) T
T 2OV ) T e ey

k=1
@% (at(@c) ) @1 (at@c)
X exp | —— |erfc | ———=] . 46
P (492 (atec) 2 @2 (at(‘)c) ( )
Proof: Based on the integration

foooxexp(—ngat)exp (—Jla:Q)dx = %\/Eexp (%)

\ﬁ) the definition of ergodic rates as (41) and the
Chebyshev-Guass quadrature, this corollary is proved and
shown as the derivations in Corollary 11. |

xerfc (

Theorem 6. As for the connected user, we derive the closed-
form expression of ergodic rates as

5 ws\/l_xg

E RRIS _ e s Q.
[ c } — 1112(1+X5) exp( 3<X )TC )

X exp (—@4 (xs) r?) , 47)
where O3 (z) = 7(%1’;:5;&, 04 (2) =
o (2B (=2 512 - i) -1, and

ac(ks+1)

Xs = Za; .
Proo]%:t The proof process is similar to that of Theorem
5, Corollary 11, and Corollary 12. [ |

B. Asymptotic Analysis

When we use a high transmit power of users to evaluate the
coverage performance, we derive the asymptotic ergodic rate
and investigate the high SNR slope for ergodic rates.

Corollary 13. Conditioned on P, — oo, the asymptotic
expression of the ergodic rate for the typical user is derived
as

B[R]

T k+1<a) 5. wey/1 v2y;2

=— —1 _—
w2 2 ) 2z )
L & ()T ()

Or(:) (o, ()
+ % ;(—1)’“+1 (Z) In (,0,)

X

1
“\ e, @e.)



Proof: According to the asymptotic expression, de-
noted as exp(—x) = 1 — x, and the integration,
denoted as [ x (1 — O3 (2)x*)exp (—O1 (2) 2?)dz =

0, (2)D( 242

2
(©1(2))

apt+2
2
:L)\b - (_1)k+1 a /OC 1
ln2k: k) Joo, 1+2

1 - @2(Z)F (at2+2)> dz
X (61(2) (@1<Z))at2+2

+ % i(q)k“ (Z) In (a;0.)

1 1

2 O1(2)
rewritten as

)> the ergodic rate expression is

B[R]

k=1
) 1 6 (a®.)T (252)
@1 (at@c) T

(©1(a:©)) >~
(49)

By exploiting the Chebyshev-Gauss quadrature and some
numerical transformations, the final expression is derived as
(48). ]

Corollary 14. With the assumption when the transmit power
goes to infinity, denoted as P, — oo, the asymptotic expression
of ergodic rates for the connected user is derived as

5 Ws/ 1- Xg
= In2 (1+ xs)
X exp (—@4 (xs) r?) .

B [RFIS) =

p—00

(1 =03 (xs)re?)
(50)

Proof: The proof process is similar to that of Corollary
6. ]

Remark 7. When P, — oo is assumed, which means \ =
P, /0% — 0o, we express the definition of high SNR slopes for
ergodic rates as

E [RIS]
S, = lim —2—>_ =0, (51
p—oo log (p)
E [RETS]
p—00
e . 52
p—oo log (p) 42

Remark 8. When n — oo is assumed, which means the we
equip large amounts of elements on the RISs, we express the
definition of large-element slopes for the ergodic rates as

E[R{1?]
St oo = lim —22X__ — (. (53)
e = 1 TTog (n)

Remark 9. Based on Remark 7 and Remark 8, the evaluation
shows that all the slopes are zero. This implies that despite
enhancing the transmit power P, or using a large number of
elements n to a large extent, the ergodic rate performance
reaches an upper limit. This occurs because as the transmit
power Py and element number n improve, both the received
power and interference increase, contributing to the ergodic
rate’s upper limit.

Remark 10. We exploit the energy efficiency as e =
% to gauge the achievable transmission rate per
unit transmit power. By exploiting the derived ergodic rates,

we evaluate the energy efficiency as

E [RFS)

€t = T, 54)

. = ZIE) (55)
c — Pt .

V. NUMERICAL RESULTS

We exploit the Monte Carlo simulation to validate analytical
coverage probability for the typical user (Theorem 3) and the
connected user (Theorem 4). Without otherwise specification,
we set the numerical coefficients as: the noise power as 02 =
—170+101log (f.) + Ny = —90 dB with the bandwidth f, as
10 MHz and the noise figure Ny as 10 dB, the wave length
W = c/f., the speed of light ¢ = 3 x 10® m/s, reference-
distance-based intercepts as Cgr = Cry = Cpy = C. =
(%)2, the transmit power of users P; as [0,30] dBm, path
loss exponents as a, = a; = 4, the density of BSs as A\, =
1/(30027), thresholds as 4, = 4" = 4 = 1072, and
power allocation coefficients a. = 0.6 and a; = 0.4. The
number of the RIS elements n and the energy loss coefficient
B is defined in the following paragraphs.

As for the OMA cases, the typical user and the connected
user divide the entire spectrum resources into two portions. S-
ince they use different spectrum resources, there is no interfer-
ence between the two users. Hence, the rate expression under
the OMA case can be expressed as 1 log (1 4+ SNR), while that
for NOMA is expressed as log (1 + SNR/SIN R). Therefore,
the simulation results will follow this design to compare the
performance between OMA and NOMA networks.
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Fig. 4. Coverage probability versus transmit SNR with various numbers of
RIS elements K = a = {5,10} and energy loss coefficients 5 = {1,0.8}.

A. Coverage Probability

The coverage performance versus transmit SNR is inves-
tigated via Fig. 4, which demonstrates that all the analytical
results are upper bounds since we utilize a close upper bound
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Fig. 6. Comparison on coverage probability: RIS-aided NOMA, RIS-aided
OMA, NOMA without RISs, and OMA without RISs.

assumption to derive the coverage probability. One observation
is that increasing the number of RIS elements and energy
loss coefficient enhances the performance of the typical user.
This improvement occurs because enlarging the RIS element
number and reducing the power consumption improve the
channel quality of the typical user.

Considering the number of RIS elements n, Fig. 5 investi-
gates the performance variation based on n. Two observations
are apparent: i) The coverage probability with a large number
of RIS elements n and the energy loss coefficient 5 outper-
forms that with low n and (3; ii) The RISs have no influence
on the connected user as no RIS aids the connected user.

We compare the coverage performance of RIS-aided NOMA
users, RIS-aided OMA users, NOMA users without RISs,
and OMA users without RISs in Fig. 6. The simulation
results indicate a significant improvement in the typical user’s
coverage performance due to RISs. By consolidating signals
between the typical user and its associated BS, the channel
gain of the typical user with RISs surpasses that without RISs,
addressing the issue of poor performance among cell-edge

users in NOMA systems. Additionally, another observation
highlights that the NOMA technique enhances the coverage
performance of the typical user. Through QoS-based NOMA,
the typical user mitigates interference using SIC, resulting in
further performance enhancement.

B. Ergodic Rate

In this subsection, we explore the ergodic sum rate of
RIS-aided NOMA networks through numerical results. The
coefficients and settings remain consistent with those in the
subsection ‘“coverage probability,” except for specific state-
ments. Therefore, we validate our derivations and extract
several insights from simulations.
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Fig. 7. Ergodic rates versus SNR with various numbers of RIS elements
(K = [2,5,10]) and energy loss coefficients (8 = [0.8, 1]).
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Fig. 8. The CDF versus the values of | f BU|2 with various numbers of RIS
elements and energy loss coefficients.

We investigate the ergodic rate performance versus SNR
in Fig. 7 with the unit “bit per cell use (BPCU)”. Firstly, this
figure validates our derivations of ergodic rates, demonstrating
their proximity to the simulation results as close upper bounds.



This is due to our use of approximated expressions from the
Gamma distribution to calculate user interferences. Moreover,
it illustrates that the ergodic rate reaches an upper limit
with increasing transmit SNR. As we enhance the transmit
SNR, both received signals and interference amplify, resulting
in error floors. Considering Remark 7 to Remark 9, we
conclude that upper limits arise in multi-cell RIS-aided NOMA
networks when continually increasing transmit power or the
number of RIS elements.

The ergodic rate performance of RIS-aided NOMA users,
RIS-aided OMA users, and users without RISs is compared
in Fig. 8. For this figure, we employ specific settings, such
as setting the number of RIS elements to one (K =n+1 =
2). This situation allows us to explore how a single element
influences user channels. The figure demonstrates that even
with just one element, RISs significantly enhance the sum rate.
This observation leads us to conclude that RISs hold promise
in boosting user performance. Furthermore, Fig. 8 validates
that connected users experience reduced rates compared to the
traditional OMA case due to interference from the typical user.
However, the sum rates of all NOMA users have increased.
Compared to the OMA case in a NOMA pair, the user with the
SIC process has smaller ergodic rates, while the user without
the SIC process has larger ergodic rates.

VI. CONCLUSION

This paper has investigated the coverage probability of a co-
herent scenario for RIS-aided multi-cell NOMA frameworks,
where stochastic geometry models are exploited to capture the
spatial effects of NOMA users. We have proposed two RIS-
aided channel models, namely the N-fold convolution model
and the curve fitting model. We have derived the asymptotic
expressions using the N-fold convolution model to calculate
diversity orders. Additionally, we have used curve fitting
tools to investigate multi-cell networks. For Rayleigh fading
channels, the RIS-aided channel model is closely modeled as
a Gamma distribution. For Nakagami-m fading channels, the
channel model is fitted as a power function of the Gamma
distribution. Based on the two models, we have derived the
outage probability and ergodic rate expressions, including
closed-form approximations and asymptotic expressions. The
analytical results have revealed that: i) The shape coefficient of
the Gamma distribution a is equal to the number of channels
K; ii) The scale coefficient b is approximately equal to n
when the energy loss coefficient 5 = 1 holds; and iii) when the
interference strength from other cells is low, the diversity order
is proportional to the number of channels K. Numerical results
have concluded that: i) RISs can enhance the channel quality
of their aided users; ii) The performance is further improved by
increasing the number of RIS elements n and the energy loss
coefficient 3, while the performance has upper limits; and iii)
RISs provide high flexibility in decoding orders by adjusting
the number of elements n. Our research findings confirm
an intriguing trend in multi-cell RIS-aided NOMA networks.
Specifically, we have demonstrated that a combination of the
minimal count of RIS elements and the least required transmit
power can lead to the attainment of maximum sum rates.

This insight underscores the significance of future endeavors
aimed at optimizing this promising configuration. The effect of
blockages awaits analysis, making such an investigation more
practical [45]. Additionally, our forthcoming investigations
will explore topics such as relative interference management,
power allocation, multi-antenna scenarios, and practical s-
tochastic geometry models.

APPENDIX A: PROOF OF THEOREM 1 AND COROLLARY 1

When the number of RIS elements n is large enough, we
assume the channel fading model as

N 2
lgpu|® = Cidy ™ (Z ABicpRr,i + CBU)

i=1

~ Cid;y® (ABSK)?, (A1)

K
where we set ¢,+1 = ¢y, ¢x = ¢gr and Sk = Y ¢ for
K=n+1. =
Firstly, since the K variables have the same density distri-
butions, we briefly derive the distribution of the sum of K
independent random variables, denoted as Sk . Noted that a
property for the distribution of Sk is expressed as

L, [fsie (2)] (8) = {Lsx [fRagteign ()] ()},

where fRrayieigh (x) is the PDF of Rayleigh fading channels
and Lg, [z] (s) is the Laplace transform of x with variable s.
Hence, according to Eq. [2.3.15.1] in table [44], the Laplace
transform of S is calculated as

Lo lpse @16 = (re (2 )0 (2
(A3)

where D_y () is the parabolic-cylinder function shown in the
index of notions in table [44].
Additionally, a special case with special values for the

parabolic-cylinder function is expressed as D_o (ﬁ) =

%exp (—%) v (1,%;%). Hence, the PDF of Sk is ex-
pressed as

fsr () = Lg] {(;\IJ <1, %; f))f‘} (z). (A4)

PDF f.(x),

(A2)

When variable x with its the PDF

for y = ax? is derived as fyy) = m
X [fm( (y/a)) + fo(— (y/a))} for y > 0. Hence, with

the aid of the mentioned equation, the PDF of the equivalent
channel model in power domain |gpy|> = AS% is obtained
as Theorem 1.

Utilizing the asymptotic expression U (a,b;z) =
27%Fy (a,a—b+1;;—1) when s — oo, we further

express the PDF of Sk as
12 AN
fsx (2) = Esk Sj2F0 1,1.5;;5 2 (). (A5)



k —
f80k (2) ~ L5}
r—0+

T (2m) 52
<22m—1r (m) <4m

I (m)

K
- 1 4m
) 2Fo (m,m+2;;—52)> (2)

e { () - () e

(B.4)

Since 2 Fj (1, 1.5;;—8%) = 1 when s — oo and utilizing
Lx"](s) = Fifiﬁl) [26], we further derive the above expres-
sion as

K K,2K-1
2 }( =22 (A6)

fgzy(a’)‘cgkl{sﬂ{ - F(ZK) :

and the final PDF and CDF expressions for |gpy|> = ASZ
are derived as Corollary 1.

APPENDIX B: PROOF OF COROLLARY 2

Following the proof of Theorem 1, the Laplace transform
expression of the PDF of S}, is expressed as

Ls, [1§2 ()] (s)

B (/ooo %zzmil exp (—ma?) exp (—sz) d;r) "

(B.1)

Based on Eq.[2.3.15.3] in [44], we derive the above equation
as

Ls, [£57 (2)] (s) ;
(e ()0 () 02

Since the parabolic-cylinder function is expressed as

Dy(z) = 2exp (-5 ) 0 (-3, 5%

5 ), we further derive

2
the Laplace transform of fgg’m (x) as

T'(2m) 12 \\*
naka _ .
ESk [fSk (x)] (8) - (22m_1r (m)\:[} (m: 57 % .
(B.3)
Utilizing the asymptotic expressions W (a,b;z) =
2% Fy (a,a—b+1;;—1) and 9F, (x,y;;0) = 1 when

s — 00, we derive the asymptotic PDF expression fggka (z)
as (B.4)

Finally, substituting into

(B.4) fy(y) =
1 _ .

g V@) + fo( = /)] with y >0

and |gpy|> = AS%, we derive the final PDF and CDF

expressions for |gpu|°.

APPENDIX C: PROOF OF LEMMA 1

Based on the Campbells theorem, the Laplace transform
expression of the interference for the typical user is derived

as

) =B

11

x7€P,\xpB

prsP.Cil faul”
exp | -5
dj

I3

H exp <—
x7€®,\xp

x E

s(1— p1) Polhpu|’Cy
ast

I3
(C.1)

For the derivation of I, the channel distribution is Rayleigh
distribution as this portion is to evaluate the interference
without the aid of RISs. By exploiting probability gener-

ating functional (PGFL) and [° (1 - m) ydy =
A (P (=2,N;1— 2; — =) — 1), I is derived as
, 2 2
L=exp | —mApdy (2F1 | ——, ;1 — —;-&s | — 1)),
(673 it

(C2)

For the derivations of I3, we evaluate the interference BSs
facing the RISs, thus the equivalent channel is the Gamma dis-
tribution obtained by the curve fitting method. After exploiting
the PGFL, substituting the PDF of the curve fitting model into
the I3 expression, we obtain

I3 = exp (—277/\1)/ (1 — (1 + bp[SPtCt?“_at)_a) rdr) )
dy
(C.3)

Exploiting the integration of fjo (1 — W) ydy
above, the final expression of I3 is derived as

2 2
I3=exp <_7T/\bd§ <2F1 (—,a; 1——; —528> - 1>> ;
(67 e77

(C4)

and multiplying I» and I3 to obtain the final expression of the
Laplace transform for the typical user.
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