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Abstract—This paper introduces a reconfigurable intelligent
surface (RIS)-assisted grant-free non-orthogonal multiple access
(GF-NOMA) scheme. We propose a joint user equipment (UE)
clustering and RIS assignment/alignment approach that jointly
ensures the power reception disparity required by the power
domain NOMA (PD-NOMA). The proposed approach maximizes
the network sum rate by judiciously pairing UE with distinct
channel gains and assigning RISs to proper clusters. To alleviate
the computational complexity of the joint approach, we decou-
ple UE clustering and RIS assignment/alignment subproblems,
which reduces run times 80 times while attaining almost the same
performance. Once the proposed approaches acknowledge UEs
with the cluster index, UEs are allowed to access correspond-
ing resource blocks (RBs) at any time requiring neither further
grant acquisitions from the base station (BS) nor power con-
trol as all UEs are requested to transmit at the same power. In
addition to passive RISs containing only passive elements and
giving an 18% better performance, an active RIS structure that
enhances the performance by 37% is also used to overcome the
double path loss problem. The numerical results also investigate
the impact of UE density, RIS deployment, RIS hardware specifi-
cations, and the fairness among the UEs in terms of bit-per-joule
energy efficiency.

Index Terms—Reconfigurable intelligent surface, power
domain, grant-free, non-orthogonal multiple access, clustering,
resource allocation.

I. INTRODUCTION

NEXT-GENERATION communication networks are
expected to meet the key performance requirements,

which are ultra-reliable low latency communications
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(URRLC), enhanced mobile broadband (eMBB), and massive
machine-type communications (mMTC). Although fifth-
generation (5G) technology is a big step toward these goals,
researchers continue to work on candidate technologies for
beyond 5G networks to reach the expected limits for key
performance metrics. For instance, reconfigurable intelligent
surfaces (RISs) have emerged as a transformative technology
envisioned for next-generation wireless networks to improve
spectral efficiency (SE) with low power consumption and
hardware costs [2]. RISs have low-cost and low-power
hardware as they consist of a large number of passive
elements. The RIS controller manipulates the reflection of
incident electromagnetic waves towards the desired direction
by intelligently controlling the phase shift of elements [2].
The passive beamforming nature of RISs has been shown to
improve network capacity [2], [3], enhance the end-to-end
performance of multi-hop communications [4], and deliver a
performance comparable to traditional relaying schemes [5].
Furthermore, active RIS designs that include power amplifiers
(PAs) are proposed to suppress the double path loss in passive
RIS-assisted systems. In [6], a fully connected active RIS
design is proposed where the gain of each amplifier can be
controlled. In [7], the authors proposed a novel active RIS
architecture with a single PA to boost energy efficiency.

Moreover, non-orthogonal multiple access (NOMA) has
also been recognized as a promising candidate to enable
enhanced mMTC by multiplexing several user equipments
(UEs) on the same network resources [8], [9]. In particular,
power domain (PD)-NOMA improves the SE by multiplexing
UEs with different channel gain and transmit power such that
successive interference cancellation (SIC) can be performed
at the receiver. As the network size increases, PD-NOMA
starts suffering from power control complexity, UE pairing
and resource allocation overhead and ramifications of chan-
nel state information (CSI) acquisition [10]. NOMA has also
been investigated with emerging technologies such as index
modulation [11], cognitive radios [12], and unmanned aerial
vehicles-aided wireless networks [13]. Recently, RISs have
received attention thanks to their ability to create the reception
power disparity required by PD-NOMA. While the RIS-aided
NOMA is analyzed in [14], dynamic and static RIS con-
figurations for multi-user NOMA schemes are considered
in [15]. The authors of [16] have studied partitioning of RIS
to facilitate PD-NOMA. Noting that all of the mentioned
schemes are grant-based (GB), there is still a dire need to
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Fig. 1. Illustration of the RIS-aided GF-NOMA networks.

address the signaling overhead and computational complex-
ity issues. For this reason, research on grant-free NOMA
(GF-NOMA) schemes that UEs can operate without grant
acquisition recently received much attention. In particular,
power-domain GF-NOMA schemes aim to eliminate the need
for power control and CSI acquisition at the transmitter side
so that UEs can access allocated resource blocks (RBs) at
any time without requiring grant acquisition. Therefore, this
paper focuses on an RIS-aided GF-NOMA scheme where
power reception disparity is ensured utilizing novel algo-
rithms dealing with UE clustering, RIS assignment, and RIS
phase shift alignment, considering a network consisting of
a specific number of users and RISs distributed randomly
over the cell coverage area as depicted in Fig. 1, where RIS
blocks deployed on building facades/windows are highlighted
in various colors.

A. Related Work

RIS-Assisted NOMA Schemes: RISs have received atten-
tion thanks to their ability to create the reception power
disparity required by PD-NOMA [17]. The authors com-
pare the RIS-assisted orthogonal multiple access (OMA)
and NOMA technologies from different aspects and eval-
uate the performance of static and dynamic RISs in [15].
In [14], the authors design passive beamforming weights
to boost the performance of the PD-NOMA and propose

a priority-oriented NOMA scheme to increase SE. In [18],
the authors aim to maximize the minimum signal-to-noise-
plus-interference-ratio (SINR) threshold by deploying RISs
in NOMA networks. Integration of the RIS technology to
NOMA brings optimization problems such as joint optimal
power allocation, RIS phase configuration, and UE allocation
to obtain the best performance from the two technologies. To
address these problems [19] uses a two-step machine learning
approach for joint deployment, phase shift design, and power
allocation. Also, [20] uses machine learning algorithms for UE
partitioning and phase shifter network design. Reference [21]
investigates the artificial intelligence empowered RIS-NOMA
networks by using deep reinforcement learning. The existing
literature also inspects RIS-NOMA schemes from the physi-
cal layer security perspective. In [22], authors propose novel
RIS-assisted NOMA schemes for enhancing the physical layer
security (PLS). The study in [23] proposes sub-optimal joint
beamforming and power allocation scheme to increase the
PLS as well. The RISs are also used for serving cell-edge
UEs by integrating RIS technology into joint transmission-
coordinated multipoint in a two-cell NOMA-based network
in [24]. Using different RIS designs and partitioning RIS
into sub-surfaces are also proposed to serve multiple UEs
simultaneously to employ NOMA. The authors in [16] pro-
pose RIS partitioning to employ NOMA and maximize UE
fairness. Furthermore, [25], [26] use simultaneously trans-
mitting and receiving (STAR) RIS in NOMA networks and
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evaluate from an error performance perspective. The hardware
impairments of the RIS also considered in the literature, and
the effects on the outage probability [27] and secrecy rate [28]
is investigated.

GF-NOMA Schemes: GF access appears to be a savior tech-
nology for NOMA networks. GB-NOMA networks require the
UEs in the same cluster to know the CSI of other members
and align their transmission power accordingly. This process
also causes a considerable signaling overhead and compu-
tational complexity on the UE side. Therefore scientists are
looking for ways to exclude the computation on the UE side
and enable them to access the base station (BS) without grant
permission. Multiple access based, compute and forward-
based, compressed sensing-based GF-NOMA schemes are
presented, and future directions of GF-NOMA technology are
given in [10]. The ALOHA-NOMA schemes are proposed
in [29], [30] which provide high throughput and lower com-
plexity. Semi-GF schemes where GB and GF UEs share the
same spectrum are evaluated from the stochastic geometry per-
spective in [31], [32]. The authors analyze the compressing
sensing-based GF-NOMA via stochastic geometry in [33]. A
transmit power pool with the help of a deep reinforcement
learning algorithm is created for UEs at certain distances shar-
ing the same RB in [34]. In [35] a novel framework is proposed
to avoid collusion in GF-NOMA networks when two UEs
choose the same pilot sequence. Index modulation integrated
GF-NOMA scheme for uplink (UL) transmission is presented
in [36]. In [37], the author presents low complexity multi-level
and single GF-NOMA schemes and an UE clustering approach
exploiting the channel gains of the UEs.

RIS-Assisted GF-NOMA Schemes: Another promising
approach is using RIS to facilitate power reception disparity
without requiring any power control at the UE side. Indeed,
a recent survey on GF-NOMA has also pointed out that RIS-
aided GF-NOMA is a promising technology but has yet to be
explored in-depth [10]. To the best of the authors’ knowledge,
the RIS-assisted GF-NOMA has been studied only in [38],
where authors exploit deep reinforcement learning to solve
sub-carrier assignment, power control, and RIS phase-shift
alignment. Unlike the single RIS assumption in [38], we con-
sider a network of users and RISs distributed randomly over
the cell coverage area, which necessitates a joint solution of
UE clustering, RIS assignment, and RIS phase shift alignment
problems.

B. Main Contributions

The main contributions of this paper can be summarized as
follows:
• To the best of the authors’ knowledge, this paper is first to

introduce an RIS-assisted fully GF-NOMA scheme where
the required power disparity is obtained by three levels
of implicit power control: clustering UEs with different
channel gains into the same cluster, properly assigning
RISs to UE clusters to increase power reception dispar-
ity, and aligning the phase shift matrix of RISs to reach
the highest possible network sum rate. In this way, the
proposed approaches eliminate the need for power control

at the UE side by performing an implicit over-the-air
power control by judiciously pairing UEs, assigning RISs,
and aligning phase shifts of RISs.

• Since optimizing UE clustering and RIS assign-
ment/alignment for the maximum network sum rate is
a non-deterministic polynomial-time (NP)-Hard problem,
we propose two solution methodologies. In the former,
we develop an iterative approach where each iteration
exploits a three-dimensional axial assignment (3D-AA)
problem for joint UE clustering, RIS assignment, and
phase shift alignment. Since 3D cost matrix gener-
ation complexity increases with the number of UEs
and RISs, the latter method decouples UE cluster-
ing and RIS assignment/alignment subproblems, which
yields 80 times faster completion time while reaching
almost the same performance as the joint approach. The
proposed schemes are designed to be applicable for both
passive and active RIS architectures. The active RIS
architecture considers a fully connected design where
each element is connected to a PA, which introduces
an extra power budget constraint on the optimization
problem.

• The network-level simulations show that the proposed
RIS-assisted GF-NOMA schemes outperform optimal
GB PD-NOMA and regular GF-NOMA schemes. The
active and passive RIS-assisted schemes provide %34
and %15 higher sum rate in a network where 150 UEs
sharing 25 RBs, respectively. The network size simu-
lation investigates the deployment scenarios, number of
available RIS blocks and number of RIS elements. Even
though RISs are known to provide better performance
if they are deployed nearby of transmitter or receiver,
this is not directly obvious for distributed RIS networks.
Shall we deploy RIS closer to the BS or spread them
out to get closer to the UEs? The numerical results show
that deploying the RISs closer to the BS can yield up
to %15 higher performance than a uniform distribution
of the RISs across the cell area. The fairness among the
UEs sharing the same RB is compared in terms of bit-per-
joule energy efficiency by obtaining Jain’s fairness index.
While the proposed active RIS-assisted scheme provides
the fairest scheme up to a 10 dB transmit power level, the
passive RIS-assisted scheme achieves the same fairness
as regular GF-NOMA schemes, and they both enhance
the network capacity.

C. Notations and Paper Organization

Throughout the paper, sets and their cardinality are denoted
with calligraphic and regular uppercase letters (e.g., |A| = A),
respectively. Vectors and matrices are represented in lowercase
and uppercase boldfaces (e.g., a and A), respectively. The i th

member of a vector and set is denoted by ai and A{i}, respec-
tively. Likewise, matrix A’s entry on i th row and j th column is
denoted by A[i , j ]. Subscripts b, r and u are used for indexing
the RIS blocks, RB/cluster, and UEs, respectively. For clarity,
the definitions of the parameters and notations are stated in
Table I.

Authorized licensed use limited to: ULAKBIM UASL - KOC UNIVERSITY. Downloaded on October 10,2023 at 08:05:10 UTC from IEEE Xplore.  Restrictions apply. 



1260 IEEE TRANSACTIONS ON COGNITIVE COMMUNICATIONS AND NETWORKING, VOL. 9, NO. 5, OCTOBER 2023

TABLE I
TABLE OF NOTATIONS

The rest of this paper can be summarized as follows:
Section II presents the considered network and channel model,
the proposed signal model and the RIS phase alignment pro-
cess. Section III provides the problem formulation and briefly
explains the proposed solution methodologies. Section IV
introduces proposed UE clustering, RIS assignment, and
phase shift alignment approaches. Finally, Section V presents

numerical results and the benchmark schemes are presented,
and Section VI concludes the paper with a few remarks.

II. SYSTEM MODEL

In this section, we introduce the considered system model
in four subsections. In Section II-A, the architecture of the
network is demonstrated by addressing the UE distribution
as well as RIS deployment and partitioning. In Section II-B,
the channel model is exhibited in detail. The signal models
and SINRs of the passive and active RIS-assisted schemes are
given in Sections II-C and II-D, respectively.

A. Network Model

We consider UL operation of a network consisting of a
single BS serving U UEs over R RBs with W [Hz] band-
width, whose sets are denoted by U and R, respectively. All
UEs operate at an identical power, pid, which is broadcast
by the BS over a control channel. Without loss of gener-
ality, UEs are assumed to be uniformly distributed over a
cell area of radius D. To show the proposed GF-NOMA
schemes’ suitability for massive connectivity, we consider a
dense network scenario (i.e., U � R) and group/cluster
multiple UEs to utilize a single RB. That is, the number
of clusters C is the same with R, and RB/cluster terms are
used interchangeably throughout the paper. Even though R
and C are fixed, U can dynamically change according to
spatio-temporal characteristics of the network traffic. Hence,
the UE density dependent maximum cluster size is set as
K = �UR �. Accordingly, the cluster set utilizing RBr is
defined by Cr = {UEu | χu

r = 1, ∀u ∈ U ,
∑

u∈U χ
u
r ≤ K},

where |Cr | ≤ K and χu
r is the binary UE clustering indicator,

i.e., χu
r = 1 if UEu belongs to rth cluster, otherwise χu

r = 0.
In order to improve network performance and facilitate the

GF-NOMA, M RISs are uniformly deployed in a disk having
inner and outer radius of Din and Dout, Din ≤ Dout ≤ D ,
where Din ensures that RISs are placed at the far-field of the
BS as shown in Fig. 2. Each physical RIS is partitioned into
G logical blocks, each with N elements, resulting in an overall
B = MG RIS blocks. Each block can be exploited by a member
of a cluster, and a cluster cannot be assigned to more than
one block. Accordingly, the set of RIS blocks is denoted by
B, and the bth RIS block is denoted by RISb . The binary RIS
assignment matrix is denoted by Δ ∈ {0, 1}B×U×R with
entries δur ,b such that δur ,b = 1 if RISb is assigned to the rth
cluster and configured based on the channels of UEu ∈ Cr ,
δur ,b = 0 otherwise. Fig. 1 demonstrates the RIS assignment
and phase shift alignment for two different type of UEs. Even
though UEu ∈ Cr has a LoS link to the BS, RISb is aligned to
its channel to further improve the sum rate of Cr . On the other
hand, RISb′ is aligned to provide coverage to UEu ′ ∈ Cr ′ ,
whose LoS link to the BS is blocked by a building.

B. Channel Model

The channels are modeled according to the Urban Macro
(UMa) scenario of the 3GPP standard specified for 0.5-
100 GHz bands [39]. The channel between UEu and RISb
is denoted by hbu = [h1u,b , . . . , h

n
u,b , . . . , h

N
u,b ] ∈ C

N×1,
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Fig. 2. Outer and inner cells of the network.

where hnu,b is the channel coefficient from UEu to nth
reflecting element of the RISb , n ∈ [1,N ]. Similarly, the
channel vector between the BS and RISb is denoted by
gb = [g1b , . . . , g

n
b , . . . , g

N
b ] ∈ C

N×1, where gnb is the channel
coefficient between the BS and nth reflecting element of the
RISb , n ∈ [1,N ]. Moreover, the direct channel from UEu to
the BS is denoted by fu ∈ C. All these channels are assumed
to experience Rayleigh and Rician fading under line-of-sight
(LoS) and non-line-of-sight (NLoS) conditions, respectively.
The channel coefficients are modeled as [40], [41]

hnu,b =

√
1

λh

(√
Kh

Kh + 1
hn,LoSu,b +

√
1

Kh + 1
hn,NLoS
u,b

)

, (1)

gnb =

√
1

λg

(√
Kg

Kg + 1
g
n,LoS
b +

√
1

Kg + 1
g
n,NLoS
b

)

, (2)

fu =

√
1

λf

(√
Kf

Kf + 1
f LoSu +

√
1

Kf + 1
f NLoS
u

)

, (3)

where Kh /Kg /Kf is the Rician factor for hbu/gb/fu ; λh /λg /λf
is the path loss over hbu/gb/fu ; hn,LoSu,b /gn,LoSb /f LoSu is the LoS

component; and h
n,NLoS
u,b /gn,NLoS

b / f NLoS
u ∼ CN (0, 1) is the

NLoS component of hbu/gb/fu . If a channel does not include
a LoS component, which mostly refers to Rayleigh fading,
we consider the corresponding Rician factor as 0. λh , λg , and
λf can be calculated as per LoS or NLoS links depending on
the LoS probability given in [39, Table 7.2-2]. Additionally,
the path loss models and the Rician factors are calculated
and obtained according to the UMa scenario of the 3GPP
standard [39, Table 7.2-1].

C. Passive RIS-Assisted NOMA System

Based on UE-RIS-BS cascaded channels and UE-BS
channels defined in the previous subsection, the received com-
plex baseband signal of the proposed system at the BS over
RBr when passive RISs are used can be expressed as

yrpas(Δ) =
√
pid

∑

∀u∈Cr

∑

∀k ,l ,m

⎛

⎜
⎜
⎝g

T
l

(
Φm
k ,lδ

m
k ,l

)
hlusu

︸ ︷︷ ︸
UEs-RIS-BS

+ fusu︸︷︷︸
UEs-BS

⎞

⎟
⎟
⎠

+ nRx, (4)

where k ∈ R; l ∈ B; m ∈ U ; yrpas(Δ) is the received
signal from members of Cr at RBr ; su is the symbol
transmitted by UEu ∈ Cr ; nRx ∼ CN (0, σ2Rx) is the addi-
tive white Gaussian noise with variance σ2Rx = N0W ;
N0 is the thermal noise power spectral density; Φm

k ,l =

diag
([

φm,1
k ,l , . . . , φm,n

k ,l , . . . , φm,N
k ,l

])
∈ C

N×N is the phase

shift matrix of RISl assigned to UEm ∈ Ck ; and φm,n
k ,l is

the phase shift of the nth element of the RISl configured as
per UEm ∈ Ck . Assuming the CSI is acquired through accu-
rate channel estimation methods [42], [43] and δmk ,l = 1, the
phase shifts of RISb are configured [41] as per the channel
characteristics of UEm ∈ Ck

φm,n
k ,l = ej∠fm e−j∠gnl e−j∠hn

m,l , (5)

where ∠· denotes the phase of complex numbers. Element
phases cancel the overall channel phases incurred from UE-
RIS-BS cascaded channel and UE-BS direct channel.

The SIC receiver at the BS iteratively decodes yrpas(Δ) in
the descending order of received signal power. That is, the
cluster member with the strongest/weakest reception power is
decoded first/last such that the strongest/weakest cluster mem-
ber observes all/no intra-cluster interference from other cluster
members. Correspondingly, C̃r denotes the cluster set when the
index set of the UEs is sorted in descending order according
to the received signal power of the UEs. The order of UEu

in C̃r is denoted by ou . Accordingly, following from (4), the
SINR of UEu ∈ C̃r is given by

γurpas
(Δ)

=

pid
∑

∀k ,l,m

(∣
∣
∣gTl

(
Φm
k ,lδ

m
k ,l

)
hlu

∣
∣
∣
2
+ |fu |2

)

pid
∑

∀z∈ ˜Cr{oz}|oz>ou
,

∀k ,l,m

(∣
∣
∣gTl

(
Φm
k ,lδ

m
k ,l

)
hlz

∣
∣
∣
2
+ |fz |2

)

+ σ2
Rx

,

(6)

where C̃r{oz }|oz>ou includes the set of UEs with lower
received signal power than UEu which are indexed from
oz = ou+1 onwards. Even though the SINR expression in (6)
accounts for su , ∀u ∈ Cr reflected from RISb , ∀b ∈ B, regard-
less of their assignment, the non-coherent signals reflected
from RIS blocks assigned to other clusters have a negligible
impact on the received signal from Cr , yr (Δ). Accordingly, (6)
can be simplified by merely considering the signal reflected
from RISb assigned to Cr as follows:
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γurpas
(Δ)

=

pid
∑

∀m

(∣
∣
∣gTb

(
Φm
r ,bδ

m
r ,b

)
hbu

∣
∣
∣
2
+ |fu |2

)

pid
∑

∀z∈˜Cr{oz}|oz>ou
,

∀m

(∣
∣
∣gTb

(
Φm
r ,bδ

m
r ,b

)
hbz

∣
∣
∣
2
+ |fz |2

)

+ σ2
Rx

.

(7)

D. Active RIS-Assisted NOMA System

We further explore the utilization of active RIS elements to
address the double-fading attenuation arising from the prod-
uct of path losses on both links (i.e., BS-RIS and RIS-UE)
and to enhance signal strength. Active RISs consist of a
planar array of compact active elements capable of concur-
rently amplifying and reflecting incident signals with specific
phase shifts, utilizing integrated amplifiers, phase shifters,
and tunable filters [6], [44], [45]. The active components
are responsible for signal amplification, while the matching
network, through phase shifters, ensures the necessary phase
shift and impedance matching to direct the amplified signal
back toward the input port. Depending on the communica-
tion band of interest, tunable filters can be employed to select
specific frequency bands using a range of analog or digital
filtering technologies. The combination of these components
leads to constructive interference between the reflected and
incoming signals, ultimately generating an amplified signal
within the desired frequency bands. Hence, the received com-
plex baseband signal of the proposed system with active RIS
is expressed as follows:

yract(Δ) =
√
pid

∑

∀u∈Cr

∑

∀k ,l ,m

×

⎛

⎜
⎜
⎝gTl G

m
k ,l

(
Φm
k ,lδ

m
k ,l

)
hlusu

︸ ︷︷ ︸
UEs-RIS-BS

+ fusu︸︷︷︸
UEs-BS

⎞

⎟
⎟
⎠

+
∑

∀k ,l ,m
gTl

(
Φm
k ,lδ

m
k ,l

)
vmk ,l + nRx, (8)

where yract(Δ) is the received signal from members of Cr
at RBr ; vmk ,l =

[
vm,1
k ,l , . . . , vm,n

k ,l , . . . , vm,N
k ,l

]T
∈ C

N×1 and

vm,n
k ,l ∼ CN (0, σ2RIS) is the additive white Gaussian noise at

the active elements of the RISs with variance σ2RIS = N0W ;

and Gm
k ,l = diag

([
αm,1
k ,l , . . . , αm,n

k ,l , . . . , αm,N
k ,l

])
∈ C

N×N

holds for the amplification factor matrix of active RISs.
Similarly for the active RIS-assisted case, the SIC receiver

at the BS iteratively decodes yract(Δ) in the descending order

of the received signal power. Hence, the SINR of ou th ordered
UEu ∈ C̃r is given in (9) shown at the bottom of the page.
For a similar reason as in the passive RIS-assisted scheme, (9)
can also be simplified as given in (10), shown at the bottom
of the page.

1) Power Limitation for the Active Components: In the
proposed active RIS-assisted architecture, each reflecting ele-
ment of RISs includes an active component, called fully-
connected active RIS. According to [46], the power efficiency
of these active elements can be modeled as

Pout,n

Pcons,n
= ηmax

(
Pout,n

P act
max

)ε

, (11)

where Pcons,n , Pout,n , ηmax ∈ (0, 1] and ε correspond to con-
sumed power by the nth active element, the output power of
the nth active component without the limitation of Pmax, the
maximum efficiency of each active components, and a param-
eter depending on the amplifier hardware, respectively. The
maximum output power for each active element is set to Pact

max
to prevent it to operate in the non-linear region.

The proposed scheme has a power limitation for active RISs,
so each can use a limited total power, Ptot, at most to amplify
the incoming signal. Considering a fully-connected active RIS
architecture and each RIS has N reflecting elements, there are
also N active components for each RIS. The maximum power
consumption for an ideal active element Pcons,n is obtained
by reorganizing (11) assuming ε = 0.5 for more accurate
modeling as follows:

Pcons,n =
1

ηmax

√
Pout,nPact

max =
Ptot

NG
, (12)

where ηmax ∈ (0, 1] is the maximum efficiency of the
active components [46], [47]. Thus, Pout,n can be extracted
from (12) as

Pout,n =

(
Ptotηmax

NG

)2

/Pact
max. (13)

Considering the maximum output power limitation of those
active components, the optimum output power of the nth active
component becomes

Pout,n = min
(
Pout,n ,P

act
max
)
. (14)

Moreover, the gain without the limitation of the maxi-
mum gain value that the nth active component can have is
expressed as

Gopt,n =
Pout,n

pid|hnu,b |2
. (15)

γuract(Δ) =
pid
∑
∀k ,l ,m

(
|gTl Gm

k ,l

(
Φm
k ,lδ

m
k ,l

)
hlu |2 + |fu |2

)

pid
∑
∀z∈ ˜Cr{oz}|oz>ou

,

∀k ,l ,m

(
|gTl
(
Φm
k ,lδ

m
k ,l

)
hlz |2 + |fz |2

)
+ σ2RIS

∑
∀k ,l ,m |gTl

(
Φm
k ,lδ

m
k ,l

)
|2 + σ2Rx

. (9)

γuract(Δ) =
pid
∑
∀m
(
|gTb Gm

r ,b

(
Φm
r ,bδ

m
r ,b

)
hbu |2 + |fu |2

)

pid
∑
∀z∈ ˜Cr{oz}|oz>ou

,

∀m

(
|gTl
(
Φm
r ,bδ

m
r ,b

)
hbz |2 + |fz |2

)
+ σ2RIS

∑
∀m |gTl

(
Φm
r ,bδ

m
r ,b

)
|2 + σ2Rx

. (10)
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Thus, the optimum gain value for the nth active component
becomes

Gopt,n = min
(
Gopt,n ,Gmax

)
, (16)

where Gmax is the maximum gain of the active components.
We note that αm,n

k ,l s are calculated according to (16).

III. PROBLEM DEFINITION AND SOLUTION

METHODOLOGY

In this section, we first provide joint UE clustering
and RIS assignment formulation of the RIS-assisted GF-
NOMA system, and then provide an overview of the solution
methodology.

A. Problem Definition

The joint UE clustering and RIS assignment problem that
maximizes the overall network sum rate can be formulated as
follows:

P1 : max
X ,Δ

∑

∀r∈R

∑

∀u∈U
W log2(1 + χu

r γ
u
r (Δ))

s.t. C1 : γur ≥ 2qu/B − 1, ∀u ∈ Cr , ∀r ∈ R,

C2 :
∑

r∈R
χu
r = 1, ∀u ∈ U ,

C3 :
∑

∀u∈U
χu
r ≤ K , ∀r ∈ R,

C4 : δur ,b ≤ χu
r , ∀r ∈ R, ∀b ∈ B, ∀u ∈ U ,

C5 :
∑

∀u∈U

∑

∀b∈B
χu
r δ

u
r ,b ≤ 1, ∀r ∈ R,

C6 :
∑

∀u∈U

∑

∀r∈R

∑

∀b∈B
δur ,b ≤ B ,

C7 : χu
r ∈ {0, 1}, δur ,b ∈ {0, 1}, ∀r , ∀u, ∀b,

(17)

where γur is the SINR of UEu ∈ Cr , X ∈ {0, 1}U×R is the
binary UE clustering matrix with entries χu

r . In P1, C1 ensures
that UEu is satisfied with the quality of service demand qu
[bps] ∀u ∈ Cr , ∀r ∈ R, C2 assures each UE is admitted
to a cluster, C3 limits the cluster size by K = �U /R�, C4

states that RISb cannot be configured as per UEu if it is
not a member of Cr , C5 guarantees each cluster is assisted
by at most one RIS block, C6 limits the total RIS assign-
ments by the total number of RIS blocks, and C7 specifies the
domain and bounds on optimization variables. It is worth not-
ing that P1 does not have any power control variable as the
proposed approach performs implicit power control through
user clustering and RIS assignment integer variables. P1 is
a mixed-integer non-linear programming (MINLP) problem,
which is non-convex due to the interference terms in the SINR
expression defined in the next section. Finding an optimal solu-
tion to this NP-Hard problem is computationally prohibitive,
even for moderate network size, and it necessitates a heuristic
solution for real-life implementation, which is discussed next.

B. Solution Methodology

The proposed RIS-assisted GF-NOMA scheme allows UEs
to access RBs at any time, requiring neither grant acquisition

from the BS nor power control at the UE side. Instead, the
power disparity requirement of PD-NOMA is satisfied by the
UE clustering and the RIS assignment through a three-level
implicit power control:

1) The first level of power control is obtained by pairing
UEs with different channel gains on the same clus-
ter/RB. Even if UEs operate at identical transmit power,
the channel gain disparity introduces a reception power
disparity to achieve a higher PD-NOMA gain.

2) The second level of power control is obtained by assign-
ing a proper RIS block to a cluster. It is worth noting
that RIS improves overall communication performance
if it is deployed near the UE or the BS [4]. Therefore,
RIS block assignment plays a crucial role in increasing
the power reception disparity for an improved cluster
sum rate.

3) The final level of power control is obtained by selecting
the cluster member according to which assigned RIS is
configured. Since reception power levels determine the
SIC decoding order, the cluster member selection is also
critical for improving the overall cluster sum rate.

Before delving into the details of the proposed UE clustering
and RIS assignment solutions for the considered RIS-assisted
GF-NOMA system, it is worth reminding that the optimal GB
PD-NOMA scheme requires UEs with stronger channels to
transmit at the higher powers to maximize the UL-NOMA
cluster sum rate [37]. However, this approach is not fair in
energy consumption and may result in reduced network life-
time, which is paramount for low-power mMTC. Alternatively,
the proposed approaches improve network lifetime by requir-
ing all UEs to transmit at identical power fairly and constitutes
the required power disparity through iterative UE clustering
and RIS assignments introduced in Section IV.

IV. UE CLUSTERING AND RIS ASSIGNMENT

ALGORITHMS

In this section, we introduce the proposed UE clustering and
RIS assignment schemes. Following cluster initialization, the
proposed iterative approach admits a single UE to each clus-
ter at each iteration until all UEs are admitted to a cluster. To
this aim, the admissions are determined based on two different
algorithms. Algorithm 1 jointly assigns UEs and RISs to clus-
ters and executes a 3D-AA that yields the maximum network
sum rate; therefore, it is called joint UE clustering and RIS
assignment algorithm. Algorithm 2 first assigns UEs to clusters
by using linear sum assignment (LSA). After that, it assigns
RIS blocks to formed clusters by using LSA again. Since the
second assignment first forms clusters and then makes RIS
assignments, it follows a two-step process, unlike Algorithm 1,
which is called consecutive UE clustering and RIS assignment
algorithm.

A. Joint 3D UE Clustering and RIS Assignment Algorithm

Algorithm 1 follows an iterative joint 3D assignment
approach. At each iteration, a 3D cost matrix is generated
whose elements represent cluster rates for each combination
of UE admission and RIS assignment status. UEs and RISs
are then jointly assigned to clusters using a 3D-AA.
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Algorithm 1 Joint UE Clustering and RIS Assignment
1: Input: R, U , B, P
2: hbu/gb/fu ← Acquire CSI from SRS sent by UEu ,∀u ∈ U , ∀b ∈ B
3: C ← R // Determine number of clusters
4: K ←

⌈

U
R

⌉

// Determine maximum cluster size

5: Ũ ← SORTDESCEND(Rss,∀u) // UE ordering based on RSS of SRS
signals

6: Cr ← Ũ{r}, r ∈ [1, . . . ,R] // Initialize clusters
7: χur ← 1, u ∈ Cr //Initialize UE clustering matrix
8: for k = 1:K −1 do // Iterative UE admission and RIS Assignment starts

9: Ak ← Ũ −
⋃R

r=1 Cr // Initialize admission awaiting UEs
10: Qk , Ik ← COST MATRIX(Cr ,Ak ,B) // Generating cost matrix
11: Y k ← 3D-AXIAL ASSIGNMENT(Qk ,Ak )
12: Cr ← Cr

⋃

Ak{u}, yur ,b = 1, ∀(r , u, b) // Update clusters
13: χur ← 1, u ∈ Cr // Update UE clustering matrix

14: δu
′

r ,b ← 1 iff u′ = ιur ,b , u ∈ Cr ,∀(r , b) //Update RIS assignment
matrix

15: end for
16: return X , Δ

17: procedure COST MATRIX(Cr ,Ak ,B)
18: Q , I ← 0R×A×B // Initialize Q and I to matrix of zeros
19: for r = 1:R do
20: for b = 1:B do
21: for u = 1:Ak do
22: Tr ← Cr

⋃

Ak{u} // Temp. admit uth UE of Ak to
Cr

23: for j ∈ Tr do
24: Φ

j
r ,b
← Align RISb to UETr{j} as per (5)

25: γ
j
r ← Obtain SINR as per (7)/(10) for pas./act. RIS

26: η�j ←
∑

j∈Tr W log2(1 + γ
j
r )

27: end for
28: qur ,b ← max(η�j , j ∈ Tr ) // Update cost matrix entries
29: ιur ,b ← argmax(η�j , j ∈ Tr ) // Update I entries
30: end for
31: end for
32: end for
33: return Q , I
34: end procedure

35: procedure 3D-AXIAL ASSIGNMENT(Q,Ak )

36:
�
Y ← max

Y

∑

r∈R
∑

b∈B
∑

u∈U qur ,by
u
r ,b

37: s.t.
∑

r∈R
∑

b∈B yur ,b = 1,∀u ∈ Ak
38:

∑

r∈R
∑

u∈U yur ,b = 1,∀b ∈ B
39:

∑

b∈R
∑

u∈U yur ,b = 1, ∀r ∈ R

40: return
�
Y

41: end procedure

Algorithm 1 starts with receiving sounding reference signals
(SRS), which is a Zadoff-Chu sequence transmitted by each
UE separately from the Physical UL shared channel (PUSCH)
and physical UL control channel (PUCCH). UEs can transmit
SRS on any subcarriers in the last symbol of an UL subframe
regardless of subcarriers assignments. We especially focus on
time-division duplexing (TDD) mode for the sake of chan-
nel reciprocity such that SRS may also be sent in the last two
symbols of the special subframe if UL pilot time slot (UpPTS)
is configured to be in the long format. The SRS is imperative
to estimate cascaded and direct channels [42] to determine
RIS assignment and configure phase shift matrices accord-
ingly. Notice that the CSI acquisition is an inherent part of
any communication system and not specific to the proposed
approach. After the cluster size is determined based on the
available number of RBs in Line 3, the maximum cluster size
is determined in Line 4 based on the UE density. For the sake

of cluster initialization, the UEs are sorted in the descending
order of received signal strength of SRS signals in Line 5.
Then, the clusters are initialized by admitting the first R UEs
into C clusters in Line 6. Then, the iterative UE admission
and RIS assignment starts in Line 8, in each iteration one
more UE is admitted to each cluster. Therefore, the first line
of the for loop, Line 9, updates the set of UEs awaiting cluster
admission, which is denoted by Ak .

To execute 3D-AA, Line 10 calls cost matrix generation
procedure given between Line 17 and Line 34, where cost
matrix Q ∈ R

R×A×B and temporary RIS alignment matrix
I ∈ N

R×A×B are formed over three nested for loops. In
Line 22, the u-th element of admission awaiting UE set is
temporarily admitted to Cr . Then, the most inner loop between
Line 23 and Line 27 determines the cluster member giving
the maximum cluster sum rate if RISb is aligned as per its
channel conditions. To this aim, Line 24 adjusts the phase
shift matrix of RISb to UETr{j}, Line 25 calculates the cluster
members’ SINR based on adjusted the phase shift matrix as
per (7)/(10) for passive/active RIS, and finally Line 26 records
the cluster sum rate of Tr if RISb is aligned to its j-th member,
η�j . Accordingly, the cost matrix element qbr ,u is updated in
Line 28 based on the UE cluster member giving the highest
possible cluster rate if the phase shift matrix of RISb is aligned
to itself, whose index matrix (representing the UE index) is
also stored in a temporary RIS alignment matrix in Line 29.

Following the generation of the cost-matrix, Line 11 calls
3D-AXIAL ASSIGNMENT to find joint UE clustering and RIS
assignment at k-th iteration. For instance, when 3D-AA returns
y53,4 = 1, it means that: 1) UEAk{5} is admitted to C3,
2) RIS4 is assigned to C3, and 3) phase shift matrix of RIS4
is aligned to assisted UE whose UE index stored in u ′ = ι53,4.
Thereafter, the cluster members are updated as per the out-
come of 3D-AA in Line 12, which is followed by update
of UE clustering matrix X and RIS assignment matrix Δ
in Line 13 and 14, respectively. The final UE clustering and
RIS assignment matrices are returned at the end of (K − 1)-
th iteration. Notice in Line 14 that the phase alignment is
obtained from the RIS alignment matrix I returned by the
COST MATRIX procedure.

The time complexity of the proposed solution is mainly
driven by COST MATRIX and 3D-AXIAL ASSIGNMENT

procedures. The complexity of cost matrix computation is
O(
∑K−1

k=1 RAkB). Moreover, the 3D-AA is known to be an
NP-Hard problem, whose matching theory-based approximate
solutions can obtain results for a square cost matrix with com-
plexity O(3MV 3) where M is the number of relaxations and
V is the largest dimension of the cost matrix [48]. Hence, after
K−1 iterations, the time complexity of the considered 3D-AA
becomes O(3M

∑K−1
k=1 (Vk )

3), where Vk = max(R,Ak ,B).
Since the latter is more dominant, the overall complexity can
be approximated as ∼ O(3M

∑K−1
k=1 RAkB + (Vk )

3).

B. Consecutive 2D UE Clustering and RIS Assignment
Algorithm

Algorithm 2 proposes a faster and consecutive UE clustering
and RIS assignment algorithm that achieves almost the same
performance as Algorithm 1. Algorithm 2 mainly follows
a similar iterative clustering approach but instead of jointly

Authorized licensed use limited to: ULAKBIM UASL - KOC UNIVERSITY. Downloaded on October 10,2023 at 08:05:10 UTC from IEEE Xplore.  Restrictions apply. 



KILINÇ et al.: RIS-ASSISTED GF-NOMA: USER PAIRING, RIS ASSIGNMENT, AND PHASE SHIFT ALIGNMENT 1265

Algorithm 2 Consecutive UE Clustering and RIS Assignment
1: Input: R, U , B, P
2: hbu/gb/fu ← Acquire CSI from SRS sent by UEu ,∀u ∈ U , ∀b ∈ B
3: C ← R // Determine number of clusters
4: K ←

⌈

U
R

⌉

// Determine maximum cluster size

5: Ũ ← SORTDESCEND(Rss,∀u) // UE ordering based on RSS of SRS
signals

6: Cr ← Ũ{r}, r ∈ [1, . . . ,R] // Initialize clusters
7: χur ← 1, u ∈ Cr //Initialize UE clustering matrix
8: for k = 1:K −1 do // Iterative UE admission and RIS Assignment starts

9: Ak ← Ũ −
⋃R

r=1 Cr // Initialize admission awaiting UEs
10: Qk ← COST MATRIX UE(Cr ,Ak ) // CM for user clustering
11: Y k ← 2D-AXIAL ASSIGNMENT(Qk )
12: Cr ← Cr

⋃

Ak{u}, yur = 1,∀(r , u) // Update clusters
13: χur ← 1, u ∈ Cr // Update UE clustering matrix
14: end for
15: return X
16: Qm , Im ← COST MATRIX RIS(Cr ,B) // CM for RIS assignment
17: Ym ← 2D-AXIAL ASSIGNMENT(Qm )

18: δu
′

r ,b ← 1 iff u′ = ιbr , y
b
r = 1, u ∈ Cr ,∀(r , b) //Update RIS assignment

matrix
19: return Δ

20: procedure COST MATRIX UE(Cr ,Ak )
21: Q , I ← 0R×A // Initialize Q and I to matrix of zeros
22: for r = 1:R do
23: for u = 1:Ak do
24: Tr ← Cr

⋃

Ak{u} // Temp. admit uth UE of Ak to Cr
25: γ

j
r ← Obtain SINR of UEj , ∀j ∈ Tr

26: qur ←
∑

j∈Tr W log2(1 + γ
j
r )

27: end for
28: end for
29: return Q
30:
31: end procedure

32: procedure COST MATRIX RIS(Cr ,B)
33: Q , I ← 0R×B // Initialize Q and I to matrix of zeros
34: for r = 1:R do
35: for b = 1:B do
36: for j ∈ Cr do
37: Φ

j
r ,b
← Align RISb to UECr{j} as per (5)

38: γ
j
r ← Obtain SINR as per (7)/(10) for pas./act. RIS

39: η�j ←
∑

j∈Tr W log2(1 + γ
j
r )

40: end for
41: qbr ← max(η�j , j ∈ Cr ) // Update cost matrix entries

42: ιbr ← argmax(η�j , j ∈ Cr ) // Update I entries
43: end for
44: end for
45: return Q , I
46: end procedure

47: procedure 2D-AXIAL ASSIGNMENT(Q)

48:
�
Y ← max

Y

∑

r∈R
∑

z∈Z qzr y
z
r

49: s.t.
∑

r∈R yzr = 1,∀z ∈ Z
50:

∑

z∈Z yzr = 1, ∀r ∈ R
51: z ∈ {u, b},Z ∈ {U ,B}
52: return

�
Y

53: end procedure

assigning UEs and RIS blocks to cluster sets, it first assigns
UEs to the clusters and then assigns RISs to previously formed
clusters. Lines 2-6 performs setting obtaining CSI information,
determining number of clusters and maximum cluster size,
initializing clusters respectively, as in Algorithm 1.

The iterative UE admission starts in Line 8, in each iteration
one more UE is admitted to each cluster. Therefore, the first

line of the for loop, Line 9, updates the set of UEs await-
ing cluster admission, which is denoted by Ak . The iterative
algorithm now only admits UEs to the clusters and starts in
Line 8. In line 9 the set Ak is updated that denotes the admis-
sion awaiting UEs. In each iteration one more UE is admitted
to each cluster from the set Ak . Line 10 calls the cost matrix
function for UE admission. The 2D Cost matrix Qk ∈ R

R×A

is generated between the Lines 20-31 over two nested loops.
Line 24 admits the uth UE from the set Ak to Cr and forms
a temporary cluster denoted by Tr . The UE SINRs are calcu-
lated in Line 25 and the temporary cluster rate is calculated
by summing the rates of UEs in Tr . The cost matrix ele-
ment qur in Line 26 stands for the cluster rate if uth UE from
the set Ak is assigned to Cr . Notice that the UE assign-
ment merely depends on channel gain disparity among the
UEs and does not consider RIS assistance and phase shift
alignment.

The UE admission is performed according to LSA executed
in Line 11 to find the assignment maximizing the network
sum rate by using the generated cost matrix at kth iteration.
For instance, when LSA returns y53 = 1 ∈ Y k , it means
that UEAk{5} is admitted to C3. In the final step, UE cluster-
ing matrix X is updated. After finalizing the UE admission
and forming clusters, RIS blocks needs to be assigned to
generated clusters and assist specific UEs in each cluster to
maximize the cluster rate. Line 16 calls the cost matrix func-
tion for RIS assignment and phase alignment purposes. The
cost matrix Qm ∈ R

R×B and a temporary RIS alignment
matrix Im ∈ N

R×B are formed over three nested for loops
in procedure explained between lines 32-46. The first two
loops in lines 34 and 35 assign RISb ∈ B to Cr . The most
inner loop finds the UE that maximizes the cluster sum rate
when the corresponding RIS block’s phase shifts are aligned
to itself. Line 37 aligns the phase of the RISb to UE j ∈ Cr .
Following SINRs are calculated by considering the phase con-
figuration of the RIS block in Line 38. Line 39 records the
cluster sum rate if RISb is assigned to UE j in Cr . In con-
sequence, the cost matrix element qur in Line 42 is obtained
by considering the cluster member yielding the largest cluster
rate when assisted with RISb and its UE index is stored in ιbr .
Finally, LSA procedure is called again in Line 17 to find the
RIS assignment and alignment at once. For instance, if LSA
returns y42 = 1 ∈ Y k for user clustering, it means that RIS4
is assigned to C2. Likewise, if LSA returns y42 = 1 ∈ Ym for
RIS assignment/alignment, it means that the phase configura-
tion of the RIS4 is aligned for UEu ′ whose UE index is stored
in ι42. Thereafter, the elements of the RIS assignment matrix
δu

′
r ,b is updated in Line 18 and returned the final assignment

matrix Δ in line 19.
The time complexity of the consecutive approach is

mainly driven by COST MATRIX and LSA procedures.
The complexity of cost matrix computation for UE clus-
tering and RIS assignment are given by O(

∑K−1
k=1 RAk )

and O(RB), respectively. Considering the well known cubic
complexity of LSA solutions, the overall complexity can be
obtained as O(

∑K−1
k=1 RAk + (max(R,Ak ))

3) and O(RB +
(max(R,B))3), which constitutes the entire complexity of
Algorithm 2 together.
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TABLE II
TABLE OF THE SIMULATION PARAMETERS

V. NUMERICAL RESULTS

In this section, we provide numerical results for the
proposed schemes and compare their performances with
three benchmark schemes for different system parameters.
Achievable rates and fairness indexes for different schemes are
presented by computer simulations. Although we consider the
SINR expressions in (7)/(10) for passive/active RIS assignment
in both algorithms, we consider the general SINR expression
in (6)/(9) while obtaining the numerical results, so that the
reflections from non-coherent RIS blocks are considered as
well. We consider the default system parameters summarized
in Table II, unless stated explicitly otherwise.

A. Benchmark Schemes

The proposed method significantly differs from regular
power domain NOMA by eliminating the need for uplink
power control through user clustering and RIS assistance. As
a result, the natural comparison would be with traditional PD-
NOMA approaches with various power control capabilities
but without RIS assistance. In this way, the comparison will
reveal the potential of RIS assistance on improving system
performance and facilitating the power reception disparity
required by PD-NOMA without the need of complex power
control operations. To this aim, we have considered three main
benchmark schemes [37]:

1) Grant based OPT PD-NOMA: This is the optimal power
control scheme where UEs compute optimal transmit
power levels based on the readily available CSI, and
the maximum and minimum transmit power of UEs are
Pmax and Pmin, respectively. Throughout the simula-
tions, optimal power weights are obtained by geometric
programming solver of the CVX disciplinized convex
optimization toolbox [49].

2) Multi-level MGF-NOMA: This is a multi-level fixed
power allocation approach, where it clusters the set
of UEs into R = C groups based on their channel
gains and divides power control range ([pmax = 23,
pmin − 40] dBm) into R = C levels. MGF-NOMA
requires UE partitions with higher channel gain to trans-
mit at higher power levels. For instance, the UE partition
consisting of UEs with the highest/lowest channel gains
are required to transmit at the highest/lowest power
levels.

Fig. 3. (a) Sum rate and complexity of the proposed algorithms, and (b) sum
rate of the proposed schemes.

3) Single-level SGF-NOMA: This scheme is similar to the
proposed scheme since it does not apply power control
allocations in which all UEs transmit at an identical
power, pid. However, this scheme do not leverage from
the RIS assistance. Hence for comparison purposes, this
scheme is used to show the potential of our proposed
RIS-aided GF-NOMA systems versus the GF-NOMA
systems with no RIS assistance.

We refer interested readers to [37] for a more detailed
explanation of the benchmark schemes. For the sake of a
fair comparison, the benchmark schemes follow the cluster-
ing approach presented in Algorithm 2. Additionally, for the
same reason, the proposed schemes uses pid = 21 dBm for
all UEs, which is the average transmit power of UEs for OPT
PD-NOMA. Noting that benchmark schemes do not benefit
from RIS, the main difference between compared schemes is
the underlying power control approach.

B. Impact of UE Density on Sumrate and Time Complexity

The number of UEs in the network is a crucial metric
affecting both network performance and the complexity of
the NOMA schemes. Fig. 3 shows run time complexity and
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Fig. 4. Sum rate and Jain’s fairness index for varying pid for the proposed
and benchmark schemes.

network achievable network sum rate for varying U. As seen
in Fig. 3(a), the consecutive algorithm returns result up to
80 times faster than the joint Algorithm 1 while achieving
almost the same network sum rate performance as shown
in 3(b). Such a great run time complexity difference is mainly
due to the time spent generating the 3D cost matrix for
Algorithm 1, which increases as U increases. Since the con-
secutive approach provides almost the same performance with
much-reduced running times, the rest of the simulations are
carried out with Algorithm 2. It is important to note that both
algorithms are guaranteed to converge as they do not include
any while loops and only consist of nested for loops with fixed
number of iteration.

As seen in Fig. 3(b), the sum rate of the proposed scheme
increases with U because the number of UEs operating in
a single RB increases, resulting in more efficient spectrum
usage. The proposed scheme with passive RISs performs up
to 15%, 15%, and 18% better than OPT PD-NOMA, MGF-
NOMA, and SGF-NOMA schemes when U = 150, respec-
tively. When active RIS architecture is employed, the proposed
scheme performs up to 34%, 34%, and 37% better than
OPT PD-NOMA, MGF-NOMA, and SGF-NOMA, respec-
tively. Thus, active RISs provide 19% better performance than

passive RISs. We note that the increase in the cluster size does
not negatively affect the network performance. The proposed
scheme performs better on denser networks, where U = 150
and the number of UEs per cluster is 6 and outperforms
the benchmark schemes. The performance of the benchmark
schemes starts to saturate after U = 150 while the proposed
scheme continues to show an upwards trend.

C. The Impact of Identical Tx Power on Fairness

The network sum rate for varying identical transmit power
levels, pid, is presented in Fig. 4(a). As the pid varies for SGF-
NOMA and active/passive RIS-assisted GF-NOMA, transmit
power levels are fixed in MGF-NOMA, and the average
transmit power between UEs is obtained as 21 dBm for adap-
tively regulated OPT PD-NOMA via Monte Carlo simulations.
While the SGF-NOMA achieves the same performance as
MGF-NOMA and OPT GF-NOMA at the maximum trans-
mit power level, the RIS-assisted schemes require less power
at the UE side, resulting in more energy-efficient transmission.
The passive RIS-assisted scheme requires 4 dB, and the active
RIS-assisted scheme requires 16 dB less transmit power to
achieve the same performance as OPT PD-NOMA and MGF-
NOMA. The evaluation of the fairness in terms of the energy
efficiencies of the UEs sharing the same cluster is presented
in Fig. 4(b). The Jain’s fairness index is obtained for each
scheme as follows:

J =

(∑
∀u∈Cr ηu

)2

K
(∑
∀u∈Cr ηu

) (18)

where ηu = Ru/P
u
t , Ru , Pu

t are the bit per joule energy
efficiency, the achievable rate, and transmit power of the
UEu , respectively. Since UEs transmit at identical power lev-
els, the SGF-NOMA and RIS-assisted GF-NOMA schemes
present higher fairness. While the SGF-NOMA and passive
RIS-assisted GF-NOMA perform close fairness results, the
active RIS-assisted scheme is the fairest scheme up to 8 dBm
transmit power. Assisting low-rate UEs with active RIS yields
a more fair energy usage. However, as the transmit power
of the UEs increases, achievable rates of the assisted UEs
become dominant, resulting in poorer fairness compared to the
SGF-NOMA. Looking at Fig. 4, it can be concluded that RIS-
assisted GF-NOMA schemes maintain fairness among UEs
while providing enhanced capacity and sometimes even more
fair structure.

Network sum rate for varying Dout, R, and N are presented
in Fig. 5(a), 5(b), and 5(c), respectively. As seen in Fig. 5(a),
the locations of the RISs substantially affect the system
performance. It is a well-known fact that a basic RIS-assisted
system exhibits its maximum performance when the RIS is
located near the system’s terminals. Similarly, the proposed
design performs best when the RISs are close to the BS or
UEs. The results show that deploying RISs near the BS per-
forms better than the uniform deployment of RIS across the
cell area. This is mainly because we cannot guarantee that the
RISs will be placed close to the UEs since UEs are also ran-
domly distributed. The proposed scheme performs 8%, 12%,
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Fig. 5. Sum rate of the network for different varying RIS metrics: (a) Dout,
(b)R and (c)N.

and 15% better than OPT PD-NOMA, MGF-NOMA, and
SGF-NOMA schemes, respectively, when Dout = 80 m with
passive RISs. When active RISs are used, the proposed scheme
performs 25%, 30%, and 32% better than OPT PD-NOMA,
MGF-NOMA, and SGF-NOMA, respectively. Thus, the active
RIS scheme gives around 18% higher performance than the
passive RIS scheme. As Dout increases, the network sum rate
decreases because the RISs gradually become distant from the

BS and most of the UEs. Nevertheless, the proposed scheme
still performs 5%, 8%, and 11% better than OPT PD-NOMA,
MGF-NOMA, and SGF-NOMA schemes, respectively, when
Dout = 250 m with passive RISs. The enhancement percent-
ages are 12%, 16%, and 19% for the case where active RISs
are used, respectively. We previously mentioned that a RIS
could assist the other UEs in different clusters, even if its
phases are aligned with the dedicated UE. This condition also
helps further improve the network sum rate when the RIS is
close to the BS.

As observed in Fig. 5(b), the network performance increases
with R because more spectrum are available and more clus-
ter becomes able to use an RIS. Using passive RISs for
the proposed algorithm gives 8%, 12%, and 14% better
performances than OPT PD-NOMA, MGF-NOMA, and SGF-
NOMA, respectively. Likewise, it enhances the network sum
rate by 29%, 33%, and 36% for OPT PD-NOMA, MGF-
NOMA, and SGF-NOMA, respectively, when active RISs are
used. Additionally, using active RISs results in 19% better
performance than using passive ones. Here, we note that using
eight passive RISs gives nearly the same sum rate as using two
active RISs.

Finally, Fig. 5(c) represents the sum rate of the network for
varying N. The figure shows that the sum rate increases with N,
similar to the case in Fig. 5(b). When passive RISs are used,
the network’s performance is enhanced by 13%, 17%, and
20% for OPT PD-NOMA, MGF-NOMA, and SGF-NOMA,
respectively. For the other case that uses active RISs instead
of the passive ones, the sum rate of the network is increased by
39%, 44% and 47% for OPT PD-NOMA, MGF-NOMA, and
SGF-NOMA, respectively. In addition, a 22% increase in the
network performance can be achieved by using active RISs
instead of passive RISs. We emphasize that using N = 30
gives nearly the same sum rate as OPT PD-NOMA, meaning
that we can achieve the same performance by using RISs with
a very small number of reflecting elements. This amount is
much lower when the active ones are used.

VI. CONCLUSION

This paper has proposed two iterative clustering algorithms
with 3D and 2D assignment approaches for a RIS-assisted GF-
NOMA system. The performances of both active and passive
RIS have been considered to boost the capacity of a GF-
NOMA system. Through the proposed algorithms, the network
can leverage RIS assistance to create received power dispar-
ity among NOMA UEs without the need for complex power
control. Also, Algorithm 2 has been found to be faster and
superior to Algorithm 1 in terms of complexity. Moreover,
assisting the system with RISs results in better SIC due to
the power disparity introduced from the presence of the RISs,
leading to improved achievable rates compared with the con-
ventional GF-NOMA with no RIS assistance. Furthermore, it
has also been shown that active RIS-assisted systems are supe-
rior to passive RIS-assisted systems in terms of maximizing
the overall network sum rate and fairness among UEs, as they
contain PAs in each element and enable us to exhibit a better
SIC. Additionally, GF-NOMA schemes with identical transmit
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power have been shown to provide more fairness among UEs
in a cluster in terms of energy efficiency. Future works can
consider assisting not only one UE but multiple UEs in a clus-
ter and the multiple cell scenarios where UEs are also jointly
assigned to the BSs, which can come up with some complex
optimization problems.
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