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Abstract—In contrast to conventional reconfigurable intelligent
surface (RIS), simultaneous transmitting and reflecting reconfig-
urable intelligent surface (STAR-RIS) has been proposed recently
to enlarge the serving area from 180° to 360° coverage. This work
considers the performance of a STAR-RIS aided full-duplex (FD)
non-orthogonal multiple access (NOMA) communication systems.
The STAR-RIS is implemented at the cell-edge to assist the cell-
edge users, while the cell-center users can communicate directly
with a FD base station (BS). We first introduce new user clustering
schemes for the downlink and uplink transmissions. Then, based on
the proposed transmission schemes closed-form expressions of the
ergodic rates in the downlink and uplink modes are derived taking
into account the system impairments caused by the self interference
at the FD-BS and the imperfect successive interference cancellation
(SIC). Moreover, an optimization problem to maximize the total
sum-rate is formulated and solved by optimizing the amplitudes
and the phase-shifts of the STAR-RIS elements and allocating
the transmit power efficiently. The performance of the proposed
user clustering schemes and the optimal STAR-RIS design are
investigated through numerical results.

Index Terms—STAR-RIS, Full-duplex, NOMA, Sum-rate.

I. INTRODUCTION

ECONFIGURABLE intelligent surface (RIS) has been
Renvisioned as a promising technology for sixth-generation
(6G) wireless communication networks [1]-[3]. RIS is capable
of manipulating the propagation of electromagnetic waves.
More specifically, the conventional RIS consists of controllable
reflecting elements that can manipulate the phase shifts of the
impinging signals to improve the quality of the received signals
[1]-[3]. However, the single-faced structure of the conventional
RIS limits its service to only half-space, and the base station
(BS) and the users should be situated on the same RIS side. To
tackle this shortcoming, very recently simultaneous transmitting
and reflecting RIS (STAR-RIS) has been proposed and investi-
gated in the literature [4]-[13]. STAR-RIS can simultaneously
transmit and reflect the impinging signals to the users located
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on both sides of the surface, and thus it can extend the serving
area from 180° to 360° coverage. The concept of STAR-
RIS, its potential benefits, and the key differences between
conventional RIS and STAR-RIS have been discussed in [4] and
[5]. The authors in [4] and [5] proposed three practical STAR-
RIS operating protocols, namely, mode switching (MS), time
switching (TS), and energy splitting (ES). In MS protocol the
STAR-RIS elements are divided into a transmission group and
a reflecting group, and in TS protocol the STAR-RIS elements
periodically switch between the transmission and reflection
modes. Whilst, ES protocol splits the energy of the incident
signal on each element into two portions for transmitting and
reflecting. In [6] a STAR-RIS-assisted two-user downlink (DL)
communication systems has been considered for orthogonal
multiple access (OMA) and non-orthogonal multiple access
(NOMA) techniques. The performance of STAR-RIS empow-
ered NOMA systems to support low-latency communications
has been studied in [7]. Analytical expressions to evaluate the er-
godic rate and the coverage probability of a STAR-RIS assisted
NOMA multi-cell networks were provided in [8]. In [9] a power
minimization problem for STAR-RIS-aided uplink (UL) NOMA
systems has been studied. The energy efficiency of a STAR-
RIS aided multiple-input and multiple-output (MIMO)-NOMA
systems with a user-pairing scheme has been considered in [10].
Approximate analytical expressions of the ergodic rate for a
STAR-RIS-aided DL. NOMA systems with statistical channel
state information (CSI) have been derived in [11]. In [12] the
achievable sum rate of a STAR-RIS assisted NOMA systems
has been maximized by optimizing the decoding order and
the transmission-reflection beamforming. In addition, analytical
expressions of the ergodic rate and the outage probability for
a pair of users in a STAR-RIS assisted NOMA systems over
Rician fading channels have been derived in [13].

Moreover, full-duplex (FD) technique allows wireless de-
vices to simultaneously transmit and receive messages in the
same time and frequency resources [14], [15]. Consequently,
FD communication systems can offer more flexible usage of
the spectrum. Interestingly, the implementation of RIS in FD
communication systems has been proposed and studied recently
in the literature [16]-[20]. In [16] a RIS has been deployed to
cover the dead zones of FD cellular communication systems,
the results in this work showed that the spectral efficiency can
be doubled compared to the conventional half duplex (HD)
systems. In [17] a joint beamforming design for a RIS-aided
multiple-antennas FD communication systems has been studied,
where the active beamforming at the transmitter and the passive
beamforming at the RIS were designed. In [18] the deployment
design for a RIS-assisted FD communication system has been
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considered, in which an FD transmitter communicates with an
UL user and a DL user over the same time and frequency
resources through a RIS. A multiple users FD communication
system was studied in [19] where a dedicated RIS was assigned
to each user in the system. In our previous work [20], we in-
vestigated the performance of a STAR-RIS-assisted FD-NOMA
pairing communication systems.

Furthermore, it has been shown in the literature that, the
detection complexity of NOMA increases as number of the users
increases due to the increase in the SIC layers. To overcome
this issue, a user clustering scheme has been introduced and
investigated [21]-[25]. For instance, in [21] a comprehensive
user clustering strategy for DL NOMA systems has been in-
troduced, in which the users grouped in a cluster can receive
their signals simultaneously using NOMA technique, and time-
division multiple access (TDMA) scheme has been implemented
among the different clusters. A novel user clustering scheme
for NOMA assisted multi-cell massive MIMO systems was
proposed in [22]. Efficient user clustering schemes for UL
and DL NOMA transmissions have been designed in [23].
In [24] a user scheduling problem for DL NOMA systems
has been studied, in which the BS allocates the spectrum and
power resources to a set of users by taking into account the
users’ fairness. In addition, a user clustering scheme for UL
multiple-input single-output (MISO)-NOMA systems has been
considered in [25].

Accordingly, this paper considers a STAR-RIS assisted
multiple-users FD communication system, where the FD-BS
employs NOMA technique to serve the DL and UL users. The
cell-edge users communicate with the FD-BS via a passive
STAR-RIS, while the cell-center users can communicate directly
with the FD-BS. The BS and the STAR-RIS are assumed to
know only the statistical channel state information (CSI) and
the users’ distances. We first present new simple and efficient
user-clustering schemes for DL and UL NOMA transmissions.
Then, according to the proposed transmission schemes, the
ergodic rates for the DL and UL modes are analyzed. In
addition, the total sum rates are maximized by optimizing the
STAR-RIS elements and the power transmissions. An efficient
user clustering and power allocation for both DL and UL
users in STAR-RIS assisted FD NOMA systems are the most
fundamental design issues. Most of the works in the literature
have been focused either on DL or UL scenario, there is
no comprehensive investigation to precisely analyze the DL
and UL and their respective impact on the user grouping and
power allocation problems. In this context, this paper focuses
on developing a simple and efficient user clustering and power
allocation solutions for STAR-RIS assisted FD NOMA systems.
The clustering problem in FD NOMA systems is very hard
and challenging , because the clustering should be designed
for both DL and UL users simultaneously. The optimal user
clustering solution might require an exhaustive search to form
a NOMA cluster. It is clear that, the computational complexity
of the optimal user clustering is extremely high and impractical
with a large number of users. Several methods of user clustering
techniques have been considered to efficiently utilize resources
and improve the overall sum rate. Matching algorithm can match
the users to clusters based on channel conditions. The algorithm
uses mathematical methods to determine the best clusters based

on a specific criteria. On contrast to these schemes, our proposed
algorithm is very simple, efficient and easy to implement
comparing with the other schemes that have higher complexity.
For clarity, the main contributions are listed as follows:

1) New user clustering schemes for STAR-RIS-aided FD
NOMA communication systems are presented and discussed.

2) New closed-form analytical expressions for the ergodic
rates of DL and UL users under Rician fading channels are de-
rived. This channel model is more general but also challenging
and hard to analyze. The impact of the imperfect SIC and the
self interference at the FD-BS are also taken into account in the
analysis.

3) The optimal STAR-RIS phase shifts and amplitudes that
maximize the ergodic sum-rates are obtained. In addition, sub-
optimal designs of the STAR-RIS phase shifts and amplitudes
are also provided.

4) An efficient power allocation scheme that enhances the
ergodic sum-rates is considered.

5) Monte-Carlo simulations are executed to investigate the
performance of the user clustering schemes and the optimal
system design.

The results in this work show that increasing the transmit
signal to noise ratio (SNR) always improves the achievable rates,
and the performance of the cell-edge users can be enhanced
by increasing number of the STAR-RIS elements. Furthermore,
NOMA user clustering scheme can achieve a higher sum rate
than NOMA pairing scheme in the DL mode with perfect and
imperfect SIC, when 0% and 10% of the power remains as
interference. Whilst, in the UL mode NOMA user clustering
scheme outperforms NOMA paring scheme in the perfect SIC
case and in the low SNR regime when 10% of the power remains
as interference.

II. SYSTEM MODEL

Considering a STAR-RIS-assisted multiple-users FD NOMA
communication system shown in Fig. 1. The FD-BS is situated
at the cell-center with coverage radius, R;, and the STAR-RIS
with N reconfigurable elements is situated at the cell-edge with
coverage radius R,. According to this deployment, the total
coverage area I; can be divided into two areas, the cell-center
area with radios R, and the cell-edge area with radios R,.. The
FD-BS is equipped with two antennas, one for transmission
and one for reception, while the users are equipped with a
single antenna!. Number of the DL and UL cell-center users
are K.q and K, respectively, where K. 4 + K., = K., and
number of the DL and UL cell-edge users are K 4 and K.,
respectively, where K.4 + K., = K., the total number of the
DL and UL users are K.q + Koq = K4 and K., + K¢, = K,
respectively. The users are assumed to be uniformly distributed

IPlease note that, in this work our main focus is to present a proof of
concept for STAR-RIS assisted FD NOMA networks, where our main target
is characterizing the corresponding performance and providing impactful and
meaningful insights. A single antenna is a tractable scenario that enables us
to provide useful insights and gain a better understanding of the properties of
STAR-RIS assisted FD NOMA networks. It is worth mentioning that when
the BS is equipped with multiple antennas, the resulting multiple-input-single-
output (MISO) NOMA system can be decomposed into multiple separate single
antenna NOMA systems that are identical to the one considered in this paper.
This scenario will be considered in a separate future work, where the derived
results in this work can be exploited.
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Figure 1: A STAR-RIS assisted FD communication system.

in the areas as shown in Fig 1. The distinguishing between the
cell-edge and cell-center can be made based on the received
signal strength, SNR, and/or the distance from the base-station.
In this work, the users who can communicate directly with the
BS and achieve high SINR are classified as cell-center users,
while the users who can communicate with the BS through the
STAR-RIS and achieve lower SINR are defined as cell-edge
users. Rician fading model is assumed for the STAR-RIS related
channels, while Rayleigh fading model is assumed for BS to
users and user to user channels due to extensive scatterers. It
is also assumed that the BS and the RIS can only know the
statistical CSI and the users’ locations.

In this work, the ES operating protocol is implemented at
the STAR-RIS. Thus, the STAR-RIS elements operate in the
transmission (¢) and reflection () modes, and the energy of the
incident signal on each element is split into two portions, one for
the transmitted signals and one for the reflected signals with the
energy-splitting coefficients (amplitude coefficients) p! and pf,
(p%. + pl, < 1). The transmission and reflection matrices of the
STAR-RIS can be written as O, = diag (p§0}, ...., pk 0% ) , k
{t, 7}, where 65 = ei®n, pk € [0,1], p* > 1 and k| = 1. By
employing STAR-RIS, one side can be assigned to one DL and
the other side to the UL mode. With conventional RIS, the RIS
should be assigned for UL or DL transmission, this will increase
the latency. The selection between RIS and STAR-RIS depends
on the specific application requirements, including performance
needs, budget constraints, and the acceptable level of complexity
for deployment and maintenance.

A. Transmission Model

In the DL transmission, the BS transmits the following signal,
Kgq
s =Y. \/a;xy,,, where ; is the power allocation coefficients
i=1
and z,,, is the information signal of the DL user ¢ with unit
variance. The received signal at the i*"* DL cell-center user in
can be written as

d
yu,d :Z ainll:;’:dhbguidxuid + Iu”; + nuid (l)

where P, is the BS transmit power, lbu ., is the path-loss
between the BS and the user, m is the path-loss exponent,
hpu;, ~ CN(0,1) is the channel between the BS and the user,
Ny,, 18 the additive white Gaussian noise (AWGN) at the user,
Ny,y ~ CN (O, Gim)’ and I,,,, is the interference caused by the
UL transmissions and given by

KC’U.
—m
pu]ul Uid,Uju 'U'id7ujux“ju
UL cell-center users signal
—m j—m
+ E pujulT7uj1LlTauidgT,uid(_)tg’l‘,Ujuqu'u 2)

UL cell-edge users signal

where p,,,, and z,,, are the transmit power and the signal of
user 4, Ry, 0, ~ CN(0,1) is the channel between the user and
UL cell-center user 7, ;™ i rttyy rai, TEpresent the path-

loss between the user and j*» UL user and the STAR-RIS,

( Kruig g g ) g
; V Frugy +107u; \/nmdﬂ g ) ) Brug

Rr,u g _ ~

__Yju -+ -
(, / nr’ujuﬂgmju + ./ Knujuﬂgmju) are the channel vec

tors between the RIS and the user, and the RIS and the jthUL
cell-edge user, respectively. The received signal at the i** DL
cell-edge user can be written as

and 8,

Ky

—mjij—m
Yug = E ainlb7T lr,u,,dgr,uid @rgb,rxum + Iu“l + Ny 3)
=1

where [, " is the path-loss between the BS and the STAR-RIS

and I, 1s the interference caused by the UL transmissions and
given by

—m m
puju T, umlr Uju &1 uig

Or8rujuTuy,- (4

UL users signal

In UL mode, the received signal at the BS can be expressed as

Yo = Z Pus,! bt hb,ummum +
Keuy
Z Puiy l()_’:ll’f_,mugb,retgr,u,;u LTy + Ib + ny (5)
=1

where ny is the AWGN at the BS, ny, ~ CN (O,UZ) and I is
the interference term which can be represented by

Iy = VPyhyps + \/Pblb_,:ll;;nggr@tgbm& (6)
—_——

self interference

reflection of the DL signal

where hyp is the channel between the transmit and receive
antennas. Several self interference suppression (SIS) techniques
have been proposed in the literature, such as passive cancella-
tion, analog and digital cancellations, etc [26], [27]. Employing
these interference suppression schemes will minimize the self
interference to the background noise floor. Following the results
in [26], [27], the residual self-interference, 5, is assumed to
follow Gaussian distribution with zero-mean and variance V,
§ ~ CN(0,V). According to the experimental results, the
variance of the residual self interference can be modeled as
V = P}, where 8 and X\ (0 < X\ < 1) are constants reflect the
quality of the cancellation technique.
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B. Problem Formulation

In the considered model, the FD-BS employs NOMA scheme
to serve the DL and UL users. To reduce the detection complex-
ity of NOMA technique, the DL and UL users are divided into
orthogonal clusters. Number of the DL clusters, 1 < My < K
and UL clusters, 1 < M, < Ig In addition, number of the
users in each DL cluster and UL cluster are denoted by x4 and
Ky, respectively, where 2 < kg < Ky and 2 < Kk, < K. The
joint user-clustering, STAR-RIS design, and power allocation to
maximize the total DL and UL sum rates can be formulated as

K

d
wi jaT u; u
pI,IelapXB lezz de g i,5d thzzl ﬁ 1,7 1,ju

Kd Ku

(C1) st Y Bai; Rus ju > R, z Buss Rus s > Ru,
Jj=1 J

(02) Rukdﬁuid 2 R id7k >

(C3) Ba., € {01}, Bu,, € {0,1},¥i,]

Kq

Q
B
e

Ky
2

/Bdi,j = 17 Zl Bui,j = I,VZ
j:

Il
-

Ky
1 /Bdlj S Kd7 2 Szl 51”13'
K3 1=

)
) (Ph) + (pn) =1L,Vn e N
)
)

Mz

2< < K, Vj

£ 0|0k = Lvn e N

Kqg

> Py, <Py, Py, > 0,0 <pu,, <pu, (7
=1

where R, ,a 18 the average rate of the ith DL user in cluster 7,

Rui,ju is the average rate of the " UL user in cluster 7, and
)1, if auser ¢ is grouped into cluster j
Bois = 0, otherwise
T
p= [pul....,puku,Pbl,....,PbKJ , Py, = a;Py, Py and p,,.

are the maximum transmission power at the BS and the user.
The first constraint (C.1) provides the data rate requirements
of the DL and UL users, and the second constraint (C.2)
provides the SIC implementation condition, while the constraint
(C.3) explains that 34, ; and f3,, ; are integer variables. The
constraints (C'.4) and (C 5) are requlred to ensure that each user
is assigned to only one cluster and that each cluster has at least
two users, constraints (C.6) and (C.7) for the amplitude and
phase shift on each STAR-RIS element. In addition, constraint
(C.8)presents the power constraint of the BS and the users.
As we can observe from (7), it is extremely difficult to find
the solution of the problem due to its non-convexity in nature.
Specifically, an exhaustive search algorithm is required to find
the optimal solution for NOMA user clustering scheme. Thus,
for each DL and UL user all possible combinations should be
considered. For instance, in the DL number of the possible

Kd

combinations is: Z . It is clear that, the computational

complexity of the optlmal user clustering is extremely high and
impractical with a large number of users. In addition, consid-
ering the two variables, p,, to obtain the optimal STAR-RIS
design makes the problem more complicated. In the following
sections we divide the main problem into two sub-problems.
We first develop a less complex and efficient solution for user

clustering scheme, and then we consider the optimal system
design.

III. USER CLUSTERING SCHEME

A user clustering scheme is an efficient solution to reduce the
decoding and implementation complexities of SIC in NOMA
systems. In the user clustering scheme number of the signals
decoded by SIC can be reduced by distributing the users into
small groups [28], [29]. In this section, we introduce low-
complexity sub-optimal user clustering schemes for a STAR-
RIS-aided FD-NOMA systems. The proposed scheme exploits
the users locations, and the distances between the users, STAR-
RIS and the FD-BS.

A. Key Principles

i) DL: Following the principles of NOMA, the DL users are

sorted in descending order based on their distances to the BS,
lougyg > - > lpu,, Where Iy, .is the distance between the BS
and user k*. After applying SIC, the rate of the closest users
to the BS (the strong/cell-center users) will depend essentially
on their channel variances and the amount of power allocated
to each user. Thus, it is reasonable and beneficial to distribute
the strong users into different clusters to enhance the achievable
sum-rate. For the far users (the weak/cell-edge users), it is more
reasonable and useful to include them with the strong users.
This is because the strong users can achieve high rates with
low power portions, and thus large portion of power can be
allocated to the weak users. Accordingly, the key idea here is
to group the strongest users and the weakest users into the same
cluster [22], [33].
ii) UL: Similarly, in UL the users are sorted in descending order
according to their distances to the BS, Iy y,c,, > - > lpuy,-
In UL NOMA, the strong users have less impact on the
performance of the weak users, because the strongest users’
messages will be canceled/reduced using SIC scheme. Thus, the
users can transmit their messages using the highest available
power. Accordingly, it is useful to cluster the strong users
together to enhance the achievable sum-rate of the cluster [22],
[33].

B. User Clustering Algorithm

1) DL: To simplify NOMA operation, the DL cell-center users
are virtually partitioned into two groups, group 1 (G¢) and group
2 (gg ), their locations are as much different as possible [33],
[34]. The users in gf are the nearest to the BS and the users
in gg are the farthest users to the BS. Number of the users in
group G is K4, , while number of the users in group G¢ is Ky, .
This partitioning of the users results in three different groups
in total, G¢ , G¢ and the cell-edge users group G¢ . Following
the key principles above, we sort the DL users in each group in
descending order, ly,u,, > .. > lyu,,;, Where i € {1,2,3} is

2NOMA clustering scheme proposed in this work does not required perfect
knowledge of instantaneous CSI at the BS. It is assumed that only statistical CSI
is known, thus the decoding/users order is determined based on their average
channel gains. e.g, path loss. Generally, the path loss remains stable over time
periods compared to small-scale fading. The practice of using distance-based
ordering in NOMA systems is extensively investigated in [30]-[32]. This scheme
can also simplify the power-allocation design for NOMA [9].
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Algorithm 1 User Clustering Algorithm.

1. Calculate the distances between the users and the BS.

2. Sort the DL and UL users according to their distances to the
BS.

3. Divide the users into groups, and assign the users in each

—m
group: [, " >t > > > >
DL users in G DL users in Go
—m
> 1 g, L > Lo ik, and

DL users in G3

—-m m
buty > lb y U201 > > lb JULu2 > lb JU2u2 >
UL users in Gy UL users in G2
m
> 1 Iy R

UL users in G3

4.1 Group the DL wusers into clusters: 1st cluster

[ PR bﬂTKEd , and  last cluster
l—m —m —m }
buk bvuxd Vb UR g+ Kot [

4.2 Group fhe UL users into clusters:1st cluster
—m —m —m

and last cluster

buty1? "b,u1u2? Th U1y
—m —m —m

b b)
biur,; ' 0uK, b UK,

the group index. Accordingly, the strongest users in G and G
and the weakest user in gg are grouped into the same cluster,
while the second strongest users in G and G¢ and the second
weakest user in gg are grouped into another cluster, and so
on’.

ii) UL: Similarly, the UL cell-center users are virtually parti-
tioned into two groups, group 1 (G}) and group 2 (G3), their
locations are as much different as possible [33], [34]. Number
of the users in group Gj* is K,,, while number of the users in
group G5 is K,,. This results in three different groups in total,
Gt , G3 and the cell-edge users group G§ . According to the
key principles above, we sort the UL users in each group in
descending order, lpu,, = > ... > lpuy,,, Where i € {1,2,3}.
Thus, the strongest users in each group are included in a cluster,
the second strongest users in each group are grouped in another
cluster, and so on.

All steps of the proposed algorithm are summarized in Algo-
rithm 1. In addition, for clarity in Fig. 2, we illustrate the user
clustering scheme for 6 cell-center users, and 3 cell-edge users
in DL and UL modes*.

IV. ERGODIC RATE ANALYSIS
In this section, based on the proposed user clustering scheme
we derive the ergodic rates of the DL and UL users, which will
be used later to find the optimal system design.
A. DL

The BS transmits the following signal to a cluster in the

3
=>" \/Q;xy,,, where a; is the power allocation
i=1

system, s

3Note that the analysis in this work is also applicable when the DL and UL
groups have different numbers of users.

“4Increasing number of the users in a cluster increases the detection complexity
but also reduces the usage of the resources/time slots. Thus, moving a step above
NOMA paring scheme will provide better usage of the resources, which can
compensate for the small errors in the SIC stage.

® |
Cell-edge users — VN A\
L N ®
r O S
A A\
® ®
Cell-center users —| (sl )
A\ A\
L ®

Figure 2: Illustration of user clustering scheme to serve 6 cell-center users
and 3 cell-edge users in DL and UL modes.

coefficients with a; + s + a3 < 1,01 < as < as3.
1) Cell-center, Group G1: The SINR at the DL strongest user
in a cluster, user 1, can be written as

. - Pb1Au1d
Uld ~— =™
EPR (052 + 043) Aum + Buld + Culd + Duld + U?le
(8)
where
2 2
p— — —m
Auu - ’ buldhb wia| » Buia = Pus,, mhuldvulu >
2
_ [1—m
Culd = Pua, uld;u2uhuld7u2u‘ 4

—m —m
Duld pu3ul’l" U3y ruld |g7‘ ulthgT u3u|

and P,, = a; P, and 0 < = < 1 is the SIC error factor which
represents a fraction of the power that remains as interference
due to imperfect SIC.

Theorem 1. The ergodic rate of the DL strongest user in a
cluster can be evaluated by

1
E[Ruy,) = i, log, (1+
Pblxluld

=P, (012 + OZ3) Luyy + Dy oYy, + puSuw: ;L:;Sy2u1d + Uzld
®)
where  x1, 1, . and Yy, ~ are defined in  (10)-
(12), kg is the user order 1 < ke, < Kgp,
H(.) is the hypergeometric  function, py,, =
VAT (1=kea, +Kea ) 2K ca!

(pulu + Dus., ): a1,14 = z ( L d) -

A(keay, —1)Y(Kea—keay )!
VAT (1=keuy+ Keu )2Keu

T Uld — T,U1d T U1d
Alugu= 4(keuws —1)! (Keu—heus )! Wrlug, = ( Wr gy, &1+ @y u3u)
— — 2 K A
J— T i K Y xT J—
51 - g'r u1d9tg”‘,u3u ‘ ’ wy - nzil m’ wy -
k N k2 N k2
> o |? > |k > |k
Kg n=1 Ky n=1 1 n=1
Ke+1l  Ky+1 Ky+1 Ke+1 Ke+1  Ky+1
Proof: The proof is provided in Appendix A. [ ]
2) Cell-center, Group Go: The SINR at the user can be
written as
_ a2PbA7J,2d
Yuza =

PbAuzd (EaB + al) + Buzd + Cuzd + Duzd + U?L

Lign g P
U2d,Uly " U224, UL

{3

2

where
2

b Bugd = pulu

)

Au2d = ‘ b ,U2d hb yU2d
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1+m m 1
T, :2alu1dr(kcd1)H kcdpiy* ; 771+ch 7R2
td 2 2 2
1 1 1+m 2+ m 3 3
—mRaluldF <2+kcd1)H({2+kcd17272}7{2a2+ch},R2) (10)
2 2H({3,-1+2,—3+2} {3 1},4R? 31 1
Y1, — _ ({ 2} {2 } )_H 7,7_"_@7@ , 7’3 ,4R2
14 (2—3m+m?)R? (2 —3m+ m?) R? 272 272 2
L64mBH ({2, 5+ 5.1+ 5} {5, 5}, 4R 64mRH ({25 + 5.1+ 5}, {3.5},4R?) an
157 97
1+m m 1
yz“ld = <2a1u3ur (keud)H <{keu37 Ta 2} ) {23 1 + Keu} 7Rg)
1 1 1+m 2+m 3 3
—-mRray,,, I’ <2+keu3>H({2+keu3a272} {2 2+Keu}aR12~)>
iH (At (Rr; + R) ™ 2ELHR) ! +((RTJ+R) i) (12)
>< [
= J " TR? o8 (Rr;+ R) " 2(R+r)
1+m m 1
x1, :2aflu2dr(kcd2)H kcdyiy* 5 771+ch 7R2
2d 2 2 2
1 1 1+m 24+m 3 3
_mRa1u2dF <2+kcd2>H({2+kcd2,2,2},{2,2+ch}’R2) (15)

2
Du3d pu?)u lr U3d T, ugu |g7‘ Uu3d 97‘g7’ U3y ‘

C

u2d = puzu >

—m h
U2d,U2u " “U2d U2

2
Duyyy = Pus, lr ulu'r, u2d |g7 124 Ot 8r, uzn| -

Theorem 3. The ergodic rate of the DL weakest user in a cluster
can be evaluated by
Theorem 2. The ergodic rate of the DL second strongest user

. 1
in a cluster can be evaluated by E[Rus,) =~ A log, (1+
1
& [Ru2d} ~ ﬁd 1Og2 (1+ Pngu?,d (17)
Pbl 2 Tuzg T b1y1u3d + b2y2u3d + Jgsd
Pb2x1u2d where Luzg = l ;W b Udelugd’ bl = puluw::sfi + p“2uw::zgi’
= by = pu. ’”“L‘d T Y1 Y2 are defined in (18)-
Pyxy =as + o) + 4 wh “25 + o2 2 uze Vriugyr Llug, s u3d’ uzg
641wy, (B 1) Pur 2 Yluyy T PusuWriuzuY2u,, “2(d14) (20) keds is the user order 1 < keq, < Keg, w; P =
Uzd ~ T, U3d TU3d  —  gTU3d T,U3d T U3d  —
where x1, is defined in (15), yi, = Yi. ., Y2, = w’;z &+ wbr’"u w’”’,?h“ Tulr“u& + “h;uwr U2u
kea, is th der Koy £1 < gy < Ko Trusis T O wpll = wpiibe + o & =
Y2.,,» Kecd, Is the user order Kg, + S Redy, S cds 2u o 2u 3u . 3u g 5
Wi = (@i + B, € = |8 0yOrBran. |t and BrrBhrl s G 80008 ““n’<ff[ B o
fl“(l kfdz+KCd)2KCd' §6 = |B. 3d®gr ugy | 0 Alyza — e ed', and
Aly0q = 4(k —1)'(K 0! mu YUdu u 4(k§ed3—1)!(Ked—ked3)!
cdy— 1) (Kea—k)! VAT (1—keu, +Keu )2Keu!
Proof: The proof is provided in Appendix B. T () T (N T
3) Cell-edge, Group Gs: The SINR at the user can be written Proof: The proof is provided in Appendix C. m
as
B. UL
e Ay (16) Based on the proposed UL transmission scheme, and (5), we
Y4 Py, yAugy + Bugy + Cugy + Dugy + 02, can derive the ergodic rates of an UL cluster as follows.

B ) 1) Cell-center, Group Gi: The SINR to detect the signal of
where A, = O‘BPblb,, r ugd F= SR OIS - 3 Py, = the UL strongest user in a cluster, user 1, can be written as,
(a1 +az) B,

Busd pululr Z;dlr Zﬁu ‘gT,u.?d @Tghulu |2’ ~ _ puluAulu (21)
C“Sd Pusy ZT Lréd ZT Lr;“ grv“?’d@TgT’“% ’ e Pus, Bu1u + DPus., Cu1u + PbDulu +V+ 0-1%1
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1+m m 1
Z‘lu = 20’1u3dF (kEdS) H ked37 v e () a2 1 + KEd 7R3
3d 2 2 2
1 1 1+4m 24+4m 3 3
—mRTaluadF (2 + kedg) H ({2 + kedS, T7 2} {2 5 + Ked} 7Rg> (18)
¢ Rrj+R) —r
m2(Rr;+R) _ 1 (( j 1)
(R R) ™Y cos! 19
tua 2:: ri ) e\ my e\ T 2w (19)
1+m m 1
Y2u,, = x1u3da2u3d21—‘ (keul) H ({keula T: 2} ) {27 1+ Keu} 7R72~>
1 1 1+m 24 m 33 2
_mR’f‘xluL;daZude (2 + keu1> H ({2 + keula T» 2} ) {21 5 + Keu} 7Rr) (20)
1 1
Xug, :2ai 1 F(kcu)H kcu'aﬂam 5 771+Kcu aRQ
U uluw (2 ¥ 2 2 2
1 1 1+m 24 m 33 9
-mR i ris kcu' H 5 k'cu,-; e 0 a5 PRIy Kcu aR 23
T R R
1+m m 1
y2’u,1u = 2(13u1uF (keul)H ({keula T; 2} ) {27 1 + Keu} 7R$>
1+4m 24+4m 3 3
—mRra3u1u ( + keul) ({ eu17 2 ) 2 } {2 5 + Keu} aR?) (24)
N 2
Y — [y Kb |p 1
ULy b,r "b,r Kb,r —+ 1 K/b r + 1 R, r + 1 1 " Kb, r + 1
k idh, Jdn Kb,r o
2SS S (ke ) ()" +2%+Mbr+1<<z(pej ) )) 0s)
n=1 ni=lnas#n;
where ) ) Proof: The proof is provided in Appendix D. [ ]
Ay, = ‘ ™ hpuy, | Buy, = ‘ o B 2) Cell-center, Group G: The SINR to detect the UL second
T :1 —m “ ™ " strongest user signal can be written as,
Culu = lbér lr U3y |gb 7‘®th U3y ‘ Dulu = g g
lb_:n lb r |8b, retgb r Pusy, Auzu
Tun = 2y, B Coro + PDuy 4V 102 OO
Theorem 4. The ergodic rate of the UL strongest user in a EPuryBuzy T Pugy Cusy + FoDuy, +V 403
cluster can be evaluated by where ) )
1 Au2u = ‘ bu2 hb sU2u | 2 Bu2u = ‘ bu1 hb sULy
ERu,,] = log, (1+ “ mi—m “
B, ] M, B2 Cus, = L i |86,rOt8rusu|™s  Dus,, =
Lol et O r
p“lu Xulu (22) .
Puzs Xuzs + Pugs@p ;muyzulu + Pz, +V o2 Theorem 5. The ergodic rate of the UL second strongest user

where Xu,,,Y2,,, and ys, —are defined in (23)-(25), kcy,is
the strongest cell-center user order 1 < ko, < Ky, kcuyis the
second strongest cell-center user order K, +1 < key, < Koy,

keu, is the UL cell-edge user order 1 < key, < Key, w; =
T U3y A T USy o \/Er(lfkcul +Kcu)2Kuu .
wb r 57 + wb roo Ay, = » (2,4,

A(keuy 1) (Keu—Fk)!
VAL (1=keu; +Keu )2Keu!
é(kml—l) (Keu—keuy )’

\fF(l k°“2+KLu)2KLu
4(k““'2 I)I(Kl‘u—kruQ)l ’ a3ulu -
2

, & =

‘gb,r@tg , &8 = ‘ng@tgb,r and { = gbw@tgbyr.

rudu

in a cluster can be evaluated by

1

E[Ru,,] ~ A

log, (1+

Pugy Xuzy

EPuro Xy T Pusu Wy Y2, + Poyz,, +V +0p

) 27)

where Xu,,, Y2 are defined in

(23)-(25).

= Y2,1,, and ys,, =ys,,

U2y
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Proof: The proof is provided in Appendix D. [ |
3) Cell-edge, Group Gs : The SINR to detect the UL cell-
edge user signal can be written as,

_ puguAU3u 28
Vugy = = — 5 (28)
:puluBuliu + ZPus, CuSu + PbDusu +V+ 0
— _ 2
where Ay, =1, 100 (86,rOt8r s, |
2 2
—m —m
By, = lb,uluhb»ulu s Cug, = \/ lb,uzu b us.,
I 2
—mjij—m
DuSu = lb,'r lb,r gb,’r’@gbﬂ'

Theorem 6. The ergodic rate of the UL weakest user in a cluster
can be evaluated by
1

ERuy,,] =~ e log, (1+
u

T, U3u
Pugu@p . Lluy,

= = 29)
ZPuyy Xute T SPusy Xusw T ‘PbyS%u +V+ Ug)

where Xxy,,, 1

(23)-(25).

=Y2,,, »and y3, ~=vys, ~are defined in

U3y

Proof: The proof is in Appendix D. [ |

C. Design Insights

From the ergodic rate expressions provided in the Theorems
we can observe the following. The DL and UL ergodic rates
depend essentially on the network geometry, i.e., the radius of
the cell center and cell edge areas, the locations of the BS,
STAR-RIS and the users, the transmit powers, and number
of the STAR-RIS elements. Therefore, for a given network
topology, the DL and UL performance is highly related to
the STAR-RIS amplitudes and the phase shifts, the transmit
powers, and the system impairments, i.e., SIC error and the self
interference. From Theorems 1, 2 and 3, the DL performance
depends essentially on the BS transmit power, P, and the
STAR-RIS elements. Thus the DL performance can be enhanced
by increasing the BS transmit power and/or number of STAR-
RIS units. However, number of STAR-RIS elements has an
impact on both the desired signal and the interference, e.g., the
nominator and denominator of the SINRs, and thus the STAR-
RIS elements should be optimized properly to enhance the
DL achievable rates. In addition, the DL ergodic rates degrade
with increasing the UL users power and the SIC errors. From
Theorems 4, 5 and 6, the UL performance depends on the user
transmit power, and the STAR-RIS elements. Similarly as in the
DL, the UL users power and number of STAR-RIS elements
have an impact on both the desired signal and the interference,
and thus these parameters should be optimized to enhance the
UL performance. In addition, the UL ergodic rates degrade with
increasing the BS transmit power and the self interference at the
BS.

In summary, we can conclude that, the optimal STAR-RIS
design plays a crucial role in achieving high data rates. In
addition, as it is commonly observed in FD communications,
higher transmit power generally leads to a stronger signal qual-
ity. However, increasing the transmit power can also potentially

result in higher interference levels. Thus, the transmit power
levels should also be adjusted to optimize the DL and UL
performance.

V. SYSTEMS DESIGN

As we can observe from the Theorems, the ergodic rates
depend on the amplitudes and phase shifts of the STAR-RIS
elements and also on the transmit powers. Thus, these param-
eters are optimized in this Section to maximize the weighted
sum rate of a DL cluster and an UL cluster.

A. Simultaneous Amplitudes and Phase-Shifts Optimization

The total weighted sum-rate at a given time slot and power
transmission can be optimized by considering the following
problem

3 _ 3 _
max E Wypq Ry + Z @y Ry,
p0  i=1 i=1
st () + (pn) =1,YneN

ok >0, 92|:1,Vn€N

(30)

where w,,,, and w,,, are the weighting factors, which signify
the priority assigned to each user and 6 = [0%,07], p =
[%, p"]. Problem (31) is non-convex and, coupled among the
optimization variables which are the amplitudes, p, and the
phase shifts, 0, for transmission and reflection. The problem is a
constrained optimization problem where the objective function
is differentiable with respect to the optimization variables (6,p).
For the development of an efficient algorithm to solve (31),
we notice that the feasible sets & (for # ) and @ (for p)
are simple in the sense that their projection operators can be
obtained in closed-form [35] [36]. This motivates us to apply
the PGAM to optimize € and p. PGAM results in low com-
putational complexity, being dependent on simple mathematical
operations in terms of closed-form expressions. It iteratively
updates the optimization variables by taking gradient ascent
steps and projecting onto the feasible set. For this method
to converge, first the objective function is differentiable with
respect to 6 and p, and its gradients are Lipschitz continuous.
In addition, the feasible sets ® and () are compact, ensuring that
the projection operations remain well-posed [35] [36]. PGAM’s
convergence is well-established. The projection step ensures that
each iteration remains within the feasible set, which is crucial
for constrained optimization problems. Thus the convergence
of the proposed algorithm to a maximum can be guaranteed
because it is bougded by the constraint. ”1;0 apply the PGAM,

first we define Y @y, Ruyy + @us 2o Ruw = f(0,p),

i=1 i=1
d={6" e CN* 9" € CN*1||9"| = 10" =1}, and
Q — {,Dt c Cle,pr c (CNXl,
(p!) + (pF) = 1,pt > 0, pF > 0}. Then, we calculate the gra-
dients of f(6,p) with respect to 6, Vof (6%,p"), and p’,
V,f (0", p). Next we update the phases and amplitudes at each
iteration using the expressions, #'*1 = (87 + v;Vy f (67, p%))
and p"t = (p' +U;V,f (6", p")), respectively, where v; and
1; are the step sizes. Then we project them onto ® and @Q. The
overall steps of the algorithm is summarized in Algorithm 2.
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Algorithm 2 Optimization Algorithm.

Input: Set the maximum number of iterations % and a tolerance
> 0.

Initialize p(®, and (¥ | and set the step sizes.

fori =0 to # do

Evaluate:  f (0, p®), then  Vof (0,p(?),  and
V,f (g(i), p(i))
Update: 6°+! 0° + vVof (6%,p") and pTt = pi +

0, (0)
Evaluate: f (9(Z+1)’p(t+1)
Until Convergence: f (9(i+1),p(i+1)) —f (a(i)’p(i)) <

Complexity Analysis of Algorithms 2: The analytical expres-
sions for the ergodic rates paved the way to apply the PGAM
algorithm [35] [36]. This algorithm has low complexity, because
it depends only on simple operations in terms of closed-form
expressions. Specifically, the Algorithm requires the first-order
information, i.e., the objective and its gradient values. Each term
requires O (N 2) complex multiplications, thus the ergodic rate
requires O (K N 2)iterations. The same number of iterations is
required by Vo f (8, p), and V,f (6, p). Obviously, it depends
on fundamental system parameters, i.e., i, and N but with a
higher dependence on V.

Convergence Analysis of Algorithm 2: The convergence is
guaranteed because it iteratively maximizes the rates subject to
specific constraints. The gradients Vo f (6,p), and V,f (6, p)
are Lipschitz continuous over the feasible set as they comprise
basic functions. Let Ly and L, be the Lipschitz constant of
Vof (6,p) and V,f (6, p), respectively. It holds that

1

) 2 f(8.0) +(Vof (6.) %~ 6) — — I|Ix — 63
max
i i 1 2
+(Vpl (6%07) .y =p) = 7—Ily =l (3D
where L. = max(Lg,L,), (a,b) = 2Re (aHb) for
complex-values of a and b and (a,b) = af’b, for non-

complex values of a and b. Thus, the line search procedure of
Algorithm 1 terminates in finite iterations since the condition
in Algorithm 1 must be satisfied. Also, due to the line search
we automatically have an increasing sequence of objectives, i.e.,
F (00D, pl+1) > £ (@), (). Since the feasible sets ¢ and
Q are compact, f (09, p()) must converge.

1) Sub-optimal Design: The sub-optimal solution is based on
the proposed NOMA clustering scheme, where in each slot the
BS transmits signals to a DL cluster and receives signals from an
UL cluster. In such systems the cell-edge users have the highest
priority in the STAR-RIS design. Therefore, the phase shifts can
be aligned to the cell-edge users’ channels. The phase shifts can
be presented as, ¢f = —27% (CpUpuy, + frlbus) b € {t, 7}
where vy,, = singy singp . —singy, siner o Ly, =
cos ¢y, . —cos ¢y, and f 5, ©f ; are the azimuth and elevation
angles of arrival from node 7 to node j, A is the wavelength, ¢
is the elements spacing, and ¢,, = (n — 1) modv'N, fn= "—\/_ﬁl
Also, the amplitudes p! and p!, can be calculated using the
ergodic rate expressions based on the target data rates.

(a) DL rates versus transmit
SNR,¥, for random and op-
timal phase shifts.

(b) UL rates versus transmit
SNR,¥, for random and op-
timal phase shifts.

Figure 3: Ergodic rates versus transmit SNR,7, for different phase shifts.

B. Power Allocation

The optimal power allocation scheme can be obtained by
solving the problem

3
(C.1) st > Py, <Py, Py, >0,0<pu, <Pun,

i=1

(C.2)
(C.3)

Ruid > Rdm Rum > Rui; 1€ {1,2,3}
Rukd"“id 2 Ruq‘,w k> (32)

3

3
where f(p) =Y. wu,Ru,+ Y. @u,Ru., P =
i=1 -1

i
3
[pu1>pu27pu37PbNsz’Pbs}T’ By :.Z Pbi

maximum transmission power at a user. 1The optimal solution of
the problem in (32) can be obtained by using some complicated
techniques such as monotonic optimization, and block coordi-
nate descent (BCD) iterative algorithms which are described in
[37], [38], the details are omitted here due to the paper length
limitation.

As a simple sub-optimal solution, the minimum power required
for each user can be obtained by achieving the minimum data
rate requirement of each user, i.e., satisfying (C.2) in (32) with
equality, R,,, = Rq,, Ry,, = R,,. Thus, using the expressions
in Theorems 1-6, the minimum required power values can be
obtained by solving all the equality equations together.

and p,,, is the

VI. NUMERICAL RESULTS

In this section simulation and numerical results are presented
to demonstrate the effectiveness of the proposed schemes and
confirm the accuracy of the analytical expressions. The radius of
the cell-center and cell-edge areas are assumed to be R = 50m
and R, = 30m respectively. For simplicity, it is assumed that
the users have the same noise variance, o2, and thus the DL
transmit SNR is defined as 7 = %, and the maximum UL
user power is p,, = 0.1, [39]. The Rician factors are 3,
and the path-loss exponent is m = 2.7. In addition, number of
the STAR-RIS elements is N = 10, number of the DL cell-
center users is K.4=6, and the DL cell-edge users is K.q4 = 3,
number of the UL cell-center users is K., =6, and the UL cell-
edge users is K., = 3, the self interference parameters are
£ =0.001, A\ = 0.1 and the SIC error factor is = = 0.1.

In Fig. 3 we illustrate the ergodic rates of a DL cluster and
an UL cluster versus the transmit SNR, 7. Fig. 3a shows the
achievable DL ergodic rates using the optimal and random phase
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(a) DL rates versus (b) UL rates versus

transmit SNR#%, with transmit SNR%, with the transmit SNR, 7,

ideal SIC = = ideal SIC = = when 8 = 1,\ =
0.4.

Figure 4: Ergodic rates versus transmit SNR,7, with different values of the
SIC error factor and self interference.

Sum e (oisisHz)

(a) DL sum-rates of user-
clustering and user-paring
schemes versus the transmit
SNR, #.

(b) UL sum-rates of user-
clustering and user-paring
schemes versus the transmit
SNR, 7.

Figure 5: Sum-rates of user-clustering and user-paring schemes versus the
transmit SNR, #, for perfect and imperfect SIC.

shifts, while the UL ergodic rates with the optimal and random
phase shifts are presented in Fig. 3b. Firstly, it is clear from
these results that the DL and UL rates enhance with increasing
the transmit SNR. In addition, the cell-edge users achieve higher
data rates in the optimal phase shifts case than that in the random
phase shifts case. Interestingly enough, the performance of the
UL cell-center users improves in the random phase shifts case,
due to reducing the interference power caused by the UL cell-
edge users.

To show the impact of the system impairments on the
users’ performance, in Fig. 4 we plot the DL and UL ergodic
rates versus the transmit SNR, #, for ideal SIC and high self
interference at the FD-BS. Fig. 4a and Fig. 4b depict the DL and
UL achievable rates with ideal SIC = = 0, respectively, while
Fig. 4c presents the UL ergodic rates when the variance of the
residual self interference at the BS is high with, 8 = 1, A = 0.4.
It can be observed from Figs. 4a and 3a that the imperfect
SIC results in deteriorating the achievable rates of the DL cell-
center users as their performance relies on the SIC detection
scheme. In addition, from Fig. 4b and Fig. 3b, we can see that,
the performance of the UL cell-center user 2 and the UL cell-
edge user enhance greatly with reducing the SIC error factor.
Also, comparing Fig. 4c and Fig. 3b, we can observe that, high
residual self interference at the BS causes deep degradation of
the UL users’ performance.

To compare NOMA user clustering scheme with NOMA
pairing scheme considered in [20], we plot in Fig. 5 the DL and
UL sum rates of the two schemes versus the transmit SNR, 7,
for perfect and imperfect SIC, Z =0 and Z = 0.1,e.g., 0% and
10% of the power remains as interference. The power in these
results is allocated between the users to achieve the target data
rates of the cell-edge users, and the remaining power is divided

(¢) UL rates versus

(a) DL rates versus number (b) UL rates versus number
of the STAR-RIS elements of the STAR-RIS elements
N. N.

Figure 6: Ergodic rates versus number of the STAR-RIS elements N.

Figure 7: Sum-rate versus transmit SNR for different optimization schemes.

between the cell-center users to enhance the total sum rate. It is
worth mentioning that, in NOMA user clustering scheme there
are 3 different DL and UL clusters, while in NOMA pairing
scheme, there are 5 different DL and UL clusters. From Fig.
5a, in DL mode NOMA user clustering scheme achieves higher
sum rates than NOMA pairing scheme. On the other hand, from
Fig. 5b in UL mode NOMA user clustering scheme outperforms
NOMA paring scheme in the perfect SIC case, and at low SNR
values in the imperfect SIC case. However, in a high SNR
regime NOMA pairing scheme can achieve higher sum-rates.
The sum-rate of a cluster is controlled by the performance
of the cell-center users. In DL increasing SIC error hurts the
performance of the cell-center users in the two schemes, while in
UL mode increasing SIC error degrades the performance of the
cell-edge users which can be controlled by the power allocation
scheme.

Fig. 6, illustrates the ergodic rates versus number of the
STAR-RIS elements N when ¥ = 40 dB. Fig. 6a shows that
the performance of the DL cell-edge user is enhanced with
increasing number of the STAR-RIS elements, N, while the
cell-center users performance degrades with increasing IN. This
is because increasing number of the elements leads to increase
the interference power caused by the UL cell-edge user. On the
other hand, Fig. 5b demonstrates that the performance of the UL
cell-edge user is enhanced greatly with increasing /N, which is
not the case for the UL cell-center users where adding more
elements results in increasing the interference power caused by
the UL cell-edge user.

Fig. 7 shows the total sum-rate for the proposed scheme,
matching theory and the exhaustive search algorithm to find the
optimal clustering for 6 DL and 6 UL cell-center users and
3 DL and 3 UL cell edge users, e.g., K.q=0, K.q=3, K.,=6,
and K.,=3. As we can notice from the figure the gap is tiny
for the considered scenario. The exhaustive search algorithm
is computationally intensive compared to our proposed scheme
which is much simpler.
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VII. CONCLUSIONS

This work considered a STAR-RIS-assisted FD NOMA com-
munication system, where the STAR-RIS is implemented at
the cell-edge region to assist the cell-edge users. Firstly, new
user clustering schemes for DL and UL transmissions were
presented. Then, closed-form analytical expressions of the DL
and UL ergodic sum rates have been derived. In addition, the
optimal amplitudes and phase-shifts of the STAR-RIS elements
that maximize the total sum-rate were obtained. Moreover, a
power allocation scheme of the DL and UL communications
was studied. The results in this work showed that increasing
the transmitted SNR always improves the achievable rates, and
the performance of the cell-edge users can be enhanced by using
a large number of STAR-RIS elements. Furthermore, imperfect
SIC degrades the achievable rates of the DL cell-center users
and the UL cell-edge user, while imperfect SIS reduces the
performance of the UL users significantly. In addition, NOMA
user clustering scheme can achieve a higher sum rate than
NOMA pairing scheme in DL mode, while in UL mode NOMA
user clustering scheme outperforms NOMA paring scheme in
the perfect SIC case, and at low SNR values in the imperfect
SIC case.

APPENDIX A

By using Jensen inequality, the ergodic rate can be approxi-
mated by

& [Rum] ~ 10g2 (1+
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Due to the paper length limitation, we refer the reader to [40,
Lemma 1] for more details about the error analysis of using
Jensen inequality. The first term, & {A,,,} = &0,
zy,,, can be calculated as follows. The PDF of the users at
radius r relative to the BS is f; (1) = 25, 0 <r < R. Thus,
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The solution of (35) is presented in (10). The second term,
E{Bu,,} = I3y, } = 1., can be calculated as follows.
Considering the distribution of the distance between two random
points inside a circle in [41], we can write

2R

Ylu,, :/ (1 + Tuld,ulu)7

0

m 4TU1d,u1u

TR2

11

2
—1 (Tuia,uru Tuig,u1u Ty ur
X<C°S‘ ( R )* R ( LR ))dr““’““"
(36)
The solution of (36) is presented in (11). The

third term, &{C,,,} can be calculated by following
similar steps as in (36). The last term &£{D,,,} =

pu'iug {lr uSu} 2 {lr uldi & ij|gT7U1d,9th,u3u |2}

evaluated as follows. The PDF of the weak user location at

can be

radius 7, relative to the RIS is fq () = %7 0<r <R,
Thus, we can calculate the first average as,
R,
g{lrgéu}: ( 1 | / 1+T7 uSu
0

r r2 o p2\ Kok
X (R )2 (R )2 (1 - -R%) drr,u?)u (37)

which can be found as in (38). By invoking the distribution of
the distance between a random point inside a circle and a fixed
point outside the circle provided in [41], we can write
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where vy = d;, — R is the distance from RIS to the circle
boundary, r1 < 7y.,,, <71 + 2R. Applying Gaussian Quadra-
ture rules we can get
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After removing the zero expectation terms, the last expectation
can be written as in (41). Now, the first term in (41) is
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The other terms, APPENDIX C
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& |§m1 d@gr,uw Z | p,’i’ need to derive the average of the following terms. To find
n=1 & {ZT mu}where i = 1,2, we use the distribution of the
distance between a random point inside a circle and a fixed
r1+2R
Z Z ( Mld Pn nlaN ) (wr v S usu)) point outside the circle provided in [41] as £ {lr uw} = ;/:
n1—1n27‘5n1 Tr wi — ?utu T2
el ( ot o )) ATy i
_ o HY N .12 Applying Gaussian Quadrature rules we can get the averg e
(I:gr,uld] Pn1 laan (Vs Vg ) _Zl ‘Pn‘ as in (40). The terms & {l;%d} and & {|g,,,,u3d®gb7,«| ,
n= 2 2
J (44) |g7‘,u3d ekgulu,,r | > g { |gr,u3d GgUQ'u,,r >
an
N E 418 sy Or&rus, |’ tcan be derived by following the
&8, 1408 us, |2 :Z |pr|2 (45) steps as in (37) and (41).
n=1
APPENDIX D
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To derive the ergodic rate using Jensen inequality,
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