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Simultaneous Transmitting and Reflecting

Reconfigurable Intelligent Surfaces-Empowered
NOMA Networks

Mahmoud Aldababsa

Abstract—In this article, we propose a novel simultaneous
transmitting and reflecting reconfigurable intelligent surface
(STAR-RIS)-assisted nonorthogonal multiple access (NOMA)
system. Unlike most of the STAR-RIS-assisted NOMA works,
we target scalable phase shift design for our proposed system
that requires a reduced channel estimation overhead. Within
this perspective, we propose novel algorithms to partition the
STAR-RIS surface among the available users. These algorithms
aim to determine the proper number of transmitting/reflecting
elements needs to be assigned to each user in order to maximize
the system sum rate while guaranteeing the quality-of-service
requirements for individual users. For the proposed system, we
derive closed-form analytical expressions for the outage probability
(OP) and its corresponding asymptotic behavior under different
user deployments. Finally, Monte Carlo simulations are performed
in order to verify the correctness of the theoretical analysis. It is
shown that the proposed system outperforms the classical NOMA
and orthogonal multiple access systems in terms of OP and sum
rate, under spatial correlation and phase errors.

Index Terms—Mode switching (MS) protocol, nonorthogonal
multiple access (NOMA), outage probability (OP), simultaneous
transmitting and reflecting reconfigurable intelligent surface
(STAR-RIS).

1. INTRODUCTION

ECONFIGURABLE intelligent surface (RIS)-empowe-
R red communication has been considered as a promising
candidate to enhance the performance of future wireless net-
works in terms of energy efficiency and coverage [1], [2]. Basi-
cally, an RIS consists of massive low-cost reconfigurable passive
elements by which it can reconfigure the propagation of incident
wireless signals by adjusting the amplitude and phase shift of
each individual element [3]. RISs do not require radio frequency
chains, rather, they process the impinging signal over-the-air.
This remarkably reduces the energy consumption and hardware
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costs, and hence, makes RISs economical and environmentally
friendly compared with multiantenna and relaying systems [4].
Despite the aforementioned advantages, RISs act as reflective
metasurfaces, which means that RISs can only serve the users
located on their same side. In other words, RISs offer only
half-space coverage, which limits the flexibility of deploying
them. To solve this problem, recently, the novel concept of
simultaneous transmitting and reflecting RISs (STAR-RISs) has
been proposed [5]. Compared with conventional RISs, STAR-
RISs have elements that support both electric polarization and
magnetization currents yielding simultaneous control of the
transmitted and reflected signals. In this way, STAR-RISs can
offer full-space coverage. Furthermore, in order to enhance
this full-space coverage, three main operating protocols are
proposed, namely the energy splitting (ES), mode switching
(MS), and time switching (TS). Specifically, for ES, all ele-
ments of the STAR-RIS are assumed to operate in transmission
and reflection mode simultaneously. For MS, each element can
operate in full transmission or reflection mode, while in TS,
all elements periodically switch between the transmission and
reflection modes in orthogonal time slots.

Nonorthogonal multiple access (NOMA) has also received
significant attention due to its ability to realize high spec-
tral efficiency (SE), massive connectivity, and low latency [6].
NOMA is fundamentally different than conventional orthogonal
multiple access (OMA) schemes, which provide orthogonal
access to the users either in time, frequency, code, or space.
The key idea in NOMA is to allocate nonorthogonal resources
to serve multiple users, yielding a higher SE while allowing
some degree of interference at receivers [7]. In power-domain
NOMA (PD-NOMA), multiple users’ signals are superposed
with different power levels that are in reverse order to their
channels’ gains. At the receiver side, successive interference
cancellation (SIC) is applied by each user to recover its signal,
providing a good tradeoff between system throughput and user
fairness [8].

A. Related Works

1) Studies on STAR-RIS: Since the concept of STAR-RIS is
relatively new, only a few works in the literature have investi-
gated it so far [9], [10], [11], [12]. Particularly, in [9], a general
hardware model for STAR-RISs was introduced. The channel
models for the near- and far-field regions of STAR-RISs were
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also investigated, and the analytical expressions for the channel
gains of users were derived in closed form. Next, the active
and passive beamforming optimization problem was consid-
ered in [10] for the STAR-RIS-assisted downlink networks in
both unicast and multicast transmission cases. Especially, for
three practical operating protocols ES, MS, and TS, the active
beamforming at the base station (BS) and the passive trans-
mission/reflection beamforming at the STAR-RIS were jointly
optimized in order to minimize the power consumption of the
BS and satisfy the quality-of-service (QoS) requirements of the
users. Then, the weighted sum-rate maximization problem of
the STAR-RIS-assisted multiple-input multiple-output (MIMO)
networks was studied in [11]. Here, the authors proposed an
alternative block coordinate descent algorithm to design the
precoding matrices and the transmitting/reflecting coefficients.
In [12], practical hardware implementations and their accurate
physical models were investigated for STAR-intelligent omni
surfaces (STAR-IOSs).

2) Studies on STAR-RIS-Assisted NOMA: Due to their
remarkable advantages, the integration of RISs with NOMA
systems is indispensable in future wireless communications to
fulfill the stringent demands on data rate and connectivity [6].
Motivated by this, recent research efforts have been devoted to
STAR-RIS-assisted NOMA systems [13], [14], [15], [16], [17],
(18], [19], [20], [21], [22], [23], [23], [24], [25], [26], [27], [28],
[29], [30], [31], [32]. Particularly, the authors in [13] maximized
the coverage range of STAR-RIS aided two-user communication
networks for both NOMA and OMA by jointly optimizing the
resource allocation at the BS and the transmission/reflection
coefficients at the STAR-RISs. Next, the authors in [14]
exploited a STAR-RIS in NOMA enhanced coordinated
multipoint transmission networks in order to eliminate
and boost the intercell interferences and desired signals,
respectively. Then, in [15], by jointly optimizing the decoding
order, power allocation coefficients, active beamforming, and
transmission/reflection beamforming, the achievable sum rate
was maximized for the STAR-RIS-assisted NOMA system. The
authors in [16] used a STAR-RIS to enable a heterogeneous
network that integrated uplink NOMA and over-the-air
federated learning into a unified framework to address the
scarcity of system bandwidth. In addition, they minimized the
optimality gap while guaranteeing QoS requirements by jointly
optimizing the transmit power at users and the configuration
mode at the STAR-RIS. For the sake of deriving approximated
mathematical channel models for STAR-IOS/RISs, the authors
exploited the central limit, curve fitting, and M-fold convolution
models in [17] while central limit theorem (CLT) and channel
power gain models were used in [18]. In [19] and [20], the
authors investigated the correlation effects associated with
phase adjustment of the transmitting and reflecting elements,
as follows. In [19], the authors proposed three phase-shift
configuration strategies to achieve full diversity and enhance
communication performance. In [20], the authors considered an
optimization problem to minimize the power consumption
while satisfying the users’ rate requirements. The performance
of STAR-RIS-assisted NOMA networks under Rician fading
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channels was investigated in [21], in terms of outage probability
(OP) and ergodic rate. By using deep reinforcement learning, the
authors in [22] considered an optimization problem to maximize
the energy efficiency. The authors in [23] investigated the
secrecy design of STAR-RIS-assisted NOMA networks under
two scenarios where full or statistical channel state information
(CSI) of the eavesdropper is available at the legitimate nodes.
For multicarrier communications networks, the authors in [24]
investigated the resource allocation problem in STAR-RIS-
assisted OMA and NOMA networks by considering the sum-rate
maximization problem in both scenarios. Finally, the authors
in [25] considered STAR-RIS-assisted NOMA networks where
the total power consumption is minimized by jointly optimizing
the users’ transmit power, receive-beamforming vectors at
the STAR-RIS, and time slots. The authors in [26] derived
the bit error rate in a closed form for a STAR-RIS-assisted
NOMA network under perfect and imperfect SIC scenarios.
The authors in [27] minimized the total transmit power for
STAR-RIS-empowered uplink NOMA systems. In [28] and [29],
the authors investigated the ergodic rate for STAR-RIS-NOMA
networks. The authors in [30] obtained analytical expressions
of the effective capacity for the network with a pair of NOMA
users on the different sides of the STAR-RIS.

3) Studies on Partitioning Algorithms: The authors in [33]
introduced a general framework based on RIS partitioning for
the channel estimation for large intelligent metasurface-assisted
massive MIMO networks. The authors in [35] brought the
concept of RIS-assisted communications to the realm of index
modulation (IM) by partitioning the RIS surfaces and embedding
bits in the indices of these partitions. In [36], the whole RIS was
virtually partitioned into two halves to create signals with only
inphase and quadrature components, respectively, and each half
forms a beam to a receive antenna, whose index carries the bit
information. The authors in [37] formulated an RIS partitioning
optimization problem to slice the RIS elements between the
users such that the user fairness is maximized.

B. Motivation and Contributions

Considering the phase shift design in the previously men-
tioned STAR-RIS-assisted NOMA systems, we note the follow-
ing. Since the phase shifts are jointly designed for all users, the
BS-RIS and RIS-user CSI of all users need to be available at
the BS side. Depending on the considered channel estimation
method, KN pilot signals might be required to obtain the
RIS-user CSI of all users [38], where N and K are the numbers
of STAR-RIS elements and users, respectively, considering a
single-input single-output multiuser system. Consequently, this
approach of phase shift design incurs a huge channel estimation
overhead that adversely affects the overall system performance
in terms of the data rate. Furthermore, considering the joint
optimization of the phase shift design, the power allocation at
the BS, SIC decoding order, and QoS constraints for all users,
the solution for this kind of optimization problem is nonscalable
when any of these decision variables changes. Also, due to the
heavy computations associated with solving such optimization
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problems, it is practically challenging to update the phase shift
design in real time.

Against this background and motivated by the work in [37],
we propose a reduced channel estimation overhead and scalable
phase shift design solution for a STAR-RIS-assisted NOMA
system by partitioning the STAR-RIS among the available users
to maximize the overall sum rate while guaranteeing their in-
dividual QoS. In the proposed system, the BS communicates
multiple users with the assistance of a STAR-RIS. The users
are assumed to be randomly deployed on the transmission and
reflection sides of the STAR-RIS. According to the STAR-RIS
MS protocol,! each element of the STAR-RIS can operate in
transmission or reflection mode. Therefore, in order to serve the
users on both sides of the STAR-RIS, we extend the partitioning
algorithms proposed in [37] to the STAR-RIS case to partition
the surface among users over two stages. First, the RIS surface
is partitioned into two parts, transmission and reflection parts,
which contain all the elements that operate in transmission and
reflection modes, respectively. Second, each STAR-RIS part is
partitioned into subsurfaces, where each subsurface is allocated
to serve a specific user located on the side of that part. Note
that, unlike our proposed system, the work in [37] suffers from
strong interference from the direct link due to its transmission
mechanism. Furthermore, it is limited to phase shift keying
modulation. Finally, it requires a high synchronization overhead
between the transmission at the BS and the remodulation process
at the STAR-RIS side. The main contributions of this article can
be summarized as follows.

1) We introduce a scalable phase shift design scheme for a
STAR-RIS-assisted NOMA system with reduced channel
estimation overhead by efficiently partitioning the STAR-
RIS surface among users.

2) We propose two novel algorithms to partition the STAR-
RIS surface among users over two stages to maximize
the system sum rate while fulfilling the different QoS
requirements for different users.

3) We derive exact and asymptotic expressions of the OP for
the STAR-RIS-aided NOMA network under different user
deployments.

4) Using comprehensive computer simulations, we verify
our theoretical results and show the superiority of the
proposed STAR-RIS-assisted NOMA system over the
classical NOMA and OMA systems in terms of OP and
sum rate, under spatial correlation and phase errors.

C. Article Organization and Notation

The rest of this article is organized as follows. In Section II,
the system model of the STAR-RIS-assisted NOMA network
is described. The OP analysis is conducted in Section III. In
Section IV, the STAR-RIS partitioning algorithm is presented.
In Section V, the numerical results are demonstrated. Finally,
Section VI concludes this article.?

The MS mode is more practical due to its ease of implementation compared
with the other modes. In particular, the ES mode has a larger number of variables
that need to be jointly optimized, whereas the TS mode has a high hardware
implementation complexity [5].

2Notation: Matrices and vectors are denoted by an upper and lower case
boldface letters, respectively. X € C™*™ denotes a matrix X with m x n size.
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Fig. 1. STAR-RIS-aided multiuser downlink communication system model.

II. STAR-RIS NOMA NETWORK: SYSTEM MODEL

Consider a downlink STAR-RIS-assisted multiuser wireless
network where a single-antenna BS and an RIS with N elements
serve K single-antenna users by using PD-NOMA, as shown
in Fig. 1. The users are grouped into two main clusters, C;
and C,., which contain K; users located in the transmission
region and K, users located in the reflection region of the
RIS, respectively. In order to reduce the channel estimation
overhead associated with the STAR-RIS phase shift design
problem and to make the solution for this problem scalable,
we partition the STAR-RIS surface among users as follows.
To serve the users in both clusters, the RIS is partitioned into
two main parts, where the first and second parts contain NV,
and N, elements to serve the users in C; and C,., respectively.
The elements in the first and second parts are operated in the
transmission (¢) and reflection () modes, respectively, and the
whole RIS is assumed to be deployed in the far field of the BS.
Furthermore, the transmission and reflection parts of the RIS are
partitioned into subsurfaces, where each subsurface is allocated
to serve a specific user in the transmission or reflection region.
The BS-U}, direct link is assumed to be blocked by obstacles,
where U, stands for the user £, k € K, note that x € {t,r},
Kt = {1, ceny Kt}, and Kr = {Kt + ]., ooy Kt + KT} The BS-
RIS link is assumed to have a Rayleigh fading channel model,
where h € CVx*! denotes the BS-ith subsurface channel vec-
tor, Nf( refers to the number of elements that belong to the ith
subsurface in the transmission or reflection part of the RIS, and
|h?],, = h®". Here, h'" = @C;*”e’j¢§5n, where Lgs, (2",
and qbié" denote the path gain, channel amplitude, and channel
phase, respectively. Note that CQ" is independently Rayleigh

| x|, denotes the nth entry of a vector x. | - |, E[], [-], and (-)¥ represent the
absolute value, expectation operator, ceiling operator, and Hermitian transpose,
respectively. Pp.(-) symbolizes probability. F'x (x) denotes CDF of a RV X.
CN (p,02) stands for the complex Gaussian distribution with mean g and
variance 02, Qp, (-, -) refers to the mth order generalized Marcum Q-function.
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distributed random variable (RV) with a mean E[¢}"] = g, a
variance VAR[(."] =1 — %, and E[(¢}™)?] = 1. Hence, h*"
can be modeled as complex Gau551an RV with zero mean and a
variance Lgs, i.e., h®™ ~ CN (0, Lgs). Likewise, the RIS-
Uy, link is assumed to have Rayleigh fading channel model,
where the channel vector between the ith subsurface in the
transmission or reflection part of the RIS and Uy is denoted

7M.

by g! ;. where Lg;kjn =gy, and x € {t,r}. Here, g} =
W/LSU,X,kU;j;Ce_jSa;E’ where Lgy vk, 77;7,2 and w;r}g denote
the path gain, channel amplitude, and channel phase, respec-
tively. Note that "}, is independently Rayleigh distributed RV
N
. 2 .
and E[(n",)?] = 1. Hence, g}, can be modeled as complex
Gaussian RV with zero mean and a variance Lgsy k. 1.€.,
g;Z ~ CN (0, Lsu, k) All the considered channel coefficients
are assumed to be perfectly available at the BS side. Although,
it is challenging to obtain CSI in RIS-assisted systems, yet, we
assume the use of one of the methods proposed in the litera-
ture [38], [39], [40]. The transmission/reflection coefficients for
the ith subsurface in the transmission or reflection part of the RI‘S
are denoted by the entries of the diagonal matrix (-)" CNx>*Nx
for the nth element we have |© |, = % nei%" | where 00" €
[0,27) and 84" =1, under the full transmlssmn/reﬂectlon
assumption.

Considering PD-NOMA, the BS transmits the signal x, which
superimposes the K; and K, users’ symbols, as follows:

K
T = Z v arpPxy,
k=1

with a mean E[U;T;C] = a variance VAR[n;’rL] =1-7%,

K+ K,
Z\/akka—F Z v arPxy, (D
k=K,+1

Kusers” symbols K ,users’ symbols

where P is the BS transmit power, x; and ay, are the user k’s
symbol and power allocation factor, respectively, E[|zx|?] = 1,
and Zle ar, = 1. The users are ordered according to their
channel gains as {Uy, ..., Uk,, Uk, +1, .-, Uk, + K, }» Where U;
and Uk, + i, are the users with the weakest and strongest channel
gains, respectively. Thus, the power allocation coefficients are
orderedasa; > ... > ax > ... > ax. By using the SIC process,
each user first decodes all strongest signals’ users and subtracts
them from the received signal, and finally, it decodes its own
message. Specifically, the Uy, cancels the interfered signals from
Ui, ...,Uk_1 and treats Uyyq, ..., Uk as interference. Accord-
ingly, considering successful SIC process at the Uy, the received
signal can be expressed as

yk:(g;k)T@fchi\/‘“‘%kaﬂL(gik @khk Z VaiPx

I=k+1

Desired signal term

User-interference term

+ 3 (gh)" @ hia )
€Ky,
ik

Subsurface-interference term
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where the first three terms in (2) denote the desired signal of
the Uy, the interference of other users, and the subsurfaces
mutual interference within the transmission or reflection part
of the RIS, respectively, while nj, denotes the complex additive
white Gaussian noise sample with zero mean and variance o7 at
the Uy, ng, ~ CN(0,03).

By letting Ti,k = (g§7k)T®§h§, r;k = (g;k)T@;h;,
o7 = 02, and defining p = £; is the transmit SNR, then the
signal-to-interference-plus-noise ratio (SINR) for user % to de-
tect user j’s signal 77, {j < k,j # K}, can be obtained from
(2) as

2
j o] o
Ve = - (3

2
k K i
P‘Tx,k‘ dejr1 @t p Eier ek T1
itk

The phase shift design is considered for each user independent
from the others. In this way, each subsurface 7 tries to maximize
71, by adjusting the phase shifts of its elements to remove the
overall BS-STAR-RIS-Uy, channel phases, as follows:

e (4)

Accordingly, changing the CSI of any user and/or the number of
users does not affect the phase adjustment of the other users. On
the other side, in the joint phase shift design approach adopted
in most of the STAR-RIS NOMA works in the literature (for
example, [16] and [17]), the change in the CSI of even a single
individual element requires the redesign of the phase shifts of
all the remaining elements in the whole STAR-RIS surface. This
gives the proposed partitioning scheme scalability in terms of
the phase shift design at the expense of some performance loss
compared with the joint phase shift design approach.

2 2
. . k 1
By considering (4), |r and ZiGKX Ty k| can be reex-
itk
pressed, respectively, as
) 2
k _ / k,n
‘Tx,k: - E < 77X k (5)
2 2
i _ RN R o
2 k| = [VIk ZZC e ©)
€Ky icK, n=1
itk i#k

where ¢z 72 = 91 ) (bl N — (p7 nk, Ly = LgsLsy ok is the
overall path gain of the BS- STAR RIS-Uj, link, which can
be expressed as L = po/(da“dg’éux .). Here, dgs is the dis-
tance between the BS and STAR-RIS, dsy, % is the distance
between the STAR-RIS, and the U in the transmission or
reflection group. In addition, pg, aps, and agsy are the path
gain at a reference distance of 1 m, the path loss exponents
associated with the BS-STAR-RIS and the STAR-RIS-Uy}, links,
respectively.

By considering SIC, the SINR expression for user k, k& >
1, after successfully detecting and subtracting the k£ — 1 users’
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signals before it, can be obtained as

2
P 7‘;1@’ ag
Tk = 2 . (7
k 2 K i
P‘Tx,k‘ Dm0 P Dier, Tk t1
itk
For the U}, we have
2
p’rf’z( aK
P Zze#ﬂ% T;,K +1

Considering the special case of (K¢, K,.) = (1, 1), where one
user is located in the transmission region and the other user is
located in the reflection region, the SINR of the U; to detect its
own signal is given by

’2

P 7”t1,1 a1
"N = 5 €))
P 7”1},1‘ az +1
and the SINR of the Uy to detect the U, ’s signal is given by
5 |2
1 P TnZ‘ ai
T2 = (10)

2
1% 7"3,2‘ az +1

Finally, the SNR of the Us to detect its own signal is given by
2
7”3,2‘

Yo =p as. an

III. OP ANALYSIS

In order to reveal the benefits of the proposed downlink STAR-
RIS-assisted NOMA system, we examine its performance an-
alytically in terms of OP under different user deployments, as
follows.

The OP of user k is the probability that the user cannot
successfully detect and remove the signals of the & — 1 users
before it and/or cannot detect its own signal. Let vjth denote the
SINR threshold for user k to detect user j’s signal, 1 < j < k,
thus, Ey.; = {7j, < vjth} denotes the event that user k cannot
detect user j’s signal. Thus, the OP for user k can be obtained

as
OP, =1-P. (Elgelm"'mEgek) (12)

where E}_ j is the complement of the event ;.
Proposition 1: The OP of the Uy, is given by

OP (0) =1-Q1 <Mk7 @)

Vg Vg
2 3 k. ‘7
u 2,2
+ 27k2 ezuie 2(”k+“k)
Vi, T Ui

B | up o e +up)\
X Q1 5, 2 2.9 (13)
v\ v Fug viuy,
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J
ih — * /L. NF
pa; 7p’ygl Z] s Mk 1 k 5

2 )LpNE,

where ¢; = max {o;}, 0; =
Jj=1,...,k

K
Zj = Zl:j+1 ai, v =4/(1-
V0500 Li(N, — NE).
Proof: See Appendix A. |
In order to gain further insights on the OP performance, we
give the following corollary.

Corollary 1: Considering the asymptotic behavior of OP, for
p — 00, 1.e., o, — 0, OP is given by

and  wup =

2
P

1
ui) P ()

14
4 @2 (14

OPy = (
Proof: An asymptotic analysis is carried out in the
high SNR region, which means that p — co. Then, g;, =
o o o N
max  ——i-— = 0. By substitutin =0 into
J=Tyok {paj—m.i =i }[Hm Y &
Proposition 1 and with some calculations besides the

benefits of Qy (‘:—:,0) = Q1 (%\/Eﬂ) =1, up =
¢ k k

i P Vin
\/O5QkLk(NX — N)](C), and Q}C = jg?x7k {G‘J"/ZZX:J}’ then
Corollary 1 is obtained. ]

From Corollary 1, itcan be noticed that the OP is not a function
of SNR and it reaches a fixed value (error floor) due to subsurface
interference when the transmit SNR increases. This results in
that each user will not achieve diversity gain (zero-diversity
order).

Proposition 2: In the case of a two-user STAR-RIS-assisted
NOMA network, (K, K,.) = (1,1), the OP of the U}, can be
expressed in closed form as

0Py =1-Q, <“’“Vg’“>

(15)
Ve Vg

Here, considering the asymptotic behavior, for p — oo, i.e.,
or, — 0, we have OPj, = 0. It is worth mentioning that in this
article, we use CLT approximation to model the statistics of
SINR of the STAR-RIS-assisted NOMA networks. This approx-
imation becomes more accurate for a large number of STAR-RIS
elements.’ However, in our proposed system, the OP becomes
zero only theoretically, but in practice, it is a function of SNR
as will be seen in Section V.

Proof: See Appendix B. ]

From Proposition 2, it can be noticed that in the case of a
two-user STAR-RIS-assisted NOMA network, since there is no
subsurface interference, the OP becomes zero in the high-SNR
region.

IV. PARTITIONING ALGORITHMS

In this section, we provide the partitioning algorithms used
to allocate STAR-RIS elements for different users on both sides
of the surface. It is worth mentioning that the authors in [37]

3Note that by letting A be arbitrarily small and/or letting d be arbitrarily large
as N increases, the RIS far-field boundaries can be maintained, and thus, the
channel model validity can be preserved [46].
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proposed a novel NOMA solution with RIS partitioning. In par-
ticular, they distributed the physical resources among users such
that the BS and RIS were dedicated to serving different clusters
of users. The RIS partitioning algorithm aims to enhance SE by
improving all users’ ergodic rates and maximizing user fairness.
In order to achieve this goal, they formulated an optimization
problem where Jain’s fairness index is the objective function to
be maximized, and the proper numbers of reflecting elements
needed to be assigned for users are the decision variables to
be determined. Note that although the general structure of
the proposed algorithms is motivated by the work of Khaleel
et al. [37], they are different in the following key aspects.
First, unlike the algorithms in [37], which aim to maximize
user fairness [37, Sec. IV, Eq. (20a)], the proposed algorithms
aim to maximize the users’ sum rate while guaranteeing QoS
requirements for all users. In particular, Algorithm 1 guarantees
a unified OP requirement for all users, whereas Algorithm 2
considers the different rate requirements for individual users.
Furthermore, in Algorithm 1, the OP expression is totally dif-
ferent from the one in the pointed-out work due to obviously
different systems models. In what follows, we present the parti-
tioning algorithms considering different users’ deployments.

A. Multiuser STAR-RIS-Assisted NOMA System

In the case of a multiuser STAR-RIS-assisted NOMA system,
our partitioning algorithm is carried out in two stages. First, the
STAR-RIS surface is partitioned into two parts, transmission
and reflection parts, which contain all the elements that operate
in transmission and reflection mode, respectively. Second, each
STAR-RIS part is partitioned into subsurfaces, where each sub-
surface is allocated to serve a specific user located on the side
of that part. In the following, both stages are explained in detail.

At the first stage, we assign temporary numbers of trans-
mitting (N;) and reflecting (N,)) STAR-RIS elements for the
transmission and reflection STAR-RIS parts, respectively. Fur-
thermore, the mode of the remaining STAR-RIS elements (N —
N,, — N, ) will be selected further according to sum rate and QoS
requirements. N; and N, can be simply calculated, respectively
as Nt = KNy and Nr = K, Nuy, where Ny, is the minimum
number of STAR-RIS elements that needs to be allocated to each
user in order to protect it from the subsurface interference. We
use Algorithm 1 to obtain the value of Ny, [37]. Particularly,
Algorithm 1 utilizes a probabilistic approach, where in order
to protect the users from the mutual subsurfaces interference,
a common minimum OP is guaranteed for all users by finding
the proper Ny,. This is achieved by keeping updating Vg, until
the OP gets below the predetermined threshold e. Note that the
asymptotic OP in (14) is used to capture the interference effect
only and ignore the different SNR levels at different users.

On the other hand, at the second stage, we aim to determine the
proper number of transmitting/reflecting STAR-RIS elements
that is required for each user to maximize the sum-rate and
guarantee QoS for individual users. To achieve this goal, at
first, Algorithm 2 is used to determine the number of STAR-RIS
elements that need to be added to Ny, in order to fulfill the
QoS requirement R for each user. According to (5), the
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Algorithm 1: Determination of Minimum Number of
STAR-RIS Elements That Needs to be Allocated to Each
User (Ne).

Require: Lsy 1, K, N, €.

1: Initialize Nyp, = 1.

2: repeat

3t pp = TV Lk Nipr, v = \/(1 - 7{725) Ly Nin,

ﬂk = \/05@};[% (N - Nthr)-
4: Obtain the asymptotic OP from (14):
2

1 ,“776
OPX = (V;giiku;{) 7o 2(virad)
5: Nthr = Nthr —+ 1.
6: while OP° < eand KNy, < N.
7: return Ny, = Nypr — 1.

Algorithm 2: Determination of Proper Number of Trans-
mitting/Reflecting STAR-RIS Elements to be Assigned to
Uk (Nf ).

Require: Ny, R,

1: Initialize N;ﬁ = Nf’l. If kK =1, then Ni = N

2: repeat

3: Obtain the Ergodic rate in the high SNR values:

Ry, = E[log,y (1 + +%)]. Perform the expectation over 10*
random channel realizations.

4Ny =Ny +1.

5: while iy, < RJM™.

6: return N} = N} — 1.

cascaded channels’ gains are proportionate with the number of
transmitting or reflecting elements.

Therefore, if the cascaded channels’ gains are sorted
as |7“>1<’1|2 <. < |7‘§7k|2 <. < |T)12,K 2, then the transmit-
ting/reflecting STAR-RIS elements assigned for the users have
to be also ordered as N} < ... < N;(? <. < Nf, which is
ensured by Algorithm 2. Next, in order to maximize the sum rate,
the remaining STAR-RIS elements are added to the closest user
to the BS, Uk, which can eliminate the interference of all other
users. At the end, the proper values of NV; and N, are updated,
respectively, as Ny = > /') NFand N, = 70 o | NE.

In terms of the complexity, it can be readily seen that both
algorithms have a finite maximum number of iterations that
is upper bounded by N, which guarantees their convergence.
Furthermore, considering the required number of complex mul-
tiplications (CMs) as a metric, the complexity level of Algorithm
2 can be upper bound by O(N3). This can be obtained by noting
that Algorithm 2 requires the calculation of fy,’j which, in turn,
includes the vector—matrix multiplication of r;’k,i # k, that
requires N2 CMs for every single iteration. On the other side,
Algorithm 1 has no CM, therefore; its complexity level depends
on the type of the used computational algorithm. Accordingly,
the proposed Algorithms 1 and 2, have the same complexity
level as the ones in [37].
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TABLE I
PARAMETERS USED IN SIMULATIONS FOR THE THREE CASES
Case 1: U; is located in C¢ and Us is located in C,.
User locations Case 2: U1 and Uz are located in C¢, and Us is located in C,..
Case 3: Uj is located in C¢, and Uz and Us are located in C,..
Case 1: (a1,a2) = (0.6,0.4)
Power allocation coefficients Case 2: (a1, az2,a3) = (0.6,0.3,0.1)
Case 3: (a1, az2,a3) = (0.6,0.3,0.1)
Case 1: (v},,73,) = (1,1)
Target threshold SINR values | Case 2: (v}, Ty @h =(0.7,0.7,0.7)
Case 3: 'ytlh,'yth,'yth = (0.5,0.5,0.3)
Case 1: st, dSU,t,h dSU,r,Q) = (507 507 40)
Distances (in meters) Case 2: (dBs,dsu,t,1,dsU,t,2, dSU,T,g) = (20, 50, 40, 30)
Case 3: (dps,dsu,.1,dsu,r2, dsu,r3) = (20,50,40,30)
B. Two-User STAR-RIS-Assisted NOMA system —
For the case of a two-user STAR-RIS-assisted NOMA system, So e

one user is located in C; and the other user is located in C,..
Since, in this case, there is no subsurface interference, we skip
the first stage of the partitioning process and start directly from
the second one. That is, Algorithm 2 is directly applied to fulfill
the QoS requirement for Uy, with Ny, = 1 and (9) is used to
obtain 7’5 . Next, the remaining elements need to be allocated
to Uy, assuming NN is large enough to fulfill both users’ QoS
requirements.

Remark 1: As seen from Algorithms 1 and 2, the partitioning
scheme does not depend on the instantaneous CSI; rather, it
needs to be updated only when K, , power allocation at the
BS, or distances of users from the STAR-RIS change, where
these parameters slowly change over several coherence channel
intervals. Furthermore, after the partitioning stage and for a given
channel coherence interval, BS needs to know the CSI of the
BS-STAR-RIS link, which is the same for all users, and the
STAR-RIS (kth subsurface)-Uj link, for each individual user
k. This means that, without loss of generality, for the STAR-
RIS-U}, links, a maximum of N pilot signals are required at the
channel estimation stage. Compared with the joint phase shift
design for all users (where N K pilot signals are required [38]),
an effective reduction in the channel estimation overhead is
obtained by the proposed system. Furthermore, from Algorithms
1 and 2, the phase shift design problem for all users is scalable
as K, changes.

V. NUMERICAL RESULTS

In this section, the performance of the considered downlink
STAR-RIS-assisted multiuser wireless networks is presented
via computer simulations in order to validate our theoretical
analysis. We consider three cases of users’ deployment, namely,
(Kt;Kr) = (17 1)’ (KtaKr) = (27 1)’ and (KtaKr) = (172)
For each case, user locations, power allocation coefficients,*
corresponding target threshold SINR values, distances between
the BS and STAR-RIS, and STAR-RIS and users are given in
Table I. For all cases, the path gain at a reference distance of | m

“Here, we focus on NOMA with fixed power allocation, where a fixed amount
of transmit power is allocated to each user. In particular, for the two users, the
power-allocation coefficients are denoted by a1 and a2, where these coefficients
are fixed, and a1 + as = 1 and a; > as. Likewise, for the three users, a1 +
az +a3 =1landa; > as > ay [42].

(a)

Fig. 2. OP performance in case of (K¢, K;) = (1,1). (a) Under different
N values and with/without phase errors. (b) Under spatial correlation effect
with Ny = 24 and N, = 40, STAR-RIS interelement spacing d, and 1.8 GHz
operating frequency with A wavelength.

is assumed as pg = —30 dB, and the path loss exponents asso-
ciated with the BS-STAR-RIS and the STAR-RIS-user links are
given as (aps, asy) = (2,2) unless otherwise stated. Further-
more, we compare the proposed system with three benchmark
systems, namely the classical OMA, PD-NOMA systems, and
uniform partitioning method by considering the same simulation
parameters. Particularly, for the classical PD-NOMA system,
we use the same power allocation that we use in the proposed
system. On the other side, for the classical OMA system, we use
the time division multiple access scheme, where the time slot
allocation equals the power allocation in NOMA case; therefore,
we always have the time slots ¢ = a1, to = a9, and t3 = as.
For the benchmark systems, the BS-U}, path gain is obtained as
L, = g—%, where dy, is the BS-U}, distance and o = 3.5 [45]. In
the uniform partitioning method, we divide the total number of
STAR-RIS elements equally among users. This means that the
number of reflecting elements equals the number of transmitting
elements, which equals half of the total number of STAR-RIS
elements.

A. Case 1: (K, K,) = (1,1)

As shown in Fig. 2(a), our theoretical result in (15) using the
CLT is considerably accurate for increasing /N values and the
OP performance enhances as number of STAR-RIS elements
increases. For instance, to achieve OP; = 1072, 10 and 5 dBm
gain advantages are obtained in P for N = 128 over N = 64
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Fig. 3. Sum rate versus P for different NV in the case of (K¢, K) = (1,1).

and N = 256 over 128, respectively. On the other hand, to
achieve OP, = 1073, about 7.5 and 7 dBm gain advantages
are observed in P for NV = 128 over N = 64 and N = 256
over 128, respectively. Furthermore, the effect of phase errors
is shown to significantly reduce the OP performance as the
concentration parameter x decreases (flatter error distribution),?
yet, the performance of the proposed system is still superior
to the benchmark ones at the high P region. In Fig. 2(b), the
spatial correlation effect is shown for two different interelement
spacing values d, where the spatial correlation model proposed
for the RIS in [44] was used. Note that, for d = 1/2, the curve
obtained under the spatial correlation assumption is close to
the one under the independent and identically distributed (i.i.d.)
assumption of the RIS channels, which makes the theoretical OP
obtained in Section III (under the i.i.d. assumption) applicable to
the spatial correlation case. Furthermore, the spatial correlation
(as d decreases) is shown to have a negative impact on the OP
performance due to the lack of diversity in the RIS channels.
Note that in Figs. 2 and 3, according to Algorithm 2, the
number of the transmitting STAR-RIS elements for U; and
the number of the reflecting STAR-RIS elements for U, are
determined, respectively, as N}! = {26,51,102} and N? =
{38, 77,154}. We can clearly notice from Fig. 3 that the sum-rate
proportionally increases as P increases. This is because the
sum rate depends remarkably on the strongest user (Uz) and in
this case, Us does not suffer from any subsurface interference.
In addition, the proposed partitioning method outperforms the
uniform partitioning method. Also, from both figures, we can
see the superiority of our proposed system over the classical
NOMA and OMA particularly by increasing the total number
of the elements of STAR-RIS. For example, for Uy, to achieve
OP; = 1072, and 10, 17, and 23 dB SNR gain advantages are
obtained for proposed system with N = 64, 128, and 256 over
classical NOMA, respectively. In addition, for Uy, to achieve
OP; =2 x 1072, and 8, 15, and 23 dB SNR gain advantages are

SWe consider Von Mises distribution to simulate the phase errors resulting
from phase estimation errors and/or phase quantization in the case of discrete
phase shifts [43].
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Fig. 5. Sum rate versus P for different NV in the case of (K¢, K) = (2,1).

TABLE II
NUMBER OF STAR-RIS ELEMENTS ASSIGNED FOR EACH USER IN CASE 2
WHEN N € {60, 90, 120, 150}

N [NN[NZ[ N[N [Ny
60 | 16 | 20 | 24 | 36 | 24
90 | 24 | 30 | 36 | 54 | 36
120 | 32 | 40 | 48 | 72 | 48
150 | 36 | 50 | 64 | 86 | 64

obtained for proposed system with N = 64, 128, and 256 over
classical OMA, respectively.

B. Case2: (K, K,) = (2,1)

Figs. 4 and 5 show the performance of the STAR-RIS-assisted
NOMA network in terms of OP and sum rate, respectively,
for different number of STAR-RIS elements. The number of
transmitting/reflecting STAR-RIS elements assigned for each
user is provided in Table II. It can be seen from Fig. 4 that
when P increases, the OP; and OP5 reach an error floor due
to subsurface interference. On the other hand, OP3 does not
reach error floor since Us does not suffer from any subsurface
interference. Compared with the classical NOMA and OMA,
the proposed system is always better for Us in the whole P
range as well as U; and Uy except in the high P regime. As
shown in Fig. 5, the sum rate still proportionally increases as P
increases since the strongest user (Us) does not suffer from the
subsurface interference. Furthermore, the STAR-RIS requires
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Fig. 7. Sumrate versus P for different IV in the case of (K¢, K) = (1, 2).

TABLE III
NUMBER OF STAR-RIS ELEMENTS ASSIGNED FOR EACH USER IN CASE 3
WHEN N € {60, 90,120, 180}

N [ NN N2 N[ N | Ny
60 | 16 | 20 | 24 | 16 | 44
90 | 19 | 30 | 41 | 19 | 71
120 | 22 | 40 | 58 | 22 | 98
180 | 35 | 60 | 85 | 35 | 145
390 | 52 | 130 | 208 | 52 | 338

about N = 90 and N = 150 elements to outperform classical
OMA and classical NOMA, respectively.

C. Case3: (K, K,) = (1,2)

Figs. 6 and 7 show the OP and sum-rate performance of
the STAR-RIS-assisted NOMA network for different number
of STAR-RIS elements. The number of transmitting/reflecting
STAR-RIS elements assigned for each user is provided in
Table III. From Fig. 6, it is clearly observed that the OP5 and
OPj reach an error floor due to subsurface interference. On the
other hand, the OP; does not reach error floor since U; does not
suffer from any subsurface interference. As seen from Fig. 7,
the sum rate saturates in the high P region. This is because the
strongest user (Us) suffers from subsurface interference, which
significantly affect the sum-rate performance. The proposed
partitioning approach is also superior to the uniform partitioning
approach. Although classical NOMA and OMA outperform the
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proposed system in the high-SNR region, with a large number
of STAR-RIS elements, the proposed system can outperform
both classical systems. For instance, the proposed system re-
quires more than N = 390 elements to outperform both classical
systems.

VI. CONCLUSION

In this work, we have proposed a STAR-RIS-assisted NOMA
network where the MS operating protocol is utilized to extend
the coverage area of classical RIS. Next, we have designed a
novel STAR-RIS partitioning algorithm to serve NOMA users
on both sides of the STAR-RIS. The proposed algorithm aims to
determine the proper number of transmitting/reflecting STAR-
RIS elements that requires to be allocated to each user to
maximize the sum rate while fulfilling the QoS requirement. For
different NOMA user deployments, we have provided a closed-
form expression of the exact OP. Then, an asymptotic analysis
has been conducted in order to study the system performance
at the high SNR. We note that the OP reaches an error floor
in the high SNR region due to the impact of the STAR-RIS’s
subsurface interference, and it can be reduced by increasing the
number of STAR-RIS elements. Finally, simulation results have
validated that the proposed partitioning algorithm outperforms
the uniform partitioning algorithm. Moreover, the proposed sys-
tem can achieve better performance in terms of OP and sum rate
than the classical NOMA and OMA. We conclude that the use
of STAR-RIS NOMA has the potential to provide an enhanced
version of classical NOMA systems, where unlike the classical
RIS, the STAR-RIS doubled the coverage area. Furthermore, in
addition to the STAR-RIS MS mode, our proposed partitioning
scheme has added more degrees of freedom to the system design,
compared with the classical PD-NOMA protocol, by flexibly
and dynamically allocating the physical resources (STAR-RIS
elements) among users. In the future, we extend the proposed
system to STAR-RIS aided NOMA networks with multiple
antennas.

APPENDIX A
PROOF OF PROPOSITION 1

By considering (3), E¥

l«; can be expressed as

2
k
P Tx’k‘ aj j
Eic; = A 2 > Y
plra] S5t Sicee, | 1
itk
@ )& |? i |?
= rx’k‘ > pgj‘ Z rka‘ + 05 (16)
ieKy
ik
_ K _ o -
where >, =37 4, 05 = prp—r and the step (¢) is
l' J

obtained under the condition of a; >~ S3/* j+1 @1 Now, sub-
stituting (16) into (12) and defining o} = Hllan{Qj}, then the
J=1,.k
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OP of the U}, can be stated as 2 .
= P X k‘ < O
k 2 * 7 2 * *
OP, =1-F, Tx,k‘ > POk Tx,k’ + 0ok = F|Tk ? (er) - (20)
i€K,y ok
itk
? is a noncentral chi- square RV with one degree of
5 9 freedom and its corresponding CDF can be written as [41]
i )
=P, rx,k‘ < pg’;;‘ Z T;k‘ + o}, N
= F o, opl@)=1-@Qs (“k ) @1)
s |rxwk| Vi Vk
— * . .
= F, (o1)- an Then, by using (21), the OP of the Uy, can be stated as in (15).
2 ? 2
Here, Ry = [k, |” — poi| Cicx, 7o It el = REFERENCES
i%k
2 [1] Y. Liu et al., “Reconfigurable intelligent surfaces: Principles and oppor-
/00" ) 7t It is worth noting that the BS- tunities,” IEEE Commun. Surveys Tuts., vol. 23, no. 3, pp. 1546-1577,
PCk Z’fﬁx x:k £ Jul—Sep. 2021.

STAR-RIS- Uk cascaded channel gains are sorted as [2] S.Basharat, S. A. Hassan, H. Pervaiz, A. Mahmood, Z. Ding, and M. Gid-

& 2 ) , lund, “Reconfigurable intelligent surfaces: Potentials, applications, and

‘TX 1 | - < |7’X7k’ . < ‘TX K! where this users challenges for 6G wireless networks,” IEEE Wireless Commun., vol. 28,
order can be always guaranteed by allocating the proper no. 6, pp. 184-191, Dec. 2021. ,

START-RIS elements for each user [3] Q. Wu and R. Zhang, “Towards smart and reconfigurable environment:

. : n ’ . L Intelligent reflecting surface aided wireless network,” IEEE Commun.

Noting C;c and n  are independently Rayleigh distributed Mag., vol. 58, no. 1, pp. 106-112, Jan. 2020.
. in - . [4] E. Basar and H. V. Poor, “Present and future of reconfigurable intelli-
RVs with a mean E[C;é n} = E[nX k] = g and a variance gent surface-empowered communications,” IEEE Signal Process. Mag.,
VAR[Ci’"] — VAR[ni’n] =1— 2. Then, E[Cz nn ] E and vol. 38, no. 6, pp. 146-152, Nov. 2021.
X . Xk 5 Xk [5] Y. Liu et al., “STAR: Simultaneous transmission and reflection for 360
VAR[C;(’"’U;’Z] =1- 7{7) Accordlng to the CLT, for N;? >>1, coverage by intelligent surfaces,” IEEE Wireless Commun., vol. 28, no. 6,

pp. 102-109, Dec. 2021.
[6] Y. Liu et al., “Application of NOMA in 6G networks: Future vision and
research opportunities for next generation multiple access,” Mar. 2021.

2
k ™ k Q0 k Online]. Available: https://arxiv.org/abs/2103.02334v1
r kN/\/<4\/L7NX,<1—16> LkNX). (18) [Online] ps://arxiv.org,

the cascaded channel 7’)’? i converges to Gaussian RV. Thus

X [71 M. Aldababsa, M. Toka, S. Gokgeli, G. K. Kurt, and O. Kucur, “A tutorial
on nonorthogonal multiple access for 5G and beyond,” Wireless Commun.
.. k K i Mobile Comput., vol. 2018, Jun. 2018, Art. no. 9713450.
In addition, for NX - NX >>1, Zi#xk Tx,k converges to Gaus- [8] S.M.R.Islam, N. Avazov, O. A. Dobre, and K.-S. Kwak, “Power-domain

sian RV. So non-orthogonal multiple access (NOMA) in 5G systems: Potentials and
challenges,” IEEE Commun. Surveys Tuts., vol. 19, no. 2, pp. 721-742,
i _ a7k Apr.—Jun. 2017.
Z Tx.k CN (O’ Ly (NX NX )) : (19) [9] J.Xu, Y. Liu, X. Mu, and O. A. Dobre, “STAR-RISs: Simultaneous trans-
ieky mitting and reflecting reconfigurable intelligent surfaces,” IEEE Commun.
ik Lett., vol. 25, no. 9, pp. 3134-3138, Sep. 2021.

. . 12 . . [10] X. Mu, Y. Liu, L. Guo, J. Lin, and R. Schober, “Simultaneously
It is noticed that ‘TX~I€| is a noncentral chi-square RV transmitting and reflecting (STAR) RIS aided wireless communica-
) 2 tions,” IEEE Trans. Wireless Commun., vol. 21, no. 5, pp. 3083-3098,

with one degree of freedom and | >, r’ ,| is a central May 2022. . , X ,
» #kx XoR [11] H. Niu etal., “Simultaneous transmission and reflection reconfigurable in-

: : : telligent surface assisted MIMO systems,” Jun. 2021. [Online]. Available:
chi-square RV with two degrees of freedom. Hence, Ry, is the hitps://arxiv.org/abs/2106.00450v 1

difference of a noncentral and central independent chi-square [12] J.Xuetal., “Simultaneously transmitting and reflecting (STAR) intelligent

RVs and by using its corresponding cumulative distribution omni-surfaces: Modeling and implementation,” IEEE Trans. Veh. Technol,
function (CDF) I 41], the OP of the U}, can be expressed vol. 17, no. 2, pp. 46-54, Jun. 2022.

. (C ) R" (17) [ ]’ 0 Uk p [13] C.Wu,Y.Liu, X. Mu, X. Gu, and O. A. Dobre, “Coverage characterization
in closed form as in (13). of STAR-RIS networks: NOMA and OMA,” IEEE Commun. Lett., vol. 25,

no. 9, pp. 3036-3040, Sep. 2021.
[14] T. Hou, J. Wang, Y. Liu, X. Sun, A. Li, and B. Ai, “A joint design for

APPENDIX B STAR-RIS enhanced NOMA-CoMP networks: A. simultaneously-signal-
PROOF OF PROPOSITION 2 enhancement-and-cancellation-based (SSECB) design,” IEEE Trans. Veh.
. Technol., vol. 71, no. 1, pp. 1043—1048, Jan. 2022.
By using (10), the OP of the U}, can be stated as [15] J. Zuo, Y. Liu, Z. Ding, L. Song, and H. V. Poor, “Joint design for
9 simultaneously transmitting and reflecting (STAR) RIS assisted NOMA
p 7Ak ’ Y systems,” IEEE Trans. Wireless Commun., vol. 22, no. 1, pp. 611-626,
OP, — P Xok| 7 j Jan. 2023, doi: 10.1109/TWC.2022.3197079.
k=4 2 < Yih [16] W. Ni et al., “STAR-RIS enabled heterogeneous networks: Ubiquitous
p’ri k Z j +1 NOMA communication and pervasive federated learning,” Jun. 2021.
[Online]. Available: https://arxiv.org/abs/2106.08592v2
[17] C.Zhang, W. Yi, Y. Liu, Z. Ding, and L. Song, “STAR-IOS aided NOMA
k 2 i j networks: Channel model approximation and performance analysis,” IEEE
=P, ‘Tx,k’ Pih Z <V Trans. Wireless Commun., vol. 21, no. 9, pp. 6861-6876, Sep. 2022,

doi: 10.1109/TWC.2022.3152703.

Authorized licensed use limited to: ULAKBIM UASL - KOC UNIVERSITY. Downloaded on December 14,2023 at 07:18:15 UTC from IEEE Xplore. Restrictions apply.


https://arxiv.org/abs/2103.02334v1
https://arxiv.org/abs/2106.09450v1
https://dx.doi.org/10.1109/TWC.2022.3197079
https://arxiv.org/abs/2106.08592v2
https://dx.doi.org/10.1109/TWC.2022.3152703

ALDABABSA et al.: STAR-RIS-EMPOWERED NOMA NETWORKS

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

7. Xie, W. Yi, X. Wu, Y. Liu, and A. Nallanathan, “STAR-RIS aided
NOMA in multi-cell networks: A. general analytical framework with
Gamma distributed channel modeling,” vol. 70, no. 8, pp. 5629-5644,
Aug. 2022, doi: 10.1109/TCOMM.2022.3186409.

J. Xu, Y. Liu, X. Mu, R. Schober, and H. V. Poor, “STAR-RISs: A correlated
T&R phase-shift model and practical phase-shift configuration strate-
gies,” IEEE J. Sel. Topics Signal Process., vol. 70, no. 8, pp. 5629-5644,
Aug. 2022, doi: 10.1109/JSTSP.2022.3175030.

Y. Liu, X. Mu, R. Schober, and H. V. Poor, “Simultaneously
transmitting and reflecting (STAR)-RISs: A. coupled phase-shift
model,” in Proc. IEEE Int. Conf. Commun., 2022, pp.2840-2845,
doi: 10.1109/ICC45855.2022.9838767.

X. Yue, J. Xie, Y. Liu, Z. Han, R. Liu, and Z. Ding, “Simultaneously trans-
mitting and reflecting reconfigurable intelligent surface assisted NOMA
networks,” IEEE Trans. Wireless Commun., vol. 22, no. 1, pp. 189-204,
Jan. 2023, doi: 10.1109/TWC.2022.3192211.

Y. Guo, F. Fang, D. Cai, and Z. Ding, “Energy-efficient design for a
NOMA assisted STAR-RIS network with deep reinforcement learning,”
IEEE Trans. Veh. Technol., vol. 72, no. 4, pp. 5424-5428, Apr. 2023,
doi: 10.1109/TVT.2022.3224926.

Z. Zhang, J. Chen, Y. Liu, Q. Wu, B. He, and L. Yang, “On the secrecy
design of STAR-RIS-assisted uplink NOMA networks,” IEEE Trans.
Wireless Commun., vol. 21, no. 12, pp. 11207-11221, Dec. 2022.

C. Wu, X. Mu, Y. Liu, X. Gu, and X. Wang, “Resource al-
location in STAR-RIS-aided networks: OMA and NOMA,” [IEEE
Trans. Wireless Commun., vol. 21, no. 9, pp. 7653-7667, Sep. 2022,
doi: 10.1109/TWC.2022.3160151.

J. Zuo, Y. Liu, Z. Ding, and X. Wang, “Uplink NOMA for STAR-
RIS networks,” Oct. 2021. [Online]. Available: https://arxiv.org/abs/2110.
05686v2

M. Aldababsa, A. Khaleel, and E. Basar, “STAR-RIS-NOMA networks:
An error performance perspective,” IEEE Commun. Lett., vol. 26, no. 8,
pp. 1784-1788, Aug. 2022, doi: 10.1109/LCOMM.2022.3179731.

H. Ma, H. Wang, H. Li, and Y. Feng, “Transmit power minimization for
STAR-RIS-empowered uplink NOMA system,” IEEE Wireless Commun.
Lett., vol. 11, no. 11, pp. 2430-2434, Nov. 2022.

J. Chen and X. Yu, “Ergodic rate analysis and phase design of STAR-RIS
aided NOMA with statistical CSI,” IEEE Commun. Lett., vol. 26, no. 12,
pp- 2889-2893, Dec. 2022.

B. Zhao, C. Zhang, W. Yi, and Y. Liu, “Ergodic rate analysis of STAR-
RIS aided NOMA systems,” IEEE Commun. Lett., vol. 26, no. 10,
pp. 2297-2301, Oct. 2022.

H. Liu, G. Li, X. Li, Y. Liu, G. Huang, and Z. Ding, “Effective capacity
analysis of STAR-RIS-assisted NOMA networks,” IEEE Wire. Commun.
Lett., vol. 11, no. 9, pp. 1930-1934, Sep. 2022.

J. Zhu, P. Gao, G. Chen, P. Xiao, and A. Quddus, “Index modulation for
STAR-RIS assisted NOMA system,” IEEE Commun. Lett, vol. 27, no. 2,
pp. 716-720, Feb. 2023, doi: 10.1109/LCOMM.2022.3223968.

F. Fang, B. Wu, S. Fu, Z. Ding, and X. Wang, “Energy-
efficient design of STAR-RIS aided MIMO-NOMA networks,”
IEEE Trans. Commun., vol. 71, no. 1, pp.498-511, Jan. 2023,
doi: 10.1109/TCOMM.2022.3223706.

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[40]

5451

Z.-Q. He and X. Yuan, “Cascaded channel estimation for large intelligent
metasurface assisted massive MIMO,” IEEE Wire. Commun. Lett., vol. 9,
no. 2, pp. 210-214, Feb. 2020.

H. Liu, X. Yuan, and Y. -J. A. Zhang, “Matrix-calibration-based cascaded
channel estimation for reconfigurable intelligent surface assisted multiuser
MIMO,” IEEE J. Sel. Areas Commun., vol. 38, no. 11, pp. 2621-2636,
Nov. 2020.

E. Basar, “Reconfigurable intelligent surface-based index modulation: A
new beyond MIMO paradigm for 6G,” IEEE Trans. Commun., vol. 68,
no. 5, pp. 3187-3196, May 2020.

J. Yuan, M. Wen, Q. Li, E. Basar, G. C. Alexandropoulos, and G.
Chen, “Receive quadrature reflecting modulation for RIS-empowered
wireless communications,” IEEE Trans. Veh. Technol., vol. 70, no. 5,
pp- 5121-5125, May 2021.

A. Khaleel and E. Basar, “A novel NOMA solution with RIS partition-
ing,” IEEE J. Sel. Topics Signal Process.., vol. 16, no. 1, pp. 70-81,
Jan. 2022.

A. L. Swindlehurst, G. Zhou, R. Liu, C. Pan, and M. Li, “Channel
estimation with reconfigurable intelligent surfaces—A general frame-
work,” Proc. IEEE, vol. 110, no. 9, pp.1312-1338, Sep. 2022,
doi: 10.1109/JPROC.2022.3170358.

L. Wei, C. Huang, G. C. Alexandropoulos, C. Yuen, Z. Zhang, and M. Deb-
bah, “Channel estimation for RIS-empowered multi-user MISO wireless
communications,” IEEE Trans. Commun., vol. 69, no. 6, pp. 4144-4157,
Jun. 2021, doi: 10.1109/TCOMM.2021.3063236.

L. Wei, C. Huang, G. C. Alexandropoulos, and C. Yuen, “Parallel factor
decomposition channel estimation in RIS-assisted multi-user MISO com-
munication,” in Proc. IEEE 11th Sensor Array Multichannel Signal Pro-
cess. Workshop, 2020, pp. 1-5, doi: 10.1109/SAM48682.2020.9104305.

M. Simon, Probability Distributions Involving Gaussian Random Vari-
ables, Berlin, Germany: Springer, 2002.

Z. Ding, P. Fan, and H. V. Poor, “Impact of user pairing on 5G nonorthog-
onal multiple-access downlink transmissions,” IEEE Trans. Veh. Technol.,
vol. 65, no. 8, pp. 6010-6023, Aug. 2016.

M.-A. Badiu and J. P. Coon, “Communication through a large reflecting
surface with phase errors,” IEEE Wireless Commun. Lett., vol. 9, no. 2,
pp. 184-188, Feb. 2020.

E. Bjornson and L. Sanguinetti, “Rayleigh fading modeling and channel
hardening for reconfigurable intelligent surfaces,” IEEE Wireless Com-
mun. Lett., vol. 10, no. 4, pp. 830-834, Apr. 2021.

Q. Wu and R. Zhang, “Intelligent reflecting surface enhanced wireless
network via joint active and passive beamforming,” IEEE Trans. Wireless.
Commun., vol. 18, no. 11, pp. 5394-5409, Nov. 2019.

W. Tang et al., “Wireless communications with reconfigurable intelligent
surface: Path loss modeling and experimental measurement,” /[EEE Trans.
Wireless Commun., vol. 20, no. 1, pp. 421439, Jan. 2021.

Authorized licensed use limited to: ULAKBIM UASL - KOC UNIVERSITY. Downloaded on December 14,2023 at 07:18:15 UTC from IEEE Xplore. Restrictions apply.


https://dx.doi.org/10.1109/TCOMM.2022.3186409
https://dx.doi.org/10.1109/JSTSP.2022.3175030
https://dx.doi.org/10.1109/ICC45855.2022.9838767
https://dx.doi.org/10.1109/TWC.2022.3192211
https://dx.doi.org/10.1109/TVT.2022.3224926
https://dx.doi.org/10.1109/TWC.2022.3160151
https://arxiv.org/abs/2110.05686v2
https://arxiv.org/abs/2110.05686v2
https://dx.doi.org/10.1109/LCOMM.2022.3179731
https://dx.doi.org/10.1109/LCOMM.2022.3223968
https://dx.doi.org/10.1109/TCOMM.2022.3223706
https://dx.doi.org/10.1109/JPROC.2022.3170358
https://dx.doi.org/10.1109/TCOMM.2021.3063236
https://dx.doi.org/10.1109/SAM48682.2020.9104305


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


