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Abstract—In this paper, we present a novel approach to
enhance data rates in a multi-cell network through a perti-
nent combination of simultaneously transmitting and reflecting
reconfigurable intelligent surfaces (STAR-RISs), non-orthogonal
multiple access (NOMA), and coordinated multi-point trans-
mission (CoMP). Through the strategic deployment of STAR-
RISs and CoMP for mitigation of inter-cell interference (ICI),
data rates for cell-edge users are significantly improved. The
system’s overall performance is further optimized by employing
exhaustive iteration techniques. Additionally, this paper explores
the resource sharing of STAR-RIS among both the transmitting
and receiving elements of the network through element splitting
and amplitude adjustments. These findings offer valuable insights
for the future design and optimization of wireless communication
systems.

Index Terms—NOMA, CoMP, STAR-RIS, 6G, performance
analysis, outage probability.

I. INTRODUCTION

Reconfigurable intelligent surfaces (RISs) offer a promising
solution for enhancing spectral efficiency (SE) and coverage
in sixth-generation (6G) wireless networks [1[], [2]]. They are a
2-D metasurface equipped with low-cost, eco-friendly passive
elements. Being passive in nature, these devices can enhance
signal coverage by adjusting both phase and amplitude so that
the signals are combined constructively at the desired receiver.
Their passive behavior promotes green internet in digital
ecosystems, providing higher data rates and spectral efficiency
while being cost-effective. RIS only passively recycles signals
that are already part of the wireless network. Despite its
advantage of improving the data rates and signal coverage,
these surfaces impose a problem called the half-space problem,
which requires that the impinging signal and the user must
be located on the same side of RIS, introducing additional
constraints to the system, as in [J3]].

To overcome this limitation, recent research in developing
metasurfaces and advanced fabrication technologies led to a
novel idea of simultaneously transmitting and reflecting RIS
(STAR-RIS), which divides its elements so that some take
part in reflection and the rest in transmission. STAR-RISs
can enhance the coverage of impinging signals by providing a
virtual line-of-sight (vLoS) path to both sides of the surface,
solving the half-space problem.

The quest for improved performance in cellular networks
has prompted the deployment of numerous low-power, cost-
effective, and compact base stations (BSs). However, this
proliferation has given rise to a formidable cross-tier ICI
obstacle, which hinders further advancements. Furthermore,
the substantial power consumption resulting from the dense
BS deployment presents a pressing challenge.

Coordinated multi-point (CoMP) techniques are a promising
solution to address these issues. By leveraging high-speed
fronthaul links and sharing channel state information (CSI)
among base stations (BSs), CoMP networks allow BSs to
coordinate their transmissions to reduce ICI and enhance the
overall network performance. To mitigate the severe ICI effects
in multi-cell NOMA networks and further improve network
spectral efficiency, the integration of CoMP and NOMA,
known as CoMP NOMA networks, has recently attracted
significant attention [4]], [5]. However, coordination among
all the BSs is challenging due to inaccurate CSI, additional
synchronization across cells, and additional signal processing.

On the other hand, power-domain non-orthogonal multiple
access (NOMA) has been regarded as a promising multiple ac-
cess candidate to satisfy the ever-evolving requirements of next
generation wireless networks. NOMA allows multiple users to
share the same time and frequency resources by superposing
their signals in the power domain. This results in more efficient
use of spectrum resources and improved performance over
orthogonal multiple access (OMA) techniques, especially in
terms of outage probability and ergodic sum-rate [6], [7].

In this paper, we consider a STAR-RIS-enhanced CoMP-
NOMA network and present a detailed analysis of the achiev-
able rates of cellular users. The main contributions of this
paper can be summarized as follows.

« A novel model for the joint utilization of STAR-RISs
and CoMP-NOMA to enhance the system performance in
a multi-cell network. By strategically deploying STAR-
RISs, we are able to improve the network coverage and
outage conditions of the cell-edge user.

« Investigating the impact of CoMP and non-CoMP sys-
tems on diverse performance metrics, we demonstrate the
superiority of strategically placed and optimized STAR-
RISs over conventional systems.
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Fig. 1. An illustration of STAR-RIS-aided coordinated NOMA cluster.

« Investigating the impact of assigning STAR-RIS elements
to BSs based on the channel conditions and optimizing
amplitude adjustments for transmission and reflection
regions on the achievable network sum-rate.

II. SYSTEM MODEL
A. System Layout

As shown in Fig. [l we consider a narrow-band two-
cell CoMP-NOMA downlink communication system operating
over frequency-flat channels with a STAR-RIS comprising K
elements, which are strategically positioned at the intersection
of the cells. Let the index sets be defined as Z = {1,2} for
the two BSs, C = {1,2,...,C} for the cell-center users,
and F = {1,2,...,F} for the cell-edge users, where C,
and F represent the cardinality of C, and F, respectively.
Additionally, let i = {M U N U F} be the set of all users
in the system. For simplicity, we only focus on the typical
scenario, where each BS is equipped with a single antenna,
establishing communication links with one single-antenna cell-
center user and one single-antenna cell-edge user. Thus, in this
context, we have M = 1, N = 1, and F' = 1. In addition,
Vi€ Z,c€C,and f € F, U;. is placed in the reflection
region ©,, while Uy is placed in the transmission region ©¢
of the STAR-RIS.

The BSs employ power-domain NOMA techniques to com-
municate with the users. Specifically, Vi € Z,c¢ € C, and
f € F, BS; forms the NOMA pair (U;.,Uy), where U; .
is the cell-center user of BS;. Consequently, the Uy is part of
two NOMA pairs, each cluster served by a different BS. To
mitigate the strong ICI experienced by Uy, CoMP is adopted
between the two BSs. In addition, it is assumed that the BSs
are connected to a central processing unit (CPU) via high-
speed fronthaul links, facilitating seamless information sharing
and coordinated transmissions among them.

In this paper, perfect CSI is assumed to be available at
the BSs. While this is a challenging assumption in practice,

recent advances in channel estimation techniques for RIS-
enabled wireless networks have shown that it is possible to
achieve accurate CSI [3]], [8]], [9] with a reasonable amount
of overhead. These estimation methods can also be applied to
STAR-RISs, but are beyond the scope of this work.

B. Channel Model

For each communication link in the system, we take into
account both large-scale fading and small-scale fading effects.
Due to the relatively large propagation distances and the
scattering effect of the links between B; and U, Vi € Z and
u € U, the channels are assumed to follow Rayleigh fading,

expressed as:
hiw =\ pra Vi (1)

where v; ,, is a complex Gaussian random variable that follows
a Rayleigh distribution with zero mean and unit variance, p,
is the reference path-loss at a distance of 1 m, PL(d;,) is
the large scale path-loss, modeled as PL(d; ) = (d; )" "
where d; ,, is the distance and o;_s,, is the path-loss exponent
between the BS; and U,, respectively.

On the contrary, the link between the STAR-RIS, hereafter
represented by R, and BS; is assumed to exhibit a dominant
line-of-sight (LoS) path [10]]. Therefore, these links are subject
to the Rician fading, where their channel coefficients are
expressed as:
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where d; r is the distance between the BS; and R, x; g
represents the Rician factor, v; p represents the deterministic
LoS components, and v; g denotes the complex Gaussian
random variables, each following a Rayleigh distribution with
zero mean and unit variance, thus representing the NLoS
components. The links between R and U,, Yu € U, are also
modeled in a similar fashion.

C. STAR-RIS Model

The energy splitting (ES) model of the STAR-RIS array can
be mathematically characterized by the following respective
transmission- and reflection-coefficient matrices [11]:

O, = \/ﬁ’"diag(ejog,ejgé, .. .,ejg%), 3)
© = \/Bidiag(e’t, e/, ..., %K), )

where (¢, 87 € [0,1] and 6%, 05 € [0,27), Vk € K £
{1,2,..., K}. The phase shifts for transmission and reflection
(i.e., 0% and 07) can generally be chosen independently of each
other [12]. However, the amplitude adjustments for transmis-
sion and reflection are coupled by the law of conservation of
energy. Assuming the STAR-RIS does not impose any power
loss, the relation between the amplitude coefficients (i.e., Bt
and ") is expressed as 3t + 3" = 1. To reduce the signaling
overhead between the STAR-RIS and the BSs, all elements



are adjusted to have the same transmission and reflection
coefficients.

III. PERFORMANCE ANALYSIS
A. Rate Analysis

To analyze the rates achieved for users in the system model
shown in Fig. [T} we first present the signal model. Specifically,
Vi € Z, c € C, and f € F, let the tuple (U, Us., Uy)
represent the coordinated NOMA cluster, and let P; and P»
denote the transmit powers of BS; and BS,, respectively.
This signal model serves as the foundation for evaluating
the achieved rates and optimizing the system performance
in the considered cluster. Additionally, let x; ., 2., and
represent the message signal intended for Uy ¢, Uy ., and Uy,
respectively. Each BS; broadcasts a superimposed signal of
the messages intended for users within its coverage region,
U;.. and Uy, and expressed as [13]:

i = /i, PiTic +

Gi,sPixy, )

where (; . and (; s are the power allocation (PA) factors
assigned by BS; to users U; . sand Uy, respectively. It is
important to note that U, . experiences stronger channel con-
ditions compared to Uy, making it the dominant NOMA user
in the pair (U; ., Uy) formed by BS,. Following the principle
of NOMA, U; . should be capable of detecting and decoding
the message intended for Uy. This principle also implies that
Gie < 0.5, 0r 0.5 < ¢y < 1 [14], [15].

For brevity, we only define the rate achieved by U; . from
the set of cell-center users C, as the same steps could be
extended to define the rate of U; ., Vi € Z and ¢ € C. The
received signal at U; . can be written as:

Yi,c = hy cx1 +hy xo + N, (6)

where N, is an additive white Gaussian noise (AWGN), i.e.,
N, ~ CN(0, o). Further, h, ./ is the channel corresponding
to the link between BS; and U ., which is the cell-center
user of BSq, and represents the ICI experienced by Uy .. By
utilizing successive interference cancellation (SIC) techniques,
Uy . first decodes the message signal of Uy (i.e., x ) and then
removes it from 7, . to decode its own message (i.e., 21 c).
Based on this approach, the signal-to-interference-and-noise
ratio (SINR) and the corresponding achievable rate at Uy . for
decoding the message of Uy can be expressed as:

G1p Py [Hy c|2
Myensf = 7 ; (N
e Cl,cP1|H1,c|2 + Py|hg o P4 o2
Ri,csp = log, (1 + ’Yl,c—>f) ) 3

where H; . = hy . + hgc@rhl,R represents the combined
channel from BS; to U .. Furthermore, the SINR and the
corresponding achievable rate of Uy . for decoding its own
message can be expressed as:
2
Pi|Hy |
Pg‘hlc/ 2 + o2 ’

Ri,c =log, (1 + fyl,c) .

Yi,e = Cl,c (9)

(10)

On the contrary, Uy, belonging to two NOMA pairs, re-
ceives its signal through the broadcasts from each BS;, Vi € 7.
Thus, the received signal at Uy can be expressed as:

yy = Hy yz1 +Ha y22 + No, (11)

where H; ; and Hy ; represent the combined channels from
BS; to Uy and from BS, to Uy, and can be expressed as
Hi; =hy; +hj ;©h; g and Hyy = hy ; + hj (O¢hs g,
respectively. Given that non-coherent JT-CoMP is taken into
consideration, the SINR and the corresponding achievable rate
at Uy can be expressed as [16], [17]:

G, ‘Hl,f‘Q + C2,fP2|H27f‘2
= 2 2 )
GePr|Hyg|” + G Pa[Hap|” + 02
Ry = logy (1+15) -
B. Outage Probability Analysis

12)

(13)

To further investigate the efficacy of strategically placing the
STAR-RIS in improving the system performance, we analyze
the outage probability experienced by cellular users. Following
the principles of NOMA, Vi € 7, c € C, and f € F, if U,
cannot decode x ¢, or is capable of decoding x ¢ but not x; ., an
outage occurs, the probability of which is expressed as [|18]:

Pi,c =Pr (fyi,c%f < ’ythf>

+Pr(Yies s > Vengr Ve < Veno), (14)

where 7y, and ., represent the outage thresholds for Uy
and U; ., respectively. Similarly, with regards to Uy, an outage
occurs when it fails to decode xy, and the corresponding
outage probability is expressed as:

Pr=Pr(vs < veny)- (15)

C. Problem Formulation
Based on the analysis conducted above, the joint net-

work sum-rate optimization problem for a single coordinated
NOMA cluster aided by the STAR-RIS can be formulated as:

2
Roum = ZRi,c + Rf7

=1
st. Ry >R VfeF,
Ri.>RL VieI,cec,
e+ <1 Vielcel, feF,
0 €10,27),k €K
gr € [0,21),k € K
Bt + Br =1,
P, <P  iecT,

max’

max

A,0 K4 (16)

Y Ky <KjieLkek,
1

where Rf;m and Rfl’]icn represent the minimal achievable rates
at Uy and U, ., respectively. Further, Py is the maximum

transmit power for each BS, whereas A represents the PA



factors of a single NOMA pair in the cluster. In addition, ®
represents all the phase shifts associated with STAR-RIS, and
K, is splitting STAR-RIS resources among the BSs.

As the CSI is fully estimated at the BSs, the optimal phase
shift for each element k € K can be computed [19], to solve
the objective in (I6) as follows:

¢, = mod[arg(h; 4) — arg(h; g - hg 4), 27], 17

where arg(-) is the argument function and is utilized to
compute the phase of the channels, while p € {¢, r} represents
transmission and reflection regions of STAR-RIS, respectively.
Also, ¢ € C when p = t, and ¢ € F when p = r. We adopt
fixed empirical optimizations to address the joint network
sum-rate optimization problem (I6). Furthermore, we analyze
the impact of distributing the STAR-RIS elements among
the BSs by systematically exploring all conceivable splitting
configurations through an exhaustive iteration process.
Advanced optimization techniques could potentially offer
further improvements. However, the primary focus of this
work is to showcase the fundamental enhancements attained
by strategically deploying the STAR-RIS and distributing its
resources among the BSs within the coordinated cluster.

IV. NUMERICAL RESULTS
A. Simulation Setup

We consider an outdoor environment where the transmission
bandwidth of the network is set to B = 1 MHz, and the power
of AWGN is set to 02 = —174 + 10log;y(B) (dBm) with a
noise figure Ny of 12 dB. For simplicity, we assume that the
transmit powers of both BS; and BS, are identical, expressed
as P, = P, = P,. Moreover, the PA factors for Uy ., Ug ., and
Uy are fixed to (i,c = (2, = 0.3 and (; = 0.7, respectively.

In the three-dimensional Cartesian coordinate system, the
locations of BS; and BSs, each with a coverage radius of 60 m,
are set to (-50m, Om, 25m) and (50m, Om, 25m) respectively.
The STAR-RIS is strategically placed at the intersection of the
two cells, near Uy, specifically, at the coordinates (Om, 25m,
5m). Additionally, the cellular users U; ., Us ., and Uy are
positioned at (-40m, 18m, 1m), (30m, 22m, 1m), and (Om,
35m, 1m), respectively. Some specific parameters used for
simulation are outlined in Table [l

TABLE I
SIMULATION PARAMETERS

Parameters Values
Path-loss exponent of BS;-(U¢, RIS) links Qjse = 3
Path-loss exponent of BS;-Uy link ;5 =35
Path-loss exponent BS;-RIS links a;sp =3

Path-loss exponent of RIS-U, links ARy = 2.7

Path-loss exponent of RIS-Uy link ap_f =23

Path-loss exponent of Interfering links oo =4
Rician factor of RIS-U. links KRp—e =3 dB
Rician factor of RIS-Uy link KRy =4 dB
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Fig. 2. Outage probability of all the users (Uy,c, Uz ¢, Uf) versus P, for
Bt = 0.5, B~ = 0.5, and K}, = K% = K/2, when K > 0.
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Fig. 3. Achievable rates of all the users (U1 ¢, Uz, Uy) versus P, for
Bt = 0.5, B~ = 0.5, and K}, = K% = K/2, when K > 0.

B. Impact of the Number of STAR-RIS Elements

The outage probabilities and achievable rates for each user
in the cluster are presented in Figs. 2] and [3] respectively. For
simplicity, we set the outage thresholds of all users (i.e., 71,c,
Y2,c, and 7yy) to 0 dB. With an increase in the number of
elements K, we observe a notable reduction in the outage
probability of the cell-edge user Uy. This improvement is
attributed to the enhanced data coverage facilitated by the
STAR-RIS [20]. Note that outage probabilities of U; . and
Uy . do not experience any substantial improvements, as their
links are already dominated by the near base station BS; and
BS,, respectively. Moreover, due to strong ICI experienced by
Uy in the non-CoMP configuration, it experiences high outage
probabilities, for all transmission power levels. The same trend
is observed in the evaluation of user rates, with higher numbers
of STAR-RIS elements leading to improved user rates.
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C. Coordinated NOMA Power Allocation Factors

The impact of PA factors in the coordinated NOMA cluster
is evaluated in Fig. ] The optimization problem of PA factors
in a NOMA pair is formulated as follows

IanX Ric+ Ry, (18)

st. Get+Cp<1LVieZcel,felF,
0.5 < (i <L VfeF.

Following the methodology proposed in [21], we obtain the
optimal PA factors for the two NOMA pairs (i.e., U; ., Uy) and
(Ug,¢, Uy). For the purpose of assessing the impact of power
allocation factors on top of the STAR-RIS enhancements,
we specifically focus on the case for a configuration with
K = 70 elements. Notably, this configuration yields the
highest network sum-rate among all considered cases.

D. Exhaustive STAR-RIS Element Allocation

By performing exhaustive iterations over all potential com-
binations of STAR-RIS element assignments to BS; and BS»
(ie., K} and K%) in one dimension and exploring various
transmission and reflection amplitude adjustments (i.e., 5, and
B,) in another dimension, with P, = —15 dBm, we plot the
network sum-rate as a function of said dimensions. As evident
from Fig. 5] the network sum-rate peaks when (3, > 3,. This
observation aligns with the expectations, considering that the
STAR-RIS is strategically positioned near Uy, located in the
transmission region Oy, thereby leading to an optimal network
sum-rate.

E. Spectral Efficiency & Energy Efficiency Trade-off

In Fig.[6] we present the evaluation of the trade-off between
spectral efficiency (SE) and energy efficiency (EE). At circuit
power Puit = 0 dBm and the optimal operating point, it is
evident that with a larger number of elements K, the system
achieves the highest EE. This observation can be attributed
to the passive nature of STAR-RIS elements, which enhance
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Fig. 5. Contour plot of network sum-rate as a function of STAR-RIS element
allocation to BSs and amplitude adjustments for P, = —15 dBm.
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the effective channel between the BSs and users by leveraging
phase shifts, consequently resulting in a higher network sum-
rate.

V. CONCLUSION

In this paper, we present a novel approach for STAR-RIS
CoMP-NOMA networks, aiming to maximize data rates and
improve outage conditions for all cellular users. By thoroughly
optimizing STAR-RIS resources, this study effectively har-
nesses the synergies between STAR-RIS and CoMP-NOMA
networks, resulting in elevated data rates and expanded net-
work coverage. An essential aspect of this study is including
the cell-edge user within the NOMA pairs formed by each
BS, leading to higher diversity gains. Our findings pave the
way for potential future research directions, such as exploring
the scalability and adaptability of the proposed approach to
large-scale networks and diverse communication scenarios.



Additionally, future extensions of this work could consider
advanced optimization techniques, such as deep reinforcement
learning, to address resource allocation challenges.
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