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Abstract—This paper investigates the synergistic potential of
reconfigurable intelligent surfaces (RIS) and non-orthogonal
multiple access (NOMA) to enhance the energy efficiency and
performance of next-generation wireless networks. We delve into
the design of energy-efficient passive beamforming (PBF) strate-
gies within RIS-assisted coordinated multi-point (CoMP)-NOMA
networks. Two distinct RIS configurations, namely, enhancement-
only PBF (EO) and enhancement & cancellation PBF (EC),
are proposed and analyzed. Our findings demonstrate that RIS-
assisted CoMP-NOMA networks offer significant efficiency gains
compared to traditional CoMP-NOMA systems. Furthermore,
we formulate a PBF design problem to optimize the RIS phase
shifts for maximizing energy efficiency. Our results reveal that the
optimal PBF design is contingent upon several factors, including
the number of cooperating base stations (BSs), the number of
RIS elements deployed, and the RIS configuration. This study
underscores the potential of RIS-assisted CoMP-NOMA networks
as a promising solution for achieving superior energy efficiency
and overall performance in future wireless networks.

Index Terms—Energy efficiency, performance analysis, recon-
figurable intelligent surface (RIS), NOMA, CoMP.

I. INTRODUCTION

The escalating demand for ubiquitous connectivity and
heightened data rates in future wireless networks compels
the exploration of innovative solutions that transcend con-
ventional methodologies. Reconfigurable intelligent surfaces
(RIS) have emerged as a transformative technology, capable of
dynamically manipulating electromagnetic wave propagation
and customizing wireless environments to cater to specific
communication requirements. By intelligently controlling the
phase shifts of incident signals, RIS holds the potential to sig-
nificantly enhance coverage, capacity, and spectral efficiency
in a cost-effective and energy-efficient manner, making them a
key enabler for Beyond 5G (B5G) and sixth-generation (6G)
wireless networks [1]-[5].

However, the vision of future networks supporting massive
connectivity with an unprecedented multitude of intelligent de-
vices and significantly higher density (estimated at 10° devices
per km? [6]) presents challenges for traditional orthogonal mul-
tiple access (OMA) due to the limited availability of orthogonal
resource blocks at each base station (BS). Non-orthogonal

multiple access (NOMA) emerges as a promising solution,

enabling multiple users to share the same time-frequency

resources through superposition coding at the transmitter and

successive interference cancellation (SIC) at the receiver [7].

This facilitates efficient utilization of the available spectrum

and improved performance, particularly in terms of outage

probability and spectral efficiency [8], [9].

Building upon the evolution of cellular networks, coordi-
nated multi-point (CoMP) techniques have been standardized
to address interference and spectrum limitations. The integra-
tion of CoMP and NOMA has gained significant interest due to
its potential to further enhance spectral efficiency and user fair-
ness in multi-cell environments. In CoMP-NOMA networks,
multiple BSs act cooperatively to improve the performance of
edge users, mitigate interference, and increase overall system
capacity [10], [11].

Recent research endeavors have explored the potential of
RIS-assisted CoOMP-NOMA networks, highlighting the syner-
gistic advantages of these technologies. Strategic placement of
RIS at the cell edge can significantly enhance signal quality for
edge users, leading to improved coverage and capacity [12].
Furthermore, RIS can be employed to simultaneously improve
signal quality and suppress interference, thereby enhancing
the performance of CoMP-NOMA networks [13]. However, a
crucial question remains largely unanswered: how do different
RIS configurations, the number of cooperating BSs, and the
number of RIS elements influence network energy efficiency?

Motivated by this knowledge gap, this work delves into an
energy-efficient passive beamforming (PBF) design of RIS-
assisted CoMP-NOMA networks. We propose two distinct RIS
configurations:

1) Enhancement-only PBF (EO): Optimizes the RIS phases to
enhance the desired signal quality for edge users.

2) Enhancement & Cancellation PBF (EC): Optimizes the
RIS phases for both signal enhancement and interference
suppression.

This work delves into a comprehensive analysis of network
energy efficiency under diverse RIS configurations, exploring
the influence of the number of cooperating BSs and RIS
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Fig. 1. An illustration of the RIS-assisted multi-cell CoOMP-NOMA network.

elements on overall system performance. We formulate a
PBF design problem with the objective of maximizing energy
efficiency through the optimization of RIS phase shifts. Our
findings reveal that the integration of RIS with CoMP-NOMA
networks yields substantial improvements in both energy ef-
ficiency and overall network performance, underscoring their
potential for future wireless communication systems.

II. SYSTEM MODEL
A. System Description

We consider a downlink transmission scenario in an RIS-
assisted multi-cell CoMP-NOMA network, as depicted in
Fig. 1. The network is comprised of I cells, each modeled as
a disk with radius R; and served by a BS located at its center,
denoted by BS;, where i € T £ {1,2,...,I}. Each single-
antenna BS utilizes two-user NOMA to serve user clusters,
also equipped with single antennas, within its coverage area.'

Users within the network are categorized into two distinct
classes based on their spatial location: cell-center users and
edge users. The cell-center users reside within the disk of
their associated cell, while the edge users fall outside it. Let
C) £ {1,2,...,C;} represent the set of indices for cell-center
users associated with BS;, and F = {1,2, ..., F'} represent the
set of indices for the shared edge users cooperatively served by
multiple BSs. We denote cell-center users as U’ (superscript i
indicates the serving BS) and edge users as U} (superscript
e represents the edge class), with ¢ € C%) and f € F.
Furthermore, U = J;.,C () U F represents the index set for
all users in the network. For ease of exposition and without
loss of generality, we consider a single edge user and a single
cell-center user per cell in this work, i.e., C; = F = 1,Vi € 7.

For coordinated operation, the BSs are assumed to be
interconnected via a high-speed backhaul network to a cen-
tral processing unit (CPU). BSs participating in CoMP are
referred to as cooperative BSs and are denoted by the set

'Due to processing complexity, latency of SIC at the receivers, and the
practical limitations resulting in SIC error propagation, two-user NOMA pairs
are considered in this work. Moreover, two-user configurations are of practical
interest and have been standardized in 3GPP Release 15 [14].

J 2 {1,2,...,J}, where J < I. To further improve the
signal quality for edge users, each BS; is equipped with an
RIS, denoted R;, strategically placed at the cell edge.

B. Channel Model

Our analysis encompasses the impact of both large-scale and
small-scale fading effects on each communication link within
the system. The direct links, i.e., the channels between the BSs
and the users, are characterized as Rayleigh fading channels
due to the significant propagation distances and the presence of
numerous scatterers in the environment. We denote the channel
between BS; and user Uy as h,, where n € {Z, e} for cell-
center or edge user, and u € Y. Mathematically, this can be
expressed as

n Po n
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where p, is the reference path loss at 1 m, PL(d},) is the
large-scale path loss modeled as PL(d},) = (d},)*", such
that «, is the path loss exponent, d7, is the distance between
BS; and U7, and v}', € C'*! is the small-scale Rayleigh
fading coefficient with zero mean and unit variance.

In contrast to the Rayleigh fading experienced on direct
links, the channels between BSs and RIS are modeled using
Rician fading due to the presence of a dominant line-of-sight
(LoS) component. The channel between BS; and R; is denoted

h; g, and can be expressed as

h;r, =
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where & is the Rician factor, g%‘]’zsi € CK*1 is the LoS channel
vector given by
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where k € {1,2,...,K} indexes elements of R; and w;
represents the angle of arrival (AoA) of the LoS component
at R; while gl € CX*! is the NLoS component which
follows Rayleigh fading as previously described. The channel
between RIS and edge users can be modeled similarly using
Rician fading.

For simplicity, we assume perfect channel state information
(CSI) at the BSs. While attaining perfect CSI in practical
scenarios can be challenging, recent advancements in channel
estimation techniques for RIS-assisted wireless networks have
demonstrated the potential for accurate CSI acquisition with a
reasonable overhead [15]-[18].

C. RIS Configuration

Each BS; utilizes a passive RIS R; to improve signal quality
or suppress interference for Uf, Vf € F. We assume an
optimal deployment location of the RIS at the cell edge,
allowing for effective manipulation of signals for edge users.
RIS elements can independently adjust the phase shift of the
incident signal and are assumed to be controlled by the CPU.



Furthermore, the phase shift (PS) matrix associated with R;
is expressed as ©; = d1ag(116761 loed% lKeJ(’K), where
I, € (0,1] is the amplitude adjustment factor and 0 € [—m, )
is the phase shift of the k-th element. In this Work, we assume
an ideal RIS with perfect phase control and all reflection
elements having a unit amplitude (I, = 1,Vk).?

III. PERFORMANCE ANALYSIS AND
PASSIVE BEAMFORMING DESIGN

A. Rate and Outage Probability Analysis

According to the NOMA principle, the BSs serve mul-
tiple users simultaneously by superimposing their signals.
Specifically, the transmitted signal from BS; is represented as
x; = VGPise + /(1 —(;)P;sc,, where P; is the transmit
power of BS;, s. and s, are the signals intended for U?
and U, respectively, and ¢; is the power allocation factor for
the edge users. To ensure successful decoding by Ui, i.e., the
strong user, (; is constrained to 0.5 < (; < 1 [19].

The signal received by U} can be expressed as

Y5 = HS \/GPise+ > HEp\ /(1= G)Pyse,
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hRT f® hm R, are the effectlve channels between BS; and Ue
and between BS; and U¢, respectively, and n, ~ CN (0,0 )
denotes the additive white Gaussian noise. To minimize syn-
chronization overhead, we employ non-coherent JT-CoMP,
where the edge user U combines signals from cooperative
BSs without CSI exchange [20]. Therefore, the signal-to-

interference-plus-noise ratio (SINR) at U is given by
2
! Zjej( CJ)P‘ f‘zJFY +o?’

where Yy =37 7\ 7 Pl Hy, f|2 encapsulates the impact of
inter-cell interference.
Meanwhile, the signal received by U, is expressed as

yi=hi /(1= C)Pisc, + Y b
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Based on the SIC principle, the SINR at U? for decoding the
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signal intended for Uf is given by
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2While practical RIS implementations are subject to phase quantization
errors, this work prioritizes establishing a proof-of-concept for the benefits
of RIS-assisted COMP-NOMA in terms of energy efficiency and performance.

and the SINR at U’ for decoding its own signal is
i = (1—¢)Pilhg J?
© Yieqisi(L= )P, 2+ Y+ 0%
It is important to note that due to their placement at the cell
edge, the impact of RIS on the channels experienced by U’
is negligible. Consequently, the SINR expressions for U only

consider the direct links between the BSs and the users. Finally,
the achievable rates for U and U can be calculated as

RG = logy(1 +75), 3

@)

and
R. = logy(1 4+ 7.). )

An outage event occurs for cell-center users if U’ fails to
decode s. or is capable of decoding s. but fails to decode
Sc;- The corresponding outage probability can be defined as
Pi=1- IP’(’ych > ¥f,7: > 7e), where v; = 2%n — 1 and
Yo = 2Rin — 1 represent the target SINR thresholds for U
and U‘, respectively, corresponding to their target rates Rth
and Rih. For edge user U%, an outage occurs if it fails to
decode s., and the outage probability can be formulated as

7 =P0F <) (10)
B. Energy Efficiency

To evaluate the performance of the network in terms of both
spectral efficiency and power consumption, we define energy
efficiency as the ratio of the achievable outage sum rate to
the total power expended. This metric essentially quantifies
whether the gains in the outage sum rate achieved through
CoMP transmission outweigh the associated increase in overall
power consumption. Mathematically, the energy efficiency is
formulated as

NEE = Z Zcec( ) RoutC Z ofer ey Zfef outf

ilp P, 3P+ P P; + P PR’ an
tro i atitltet
where Ri, = (1—P.)R: and RS, ; = (1—P%)R$ represent

the effective achievable rates for UZ and U?, respectively,
taking into account their outage probabilities. Additionally,
Pq represents the static power consumption within a cell,
Pr = KP, denotes the cumulative power consumption of
R;, where P, is the power consumption of each RIS element,
and X € (0, 1] signifies the power amplifier efficiency.

C. Passive Beamforming Design

The primary objective of the PBF design in this work is to
optimize the energy efficiency of the network by strategically
adjusting the RIS phase shifts using the EC approach. This
involves configuring R; associated with cooperative BS; to
enhance the signal quality for U, while simultaneously utiliz-
ing Ry, Ym € Z '\ J, to suppress the inter-cell interference
experienced by U$. The optimization problem is formally
defined as

m£x energy efficiency ngg in (11) (12a)
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where ® = {©,0,,..
matrices for all RIS.
For cooperative BSs, the phase shifts of R; in con-
straint (12b) are optimized to maximize the effective channel
gain |H]e f|2, thereby improving energy efficiency. From [21],
the optimal phase shift for each element of R; is given by

; e k k
O = arg(h ) —arg(hg) A ),  (13)

(12b)
(12¢)

., O} represents the set of phase shift

where arg(-) denotes the argument function, and hgj)’ s and
h;ﬁgj represent the k-th elements of the channel vectors hg; ¢
and hj7Rj, respectively.

In contrast to signal enhancement, the phase shifts of R,,
for non-cooperating BSs in constraint (12c) are adjusted to
minimize the effective channel gain [H;, f|2, thus mitigating
interference. Thus, the optimal phase shift for each element of
R,, can be calculated as

07 = mod [¢]" + 7, 27| — , (14)

where ¢ = arg(hy, ;) — arg(hgzj . hfj?Rm) and mod|]
denotes the modulo operation. Adding 7 ensures a 180° phase
shift, effectively suppressing interference.

It should be noted that incorporating cell-center users into
the optimization problem, or increasing the number of users per
cell, significantly increases the complexity of the beamforming
design. To maintain tractability, this work focuses on a single
edge user and a single cell-center user per cell.

IV. NUMERICAL RESULTS
A. Simulation Setup

The performance of the proposed design is evaluated in a
network consisting of I = 6 cells, each with a radius of R; =
75 m. All BSs transmit at the same power level, i.e., P; = P;
dBm, Vi € Z, and the power allocation factor for edge users
is set to ¢; = 0.7. The RIS are positioned at the cell edge,
resulting in a distance of d; g, = 75 m between BS; and R;.
The distances between BSs and users are configured as follows:
d; . =50m, ds ; = 150 m, and d}m = 200 m for k # i, where
i€Z ceCW, and f € F. Similarly, the distance between
RIS and edge users is set to df ; = 75 m.

TABLE I
SIMULATION PARAMETERS

Parameter Value
Amplifier efficiency A 0.4
Reference path loss po —30 dBm
Static power consumption Pg 30 dBm
Power dissipated at k-th RIS element P 5 dBm
Target cell-center user rate Rih 1 bps/Hz
Target edge user rate Ry, 0.5 bps/Hz
Rician factor x 3 dB
# of channel realizations N 104
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Fig. 2. Energy efficiency vs. number of cooperative BSs J at P, = 0 dBm
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Fig. 3. Energy efficiency vs. number of RIS elements K at P, = 0 dBm and
J = 4 cooperative BSs.

The path loss exponents are set to agr = 2.7, a; = 3,
ae = 3.5, and a4 = 4 for RIS, BS, edge user, and inter-
cell interference links, respectively. The network operates at
a carrier frequency of f. = 2.4 GHz, and the noise power
is defined as 02 = —174 + 10log;,(B), with a bandwidth
B = 10 MHz. Table I summarizes the remaining simulation
parameters.

B. Results

Fig. 2 illustrates the energy efficiency of the network as
a function of the number of cooperating BSs J for various
RIS configurations. The investigated scenarios include: no RIS,
RIS with random phase shifts, EO-based RIS, and EC-based
RIS. We observe that for the EO and EC configurations, the
energy efficiency initially increases with a growing number
of cooperating BSs, reaching a peak at J = 4. However,
beyond this point, the efficiency experiences a decline. This
can be attributed to the saturation of both the achievable
rate and the outage probability, leading to diminishing returns
with increasing cooperation. It should be noted that the EC
configuration consistently outperforms other scenarios V.J,
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except when J = I. In this particular case where all BSs
are cooperative, interference cancellation becomes redundant,
leading to equivalent performance between the EO and EC
configurations.

The impact of the number of RIS elements K on the energy
efficiency is depicted in Fig. 3. A clear trend emerges across
all configurations: energy efficiency improves as the number of
RIS elements increases, reaching a peak at K = 90. Beyond
this point, the gains in the outage sum rate are counterbalanced
by the increased power consumption associated with additional
elements, resulting in a decline in energy efficiency. Notably,
the EC configuration consistently outperforms the EO config-
uration across all values of K. Furthermore, the No-CoMP
scenario exhibits the lowest energy efficiency for all values
of K, underscoring the significance of CoMP in enhancing
overall network performance.

The analysis of the outage sum rate concerning transmit
power P, is illustrated in Fig. 4. To provide a comparative
context, orthogonal multiple-access (OMA) is included in the
evaluation. As anticipated, the outage sum rate demonstrates
an increasing trend with an increase in transmit power across
all considered configurations. Notably, the implementation of
CoMP-NOMA with EC-based RIS consistently surpasses all
other scenarios, including OMA, throughout the entire range of
P, values. An interesting observation is that the CoMP-OMA
configuration exhibits steeper increases in outage sum rate per
unit of power compared to the CoMP-NOMA configurations.
This characteristic can be attributed to the more pronounced
rate saturation effect in NOMA networks, wherein the achiev-
able rate is limited by the SIC capabilities of the users.

Fig. 5 presents a contour plot illustrating the relationship
between energy efficiency, transmit power P;, and joint rate
threshold Ry, where we set Ri, = R, = Ry, for simplicity.
Although the highest levels of energy efficiency are found
in regions with low P; and Ry, these operating points are
often impractical due to minimum user rate requirements. As
we move diagonally across the plot, a clear trend emerges:
energy efficiency decreases as the rate threshold increases. This

1.8 T T

30

20

—

15

e
%

g
=N

10

Rate threshold Ry, (bps/Hz)

<
-

I
o

1 ©
—
o

-5 0 5 10 15
Transmit power per BS, P, (dBm)

Fig. 5. Energy efficiency contour plot for varying transmit power P: and rate
threshold R¢; with J = 4 cooperative BSs and K = 70 elements.

—O— CoMP-NOMA,
—s/— CoMP-NOMA,
—O— CoMP-NOMA,

(Cooperative BSs)
(Cooperative BSs) ||
(Cooperative BSs) |]

29,

—

28.8

/s/Hz

2 28.6
28.4
28.2

Outage sum rate (bits

0/72  9/63 18/54 27/45 36/36 45/27 54/18 63/9  72/0
CO/EO split-ratio

Fig. 6. Outage sum rate vs. CO/EO split-ratio for different cooperative BSs
J with P = 0 dBm with K = 72 elements.

inverse relationship highlights the inherent trade-off between
achieving higher data rates and maintaining energy efficiency.
To meet the demand for higher R, the network necessitates
higher P, leading to increased power consumption and, sub-
sequently, reduced energy efficiency.

Lastly, to summarize the trade-off between PBF designs,
we analyze the outage sum rate as a function of the ratio of
Cancellation-only (CO) and EO elements in Fig. 6. As ex-
pected, increasing CO elements led to a decrease in the outage
sum rate for the fully cooperative scenario, J = I. However,
with half of the BSs cooperating, the outage sum rate remained
relatively stable regardless of the CO/EO ratio, demonstrating
a balanced contribution from both designs. Interestingly, the
highest gains were observed when J = 1, with all elements
employing the CO scheme. This emphasizes the critical role
of interference cancellation in such scenarios. Moreover, these
findings highlight the importance of optimizing network pa-
rameters through a robust optimization framework, a direction
we intend to explore in the future.
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V. CONCLUSION

This paper delved into the investigation of an energy-
efficient passive beamforming design of RIS-assisted CoMP-
NOMA networks. We introduced two distinct RIS configura-
tions, namely, enhancement-only PBF (EO) and enhancement
& cancellation PBF (EC). Our comprehensive analysis revealed
that RIS-assisted CoMP-NOMA networks can significantly
improve energy efficiency compared to traditional CoMP-
NOMA networks. Additionally, we formulated a PBF design
problem aimed at optimizing RIS phase shifts to maximize
energy efficiency. The results showcased the influence of
various factors on the performance of the network, including
the number of cooperating BSs, the number of RIS elements,
and the PBF configuration employed.

This work contributes valuable insights for the design and
optimization of RIS-assisted CoMP-NOMA networks, paving
the way for improved energy efficiency and overall network
performance. Future research directions may include exploring
more intricate environmental scenarios and investigating the
impact of practical RIS limitations, such as phase quantization
errors, on the overall system performance. Furthermore, ex-
tending the proposed PBF design to accommodate dynamic
channel conditions and user mobility presents a promising
avenue for further investigation and development.
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