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Power Minimization for Uplink RIS-Assisted
CoMP-NOMA Networks With GSIC
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Abstract—To accommodate the stringent requirements of mas-
sive connectivity and ultra-high throughput, both reconfigurable
intelligent surface (RIS) and non-orthogonal multiple access
(NOMA) have been perceived as the key techniques for future
communication networks. In this paper, a versatile framework
is conceived to boost transmit power efficiency for RIS-enabled
multi-group NOMA networks in the presence of coordinated
multi-point (CoMP) reception and imperfect successive interfer-
ence cancellation (SIC). Particularly, a group-level SIC (GSIC)
method is proposed to eliminate the decoded group’s interference
together with the well-designed transceivers to mitigate the
aggregated interference, including the intra-group interference,
the residual interference caused by imperfect SIC, and the
interference of NOMA users decoded later. According to the
novel framework, a power minimization problem is formulated
by collaboratively optimizing the transmit power and the phase
shifts. To render the problem tractable, an alternating scheme is
developed to optimize the transmit power and the phase shifts
iteratively. Specifically, the transmit powers for the users in the
same group are devised by a parallel iteration algorithm, whilst
the phase shifts are optimized by a sequential rotation method.
In simulations, it is shown that the proposed scheme requires
less transmit power than various benchmark methods under the
constraint of each user’s quality of service.

Index Terms—Coordinated multi-point, group-level successive
interference cancellation, non-orthogonal multiple access, recon-
figurable intelligent surface.

I. INTRODUCTION

Since 2019, the deployment of the fifth generation (5G)
wireless network has been gradually rolled out worldwide.
In regard to the development law of “using one generation,
developing one generation”, the investigation on the sixth
generation (6G) communication system has drawn substantial
attention from both academic and industrial communities.
Several well-known research institutions have issued 6G white
papers, wherein reconfigurable intelligent surface (RIS) has
been recognized as a promising technique for 6G [1]. Specif-
ically, RIS is a passive device without the capacity of signal
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processing, which can be easily deployed on building facades,
roadside billboards, and so on. By manipulating the phases
of incident signals, RIS has the ability of creating favourable
radio propagation environment in an energy-efficient and cost-
effective manner [2]. It has been reported that both system
throughput and power efficiency can be significantly enhanced
by the deployment of RISs [3], [4].

In the meanwhile, as the number of mobile terminals is
experiencing an exponentially increased rate per year, mas-
sive connectivity is forecast to be an essential application
for future communications [5]. Due to the limit number of
resource blocks (RBs), it is impossible to satisfy the massive
access requirements by employing conventional orthogonal
multiple access (OMA) techniques. Different from OMA, non-
orthogonal multiple access (NOMA) is capable of supporting
much more connections than the number of RBs by leveraging
superposition coding and successive interference cancellation
(SIC) [6]. It was reported by [7], [8] that an improved user
fairness and spectrum efficiency can be achieved in NOMA
systems by leveraging heterogeneous channel conditions.

As mentioned above, both RIS and NOMA are perceived
as cutting-edge techniques for beyond-5G (B5G)/6G commu-
nication systems. The integration of RIS into NOMA system
induces enormous benefits [9], such as reshaping the difference
of NOMA users’ channel gains, improving user fairness, and
enhancing wireless coverage. It was demonstrated that RIS-
empowered NOMA system is powerful to reduce the transmit
power consumption or boost the achievable rates compared
with the pure NOMA system [10], [11]. After that, enormous
attentions have been shifting towards the study of RIS-enabled
NOMA systems. Compared with conventional NOMA sys-
tems, the RIS’s phase shifts should be jointly optimized with
the transceivers for RIS-enabled NOMA systems. Therefore, it
is nontrivial to devise efficient transmission policies for RIS-
assisted NOMA networks. In what follows, we will review the
state-of-the-art research on RIS-empowered NOMA networks
comprehensively.

A. Related Works

With regard to RIS-assisted NOMA systems, the focuses
of the existing works are put on the performance analysis
and the design of transmission policy [12], [13]. To highlight
the contribution of this paper, we will review the studies on
transmission strategy in this subsection.

RIS-Aided Single-Antenna NOMA: In terms of transmis-
sion design for RIS-enabled single-antenna NOMA systems,
the design methods in existing works can be classified into
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two main categories, i.e., (i) alternating optimization of phase
shifts and power allocation coefficients, and (ii) transforming
the joint optimization of phase shifts and power allocation to a
pure phase shift optimization problem. Following the first cat-
egory, the power allocation and the phase shifts were devised
in an alternative manner for maximizing system throughput
of downlink RIS-aided NOMA systems [14]. In [15], the
network sum-rate was maximized by jointly optimizing the
power allocation coefficients, the user clustering policy, and
the phase shifts for two-cell RIS-aided NOMA downlinks
with CoMP transmissions. On the other hand, the sum rate
maximization problem was formulated under the constraint
of each user’s power budget in [16]. To address the joint
optimization of power allocation and phase shifts, the orig-
inal problem was converted into a phase shift determination
problem by using a series of mathematical manipulations.
However, the transmission strategies developed in [14]-[16]
are applicable to RIS-aided single-antenna NOMA systems.
In modern communication systems, multiple antennas are
deployed at the base station (BS) in general. Unfortunately,
the schemes mentioned above are not proper to multi-antenna
RIS-NOMA scenarios.

RIS-Aided Multi-Antenna NOMA: In RIS-assisted multi-
antenna NOMA systems, the design of transmission schemes is
more complicated than that in single-antenna scenario. Even if
the phase shifts at the RIS are given, the equivalent channels
with the form of vectors/matrices cannot be sorted like that
in single-antenna NOMA systems. Therefore, in the case of
multi-antenna NOMA situation, a deep integration of NOMA
with space division multiple access (SDMA) is necessary. In
the existing literature, there are two design frameworks in
RIS-aided multi-antenna NOMA systems, i.e., the user-specific
and the cluster-specific frameworks. In the following, we will
review the prior works from these two perspectives.

In the user-specific framework, each user is served by
a unique beam, which is also referred to as beamformer-
based strategy in [17]. For two-user RIS-aided multiple-input-
single-output (MISO) NOMA downlinks, energy efficiency
was enhanced by optimizing passive and active beamformers
alternatively in [18]. Particularly, the active beamforming
matrix at the BS and the passive beamforming matrix at
the RIS were developed by employing successive convex
approximation (SCA) and semidefinite relaxing (SDR), re-
spectively. Furthermore, for RIS-assisted MISO-NOMA with
multiple users, the beamforming matrix and the phase shifts
were collaboratively devised to improve the minimum signal-
to-interference-plus-noise-ratio (SINR) by taking each user’s
quality of service (QoS) into consideration [19]. However, in
the user-specific framework, the users decoded later should
detect all the users with higher decoding priorities, which will
cause severe error propagations in practice.

Regarding the cluster-specific framework, all users are di-
vided into several clusters and the users in each cluster are
organized on the same beam by using the NOMA mode, whilst
the inter-cluster interference is suppressed by active beam-
forming at the BS. In [20], a multi-cluster transmission scheme
was proposed to reduce the total power consumption for RIS-
aided MISO-NOMA systems, in which a local optimal solution
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was achieved by combing the alternating direction method of
multipliers (ADMM) with the second-order cone programming
(SOCP). In [21], a multi-cluster downlink NOMA scheme was
devised to minimize the transmit power consumption, in which
the users are separated into multiple clusters and each cluster
is composed of a near user and a far user. In order to enhance
the performance of the users with weak channels, the RISs are
deployed at the neighbouring of far users.

However, the design frameworks presented in [17]-[21]
focused on downlink RIS-aided multi-antenna NOMA system.
Because of the different mechanisms on power allocation and
decoding order, the downlink design schemes can not be ex-
tended to the uplink case explicitly. To date, the investigations
on uplink transmission strategies in RIS-assisted multi-antenna
NOMA systems are far fewer than those in downlink scenarios.
Following the cluster-specific framework, an optimized passive
beamforming scheme with NOMA and time allocation was
proposed for uplink information transmission of RIS-aided
wireless power communication networks in [22]. It was shown
that network throughput can be enhanced considerably by
using the optimized phase shifts and time allocation in [22].

RIS-Aided Multi-Cell NOMA: The literature mentioned
above focused on the single-cell scenarios. In the real-world
systems, the cell-edge user’s performance is affected by the
serious intercell interference due to frequency reuse. In order
to deal with this tricky issue, coordinated multi-point (CoMP)
technique has been introduced to improve the performance
of cell-edge users from 3GPP Release-11, in which joint de-
tection and joint transmission are two well-known techniques
respectively applied in the uplink and downlink. In [23], by
using tools from stochastic geometry, the average achievable
data rate was derived for downlink heterogeneous cloud radio
access networks with NOMA and CoMP transmission. In
[24], both the outage probabilities and the ergodic rates were
derived for uplink CoMP-NOMA networks with the aid of
stochastic geometry. However, in [23], [24], only one CoMP
user was served by each BS equipped with a single antenna.
In [25], a sum-rate maximization problem was investigated
for downlink RIS-aided CoMP networks with device-to-device
communications, which was further solved by leveraging the
SCA and the penalty method. In [26], a resource allocation
problem was investigated for downlink heterogeneous MISO-
NOMA networks with CoMP, which was further addressed by
the method based on matching algorithms and the SCA.

After the emergence of RIS, it was integrated into multi-
cell CoMP system to boost cell-edge user’s transmission rate
in [27]. It was shown that the sum rate is double of the no-
RIS case when the number of reflecting units is more than
80. However, the conventional OMA mode was considered in
[27], which is fundamentally different from the case of NOMA
systems. In multi-cell scenarios, the existing transmission
designs are still limited to RIS-assisted single-antenna NOMA
systems. More specifically, in [28], a joint power control and
phase shift optimization problem was converted into a pure
phase shift determination problem for RIS-aided multi-cell
NOMA uplinks, which was further addressed by leveraging
the approaches of angle minimization and Schmidt’s orthogo-
nalization. Besides, a RIS was applied to improve the SINRs of
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cell-edge users in [29], in which the users’ ergodic capacities
were derived in closed-forms.

B. Our Contributions

It has been demonstrated that the CoOMP-NOMA system is
superior to the conventional CoMP system in terms of power
efficiency for a two-cell network [30], in which CoMP has
been advocated from 3GPP Release 11. Besides, since RIS
has the benefits of signal enhancement and neutralization, it
is integrated into two-cell CoMP-NOMA systems to further
boost system performance in this work. Currently, the trans-
mission design for RIS-aided multi-antenna NOMA is still in
its infancy. To the best of our knowledge, the research on trans-
mission scheme for uplink RIS-assisted multi-antenna CoMP-
NOMA networks has never been reported, which however, is
an important application for future communication networks.
This constitutes the motivation of our work. Specifically, in
this paper, the transmission strategy is studied for CoMP-
NOMA networks with multiple user groups, in which both
RIS and CoMP are leveraged to boost the cell-edge users’
signal strengthes. In the authors’ prior work [31], a single
cell with distributed RIS deployment is investigated, whereas
a two-cell CoMP network with centralized RIS deployment
is considered in this paper. Since the perfect SIC is assumed
in [31], the power control schemes are identical for all user
groups, which are different from the case of imperfect SIC in
this work. Besides, the design of phase shifts in [31] considers
the constraints for a local RIS group only. Thus, the power
allocation and phase shift algorithms developed in [31] can not
be applied to this work. To summarize, the main contributions
of this work can be listed as follows:

o A novel design framework with group-level SIC (GSIC)
is conceived for RIS-aided CoMP-NOMA networks with
multiple user groups, in which GSIC is proposed to
separate the user messages in different groups and the
transceivers is used to suppress the aggregated inter-
ferences, i.e., the intra-group interference, the residual
interference caused by imperfect SIC, and the interference
of NOMA users decoded later.! Different from the user-
level SIC in the existing frameworks, GSIC is leveraged
to eliminate the decoded group’s interference for the
first time.> It is worth mentioning that GSIC is more
appropriate for multi-group NOMA networks because of

'In the proposed GSIC framework, the interference can be divided into
three types, i.e., the intra-group interference, the residual interference, and
the interference of NOMA users decoded later. Specifically, the intra-group
interference is caused by the users in the same group due to parallel
demodulation, the residual interference comes from the users of the decoded
groups because of imperfect SIC, and the interference of NOMA users
decoded later stems from the user groups that have not been decoded.

2For the NOMA with user-level SIC, the users are divided into multiple
clusters, which are served by different space beams, time slots, or frequency
bands. In each cluster, the user-level SIC is used to eliminate the user’s signal
that has been decoded. However, the GSIC is leveraged to eliminate each
group’s signals, which are decoded and removed in parallel. Besides, for
the NOMA with GSIC, the equalizers, power control, and phase shifts are
jointly optimized to suppress intra-group and inter-group interference for the
users in the same group, whereas the users in the different groups are served
by following the NOMA principle and the GSIC is invoked to subtract the
decoded group’s messages.
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homogeneous channel conditions for the users in the same
group.

o With this new design framework, a power minimization
problem is formulated by jointly considering the power
control scheme at the users, the equalizers at the BS, and
the phase shifts at the RIS. Besides, the impact of im-
perfect SIC is also included in the problem formulation,
in which additional interference caused by the previous-
ly decoded users is considered. Since the optimization
variables are highly coupled, it is nontrivial to solve
the original non-convex problem explicitly. To render the
formulated problem tractable, an alternating optimization
method is developed to determine the transmit power of
each group and the phase shifts of the RIS.

o More specifically, a group-level parallel iteration method
is proposed to devise each user’s transmit power. The
designed solution is proved to converge to a unique
stationary point for an arbitrary initialization value. Be-
sides, a sequential phase rotation method is developed to
optimize each phase shift at the RIS. Simulation results
demonstrate that our proposed scheme outperforms the
existing methods in terms of transmit power consumption.

The rest of this paper is organized as follows. In Section
I, the system model and detection procedures are described.
The optimization problem and its solution are respectively
formulated and proposed in Section III. Section IV elaborates
the simulation results and their analyses. The conclusion is
given in Section V.

Notations: Unless otherwise stated, throughout this paper,
lowercase and uppercase boldface letters denote vectors and
matrices, respectively. diag{z1, - ,zm, - ,2m} denotes a
diagonal matrix with the m-th diagonal element of z,. (2],
denotes the m-th element of the vector z. ZT, Z~', Z*, and
ZH denote the transpose, inversion, complex conjugate, and
Hermitian transpose of the matrix Z, respectively. z; = zo
represents that [z1],, > [z2], for Vm. I,; represents an
identity matrix with M rows and M columns. O, x s,
denotes a zero matrix with M7 rows and M, columns. mod
stands for the modulo operation. 3 = /1.

II. SYSTEM MODEL

As illustrated in Fig. 1, the uplink transmission of two-cell
RIS-enabled CoMP-NOMA networks is considered, in which
each BS serves a cell-center user group and a cell-edge user
group.’ The coverage radius of each BS is Rp. A RIS with

31t is worth mentioning that, in multi-cell scenarios, any two adjacent cells
can form a CoMP partner similar to the system architecture in Fig. 1. When
the different NOMA clusters in the same cell are scheduled on orthogonal
subchannels or time slots, the design schemes proposed in this paper can be
extended to RIS-aided multi-cell COMP-NOMA scenarios straightforwardly.
A feasible user clustering scheme is provided as follows. The cell-edge users
associated with each RIS are assigned to the same cell-edge group. For the
cell-center users in each cell, they could be allocated to multiple NOMA
clusters randomly under the constraint that the number of users in each cell-
center group is less than that of the antennas at the BS. In the case of the
cell-edge users associated with multiple BSs, the cell-edge users’ signals at
each associated BS will be forwarded to the central unit for joint detection.
As a result, the SINR expression of the cell-edge user given in (15) will
be formulated by considering the combination of the desired signals and the
cell-center users’ interference stemming from multiple BSs.
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Fig. 1. An illustration of uplink transmissions of RIS-assisted multi-group
NOMA with CoMP.

Ng reflecting elements is deployed at the edge of the two
cells to manipulate the phases of the cell-edge users’ signals.
The coverage radii of the cell-center region and the RIS are
Rc and Rg, respectively. The number of antennas equipped
at the BS is N4, while each user is equipped with a single
antenna. The cell-center groups are served by their associated
BS independently, whilst the cell-edge group is associated with
the two BSs by using CoMP reception. Specifically, after the
cell-center group’s signals are recovered and subtracted at each
BS, the users’ signals of the cell-edge group are forwarded to
the central unit (CU) for joint detection. It is worth mentioning
that the CU can be an independent entity or any of the two
BSs with powerful signal processing capability. To do so,
a high-capacity backhaul link (fiber or wireless) should be
supported between the BSs and the CU, such as S1 interface
in current communication systems. Besides, it is assumed that
the number of active users in the cell-center group of BS b and
the cell-edge group are K¢, and Kg, respectively. In order to
decode the data streams in each group in parallel, it is required
that Ko < Ny and K < 2N 4.4 In addition, we consider
the scenario that the number of active users scheduled by each
BS is more than that of the receiving antennas at the BS, i.e.,

(D

In such circumstance, the user signals can not be recovered
by the conventional multi-user receivers of OMA systems.
Regarding the combination of NOMA, RIS, and CoMP
techniques, it does not require large changes in the circuits of
current communication systems. For NOMA, a SIC receiver
should be equipped at the BS. With the development of
circuits, it is not difficult to satisfy such requirement. For
RIS, it requires a RIS controller between the BS and the RIS
to adjust the phase shifts. Besides, in order to jointly design
the transmit power and phase shifts, the channel estimation
of reflection links is needed, which will increase the system
overhead. Fortunately, a quantity of high-quality channel es-
timation methods have been developed in the existing works.
The challenges of this combined RIS-aided CoMP-NOMA
system are two-fold. Firstly, a high-speed backhaul link should
be supported between the BSs and the CU. In practice, the

Koy + Kg > Ny, be{1,2}.

41f these conditions are not satisfied, the extra users can be scheduled on
the orthogonal time slots or frequencies via OMA methods. Therefore, the
method developed in this work is also applicable to the case of Ko > Ng
or Kp > 2Nj4.
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received signals can be quantized and compressed in order
to reduce the feedback overhead [32]. Secondly, it is difficult
to acquire the perfect channel state information (CSI) in the
scheme design. Thus, the power consumption obtained in this
paper can serve as a lower bound for the cases with imperfect
signal feedback or CSI.

A. Channel Model

The direct link between BS b and the i-th user in the cell-
center or the cell-edge groups are modelled as Raleigh distri-
bution. Besides, the Kronecker model is used to characterize
spatial correlation among the receiving antennas at the BS or
the reflectors at the RIS [33]. The direct link between BS b
and the ¢-th user in the cell-center and the cell-edge groups
are given as

_PBU 1 )

dopi =Ley; Ygrfosi 1 <1< Kep, 2
_BBU 1 )

depi =Lp,; Y3 rfes:, 1 <1< Kg, 3)

respectively, where Lc,; and Lk ; denote the propagation
distances from the user ¢ in the cell-center group to the BS
b and from the user ¢ in the cell-edge group to the BS b,
respectively, Bp ; stands for the path loss exponent for the
direct channels between the BSs and their served users, each
element in the small-scale fading vector fcp ; or fz p, ; follows
a complex Gaussian distribution with zero mean and unit
variance, i.e., CN'(0,1), and Y g represents the receiving
correlation matrix at the BS.

In order to improve the channel gains, the RIS can be
deployed at a carefully selected location, where there exists
a line-of-sight (LoS) path between the RIS and the users (the
BSs). It is worth mentioning that the location of the RIS
only affects channel modeling in this subsection, which will
not influence the design methods of transceivers and phase
shifts developed in the following. Accordingly, the channel
between the RIS and the i-th cell-edge user in its coverage is
characterized by Rician distribution, which is given by

KRS, re
( \/ KSYUL-;-l vaj’ +

where Lg; denotes the propagation distance from the i-th
cell-edge user to the RIS, kg y is the Rician-K factor of
the channels between the RIS and its associated users, Sg,ur
represents the path loss exponent for the links from the cell-
edge group to the RIS, fSJ is the LoS component from the
i-th cell-edge user to the RIS, each element in the vector
fs, follows CN(0,1), and Yg g stands for the receiving
correlation matrix at the RIS.

Similarly, the channel from the RIS to the BS b is charac-

terized by
1 1
/| KB,S T / 1 2 2
( HBYSJrlFb“S + KB,s+1 TB,RFb7STS,T)

S

where L, g denotes the propagation distance between the RIS
and the BS b, ks is the Rician-K factor of the channels
between the RIS and the BSs, s stands for the path loss
exponent between the RIS and the BSs, Fy, s represents the

_Bs,u

— 2
- LS,i

1
gs. e Yhafs) . @

Ks,u+1

_PB,sS
— 2
Gy,s = Lb,s
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LoS component for the channels between the RIS and the BSs,
each element in F, g follows CN(0,1), and Y g 1 denotes the
reflecting correlation matrix at the RIS.

B. User Detection in the Cell-Center Group

Due to severe obstacle blockage and substantial path at-
tenuation, the signals reflected by two or more times and
the interference stemming from the cell-center group to the
unconnected BS are neglected [34]. Besides, due to product-
distance path loss of cascaded channels, the cell-center users’
signals reflected by the RIS with large propagation distances
are much weaker than those of the direct links. Thus, it is
reasonable to neglect the cell-center group’s signals reflected
by the RIS [34], [35]. Accordingly, the received signal at BS
b is given by

Kcp Kg

Zp = Z depin/ Pyimp,i + ZCEm\/ Pg impg +ny,

i=1 i=1

be{l,2}, (6

where P,; and Pg; are the transmit power of user ¢ in the
cell-center and the cell-edge groups, respectively, my,; and
mpg,; represent the transmit messages with normalized power
of the user ¢ in the cell-center group and the cell-edge group,
respectively, n; is the additive noise vector at BS b, each
element of which follows CN(0,02), and cgp; stands for
the cascaded channel between user ¢ of the cell-edge group
and the BS, which is further expressed as

cebi =dep: + Gy sPgs, @)

where ® is the phase shift matrix of the RIS, which can be
expressed as @ = diag{e?,--  e™Ns} with w, denoting
the phase shift of the n-th reflecting unit. From the perspective
of hardware limitation, the discrete phase shift model is
considered in this paper. The set of discrete phase shifts is
generated by applying uniform quantization methods [36].
Assuming the number of resolution bits is X, the set of phase
shifts is expressed as

X ={0/2%,2m/2%, - 2 —1)2r/2¥}, ®

where w, € X for 1 <n < Ng.

Due to the small path attenuation, the signals of the cell-
center groups are decoded firstly at each BS.> When decoding
the messages of the cell-center group, the cell-edge group’s
signals are treated as the interference. Besides, the users in
the cell-center group are detected in parallel. Let t; ; denote
the equalizer for decoding the signal of user 7 in the cell-center

5Since the signals of the cell-center group are decoded at each BS, the
CoMP reception is implemented after the GSIC operation. Thus, CoOMP does
not affect the NOMA detection at each BS. In the presence of multiple
antennas, the channels are in the form of vectors/matrices. Thus, it is hard to
sort the channels like the case with a single antenna [7]. Currently, the optimal
detection order in multi-antenna NOMA system is still an open problem. In
this paper, the detection order is determined by the average path loss for
each cell. In fact, in order to achieve the required data rates, the introduction
of RIS will reduce the power consumption of cell-edge users for uplink
NOMA systems, which will in turn reduce the inter-NOMA user interference
to the cell-center users. Therefore, the introduction of RIS will not affect the
feasibility of signal decoding but reduce the required transmit power.
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group. Then, the decoded data of user ¢ in the cell-center group
is expressed as
Kc,p
My, thfi Z dep,ir v/ Poirme i
ir=1
Kg
+ téﬁ- Z cepi\/ Peaomeqy + tfinb- )
ir=1
In the proposed framework, the users’ signals in the same
group are decoded in parallel by using transceiver design,
while the GSIC method is utilized to eliminate the decoded
group’s interference. Therefore, in the decoding of a cell-
center user’s signal, there still exists intra-group interference
caused by the other cell-center users due to parallel demodu-
lation. As a result, the achievable SINR of user 7 in the cell-
center group is expressed as

|th,1dC,b,i‘2Pb,i

i = ~xg, - kg B
> Itgdey, i PPyt 30 16y i [P Pe g+t e
il =1,i" #i il =1

(10)

C. User Detection in the Cell-Edge Group

When the user detection of the cell-center group is complet-
ed, the cell-center users’ signals are recovered and subtracted
from each BS’s total received signals. Due to the error
propagation caused by imperfect SIC, there exists the residual
interference stemming from the cell-center users in practice.
After the operation of GSIC, the remaining signal at BS b is
expressed by

Kg Kcp
Eb = E,b,i EiME; BASIONX) NALAR
Zpp =) Cppiy/Peime+ €b,idc,b,in/ Py
i=1 i=1
+ ny, (11)

where ¢;,; denotes the residual interference factor caused by
the cell-center user ¢ served by BS b. Since the messages of
the cell-edge group will be decoded at the CU jointly, each
BS transfers the remaining signal zg ; to the CU without any
preprocessing.

For facilitating joint detection at the CU, the residual signals
coming from the two BSs are written in a compact form, which
is given by

7y = ZE.1
ZE.2
2 Kop

Kg
ZE CE,i PE,ﬂ”E,i"’E E Vevidebin/ Poime
=1

b=1 i=1
where
dg1 Gis

Cg; = o + ’ Pgs 13
E, |: dE,Z,i :| |: GQ,S g5, ( )

~ dci ~ On,x1 n;
d i — ,7 7d i — A ’ = .

G, [ ONn,x1 G2, dca ne ny

(14)
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At the CU, the equalizer of the user 7 in the cell-edge group
is denoted by tg ;. Similar to the decoding procedures of the
cell-center group, the achievable SINR of user ¢ in the cell-
edge group is expressed as

NEe,i =

[tH .cE.:i|*PE.

Kp 2 KCb
> t§.cpv?Pg, /JFZ by 15:8 Aep, 0280, Py 02t H it

il =14/ #i 14/=1
5)

III. PROBLEM FORMULATION AND ITS SOLUTION

In order to satisfy the urgent global carbon reduction
consensus, green communication is one of the main themes
for B5G/6G communication networks. In this section, we
will investigate the power minimization problem for RIS-
empowered CoMP-NOMA networks subject to each user’s
QoS. The optimization problem is formulated as follows:

2 Kcop
(P1) (py o bz; ; Py + ZPE“ (16)
s.t. logy (14 mpri) > l(,[,h)z, b €{1,2,E},
A7)
Py i < Pax, V' € {1,2,E}, (18)
wp € X, 1 <n< Ng, (19)

where 'y(t ) represents the required transmit rate of user ¢ in the
cell-center or the cell-edge groups, Pax denotes the allowable
transmission power of each user. In the problem (P1), the 1st
constraint is used to restrict each user’s transmission rate larger
than a predefined threshold, the 2nd constraint ensures the
transmit power is less than the maximum allowable power,
and the 3rd constraint requires that each phase shift is selected
from a predefined set X.

A. The Equalizer Design and Problem Transformation

In order to realize each user’s SINR maximization, the
minimum mean square error (MMSE) equalizer is recognized
as the best linear receiver. The optimal receiver for the i-th
cell-center user associated with BS b is written as a function
of transmit powers, which is given by

1
decvin/Pois

where p, = {P, s}, pe = {Pg,}, and Fcu(py, PE) is
defined as follows:
Kcp
)2 dowsdEy i P
i'=1
Kg
+ Z CE,b,i/Cg,byi/PE,i/ + O'QINA.
=1

ty,i = (Fo,p(Po: PE)) (20)

Feoup(Py, PE

2y

By substituting the optimal receiver of (20) into (10), the
SINR of user ¢ in the cell-center group can be reexpressed as

—1
Moi =A@y, (}_c,b(pb, PE) — dC,b,idg7b7in,i) dep,ibo,i-
(22)
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Analogically, the optimal receiver for the i-th user of the
cell-edge group is written as

tpi = (Fe(p1.p2,PE)) " ceiv/Pei, (23)
with
2 Kcop ~ ~
Fu(p1,p2, Pr) = Z > depidly yeni Py
b=1 i'=1
Kg
+> cpich Poi+0°Tn,. (24)
=1

By substituting the optimal receiver of (23) into (15), the
SINR of user ¢ in the cell-edge group is further derived by

- cg,iPr,.
(25)

By using the simplified SINR expressions, the optimization
problem (P1) is transformed to

ne; =<y (Fe(p1,P2,PE) — CBich, PE.i)

2 Kcp

(P2) mm :Z Z Py + ZPEZ (26)
b b=1 i=1

s.t. logo (1 + i) > g‘,hi, v e{1,2,E}, (27)

Pb’,i S Pmaxa E {1727E}7 (28)

wp € X, 1 <n< Ns. (29)

Since the feasible set is non-convex, the optimization prob-
lem (P2) is non-convex accordingly. Besides, the optimization
variables {Py ;} and {w,} are highly coupled in the trans-
formed problem. Thus, it is quite challenging to address the
problem (P2) directly. To render the problem tractable, an
alternating scheme is proposed to find a high-quality solution,
i.e., the transmit power and the phase shifts are optimized al-
ternatively. Specifically, the img)lementation procedure is given
by: - = {({Br V) (el = (R ) -
{{P(t)} {w(t)}} — «-+, where t denotes the iteration index.
When the objective function value is convergent, the alternat-
ing method is terminated. In the following two subsections,
we will focus on the design of transmit power coefficients
and phase shifts in the ¢-th iteration.

B. Transmit Power Optimization

In this subsection, the optimal power control scheme is
obtained based on the optimized values in the last outer
iteration, i.e., {<I>(t_1),Pbt;1)} are given. Accordingly, the
optimization problem (P2) is simplified as

2 Kcp

(P3) min 3393 PbZ+ZPEZ (30)
1 b=1 =1

st logy(1+my ) > ;‘,“1, Ve {1,2,E}, (3

Py i < Puax, ' €{1,2,E}. (32)

Proposition 1. When the optimization problem (P3) obtains
the optimal solution, the equalities are achieved in the con-
straint (31), i.e.,

th
=2 —1, b e {1,2,E}. 33)
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Proof: This proposition is proved by invoking the con-
tradiction. First, we prove that the equality holds for the cell-
center groups. Assume p, = {pb,i} to be the optimal transmit
powers of the cell-center users in problem (P3), and when the
problem gets the optimal solution, we have

(th)

My > 270 — 1. (34)

Accordingly, we have

.\ R
dd,; (fC,b(f’b»pE) - dC,b,idg,b’in,i) dep,i Py

(th)

>2%i — 1, (35)
where pg = {Pg;}. Here, we define a new variable as
~ ’Y(lh:
Pb,i = TH - 20—l = =1
dag l(]:c,b(pb7pE) dC,b,'LdC’b’,LPb,i) deb,i
< by (36)

It can be derived that the newly defined variable satisfies
the following equation:

N s
fini = dgy (J:C,b(f)b»PE) - dc,b,idgb,ipb,i) depiPi

(th)

= Qi — 1, (37)

where pp, 2 {Py1, -, Poi1,Pyi, Pyir1, - 7pb,Kc‘b}~
For the transmit power vector p;, the SINR of the cell-center
user j (j # 1) is derived as

! X
b, :dg,b,j (]:C,b(f)mPE) - dC,b,jdgb}ij,j) dey i P j
=dd, ; (-FC,b,j(f’ba pe) —dcpdd, P
- -1 ~
""_dC,b,idgﬂb,inJ) dew,ibBoj

_ -1 X
:dg,b,j (fc,b,j(f)m PE) — dC,b,idg,lme,z’) dew ;i Ps.j,

. ~ L R
Py [dg,b,j(]:c,b,j(pbPE)*dc,b,idg,b,in,i) dc,b,l}
%-i—dgw(fc,b,j(f’b,PE)—dc,b,idgﬁb,in,z)7

ldC,b,i ’
(33)
with

Fouj(Po:PE) £ Fou(Ps, PE) — dC,b,jdg,b,jpb,j7

where the last equation in (38) holds by following the
Sherman-Morrison formula [37].

Based on the entries at the right hand of the last equation in
(38), it is obvious that the SINR 17, ; is increased monotonous-
ly with the decreasing of ]51,71-. Thus, we have

iy > day; (}—C,b(f’bva) - dc,b,jdg,b,jpb,j) dosi Do

(th)

> 275 — 1. (39)

Besides, it can be derived that the SINRs of the cell-edge
group are non-decreased in the same way. According to (37)
and (39), we can get that p, is also a feasible solution to
optimization problem (P3). Furthermore, by recalling (36), we
can get

Kcp ~ Kcp
> Bt +Pi< D (P} (40)
i/ =1,i'#i i'=1
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Thus, we can get that p; is not the optimal solution of
problem (P3), which contradicts with the above assumption
that p; is the optimal solution to the problem. Similarly, the
equalities in the constraint of the cell-edge users can be proved
accordingly, whose proof is omitted to avoid redundancy. Here,
the proof of Proposition 1 is completed. [ ]

Proposition 2. If the problem (P3) is feasible, the optimal
solution of this problem is equivalent to the problem (P4),
which is given as

2 Kcp
(P4) min, ZZPMJFZPEZ 1)
=1 i=1
s.t.logz( + i) = 7{},’1’1, Ve{l,2,E}. (42

Proof: We prove this proposition by considering the
following two cases.

Case 1: The optimal transmit powers obtained by problem
(P4) are less than Pax, i.e., Py ; < Pyax, Y0',i. In such
case, it is obvious that problem (P3) is feasible and its optimal
solution is the same as that of problem (P4).

Case 2: When problem (P4) gets the optimal solution, some
transmit powers are larger than Py ., €.2., Py j > Prax. In
this case, if the rate constraints of other users still hold, there
is no way to reduce the transmit power of user j in order to
satisfy the constraint log, (141 ;) = ’y,(;,h), Then, it is easy to
obtain that problem (P3) is infeasible. Therefore, Proposition
2 is proved. u

Thus, based on the above analyses, a parallel iteration
method is used to obtain the optimal solution of problem
(P4). In the design of each user’s transmit power, a group-level
power updating scheme is developed. Specifically, the transmit
power coefficients of the cell-center group are devised for each
cell. After that, the power control of the cell-edge group is
implemented based on the designed power coefficients of the
cell-center groups. The power control algorithm of the cell-
center group is expressed as

plF 27

b - 9
‘ Cbl(}—c(P[k 1, Lf Dy dqudch7Pb[k l]) dcs,i

for 1 < ) < KC,b>
(43)
where k is the index of inner iteration for the power control
algorithm. In the above iterative scheme, the initial transmit
power is the optimized power of the (¢t — 1)-th iteration,
ie., {P(t_l)} The optimized value of the ¢-th iteration, i.e.,

{Pb( }, is set as the convergent value of (43).

Proposition 3. If the proposed power control scheme has a
stationary point, the stationary point is unique.

Proof: Suppose q; and qo are two distinct stationary
points of the proposed power control algorithm with q; >~ 0
for ¢ = 1,2. Without loss of generality, we assume that
there exist some elements in q; larger than the corresponding
elements in qs. We define

j* =arg mfx{[qlb/ [az];}, (44)

§ =lail;/[az]; > 1. (45)
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Then, we can get

£q2 = qi. (46)

Accordingly, we have
(th)
27,1
[ai]- = -~ —
gy 5+ (]:C(q“pg N=de-dg, . [ql]f*) dep.i
h
20t
< — =
dg,,,,j* (-FC(EP%P(; ))—fdc b,j*dg,b,j*[qz]j*) deop, i+
(th)

g2bi-1) _
g, - (]:C(p%pgil))_dC,b,j*dg,b,j* [‘12]1*) do,p, 5
={[qz];, 47)
which makes a contradiction with (45). Thus, Proposition 3 is
proved. ]

Proposition 4. If the optimization problem is feasible, for any
initial transmit power vector qq, the proposed power control
algorithm converges to the unique stationary point.

Proof: The proof is shown in Appendix A.

The power control scheme in the cell-edge group is designed
based on the optimized power coefficients of the cell-center
groups. Following a similar way, it is not difficult to obtain the
optimal power control scheme of the cell-edge group, which
is given as

(th)
2B

[k— 1]) cE, ZcH P[k 1]) cE.

for 1 <i< Kg.

Pyl =

)

ol (Feml” ps"”
(48)

Here, given the phase shift matrix ®(~1) the transmit
powers of the cell-center groups and the cell-edge group have
been devised by using (43) and (48), respectively. Since the
both schemes in (43) and (48) are implemented iteratively, the
convergent values of (43) and (48) are set as the optimized
transmit powers of the ¢-th outer iteration. After the transmit
powers are achieved, the optimal equalizers for the users in
the cell-center and the cell-edge groups, i.e., t(t) and t(bf)z,
computed by (20) and (23) accordingly.

C. Sequential Phase Shift Optimization

In this subsection, given the transmit powers {Pb(,t )L} and the

equalizers {t(f?i}, we aim at optimizing the phase shift matrix
®. Accordingly, the optimization problem is converted into

(P5) Find : ® (49)
s.t. logy(1+myi) > 74, (50)
wp €X, 1<n<Ng. 6n

To facilitate the design of the phase shift matrix, we should
reorganize the SINR expressions, which are reexpressed as

|tbt)HdC, ,i|2Pb(ti)

b e {1,2, E},Vi,

i = L be {12}, (52)
Z |YE’7171/ + gb i, z’w|2pé' 3/ + Ib i
YE,ii + gE’,i,iWFPJ(Et,)i
0B = ; (53)
> [Ypai+ g8, w2PY, + Ip,
=14 i
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where
Ko
L= Z |t(t)Hdc,b,i/|2Pb(fi)/ 2t(t)Ht§)r27 (54)
=114
2 Kcp R
Ipi =N 691 dcyi Pers P + o2t 60
b=1 i'=1
(595
Yoo =ty ) dp 0, (56)
T
YEJ,Z’ t(t)H [dE 1,i 7dg 2 z”] ’ (57)
t)H "
8biit = Gy,s - diag{gs.i'}) (58)

wH | Gi,s
iir =\t ’
gE i, (Ez { Gy s

)

w =diag{®} = [¢/*1,-- -,

H
] -diag{gsﬂ-/}) R

e?ns|T, (60)

It is shown that there is no objective function in problem
(P5). In order to reap an more efficient search path for the
next power optimization subproblem, an objective function
is inserted to improve the sum of all users’ SINRs.® As
a result, for satisfying the rate threshold of each user, the
required transmit power is reduced in the sequential power
optimization. It will be shown that the required transmit power
has a rapid descent at the beginning of each outer iteration
in the next section. Then, the optimization problem (P5) is
reformulated as

2 Kcp
(P6) max: Y ) i+ Z (61)
b=1 i=1
th
Sty >2We —1, ¥ e {1,2,E}, Vi,  (62)
wn €X, 1< n< Ng. (63)

In this work, a sequential phase rotation approach is devel-
oped to solve this problem. To be specific, the new phase
shift vector is obtained by rotating the phase shifts at the
RIS sequentially. Following this concept, the new phase shift
vector is achieved by an iteration scheme, i.e., the relationship
between the k-th and the (k—1)-th phase shift vectors is given
by

[k—1]

W[k] = I‘NS X - xI'1w (64)

where I',, is the rotation matrix for the n-th phase shift, which
k

is expressed as I'), = diag{11(n_1), €WL],11X(NS—7L)}- It

can be easily examined that the rotated phase shift (mod2m)

still belongs to the sex X if ww € X. Besides, defining ka] =

I, x - - x TywlF—1 we have

_ an[k] .
It is clear that the design of w[ I can be implemented based

on wgf]_l. In the proposed scheme, the phase rotation matrices

wlkl = (65)

6The problem (P5) can also be transformed to maximize the minimum
SINR by using the max-min criterion, which can be addressed by invoking
the combination of the bisection method and the proposed sequential phase
shift optimization algorithm. Due to the limitation of space, the transformation
by using the max-min criterion will be investigated in our future work.
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{T',,} are designed in sequence. The optimization of the n-th
matrix I',, is based on the last rotated value, i.e., w[ ] . As
a result, the SINRs for the users in the cell-center and the
cell-edge groups are rewritten as

0 o R
b, = Kz = ) be {1a2}v (66)
> Hb,i,i',n(wv[zk]) +1p;
i=1
e = Eriin (Y ) : (67)
Z HEZL n( [k])+IE,i
i’ =11 #i
with
Hb’,i,i',n(wlzk]) Ml(;?)i i’ + Mlg/l,)i’i/’n COS %[f]
+ gy g sin g, (68)
* k
Py it =Ypr i + Zn/ 1n'#n [gb',iﬂ?’]n’ [WL]—l]"”
(69)
k
&y i =l i [ IWE ], (70)
0 ¢
:uz()/,)i,i',n :(pb/,i,i',npb/,i,i’,n + fﬁ,i,i/,nfb’,i,i/,n)Pé?i/7
(71)
B i =2RUET i v i }PE (72)
1 it =2S{ET i v i YPE (73)

where R{-} and S{-} are used to extract the real and the
imaginary parts of a complex number, respectively. In a further
way, the problem (P6) is converted into a series of optimization
subproblems of {1/1,[1]“]}, which is given by

2 Kcop
[k]
(P7) IE%]X P (i, bZ; 72; Mo, + Z NE,i (74)
St Vyin(@F) > (2008 — 1)1, Vb, (75)
Viin(@F) > (275 —1)Ip,, Vi, (76)
yiH e x, (77
where
Voim () = \tO Cibsi ZF%?
wﬂ—l}jﬂmlnwm) (78)
/=1
yE K n(w ) HE 1,1 n(w[k])
— (278 — 1) }: M@, (79)

i =1,i"#1
It is shown that in problem (P7), there is only one opti-
mization variable. By employing the penalty method, the n-th

optimal rotation value in the k-th inner iteration is achieved
by

Y = arg max

e {PI)

+ Z ZA{yb’,z,n(ka])
b

={1,2,E} Vi
(80)
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th
_ (27;r>7 — ]-)Ib’,i}}»

where A{x} is an index function given by A{z} =
0, x>0

—M, otherwise
Due to the discrete features of phase shifts, the optimal
solution of phase shift is obtained by the one-dimension
search.

Because the objective value of problem (P7) is non-
decreased with the rotation indices and has an upper bound,
the proposed phase rotation algorithm is convergent accord-
ingly. The optimal rotation value of the n-th phase shift is:
Pr o= Y V% where K denotes the number of inner
iterations when the objective value of problem (P7) converges.
When the optimal rotation value is achieved, the optimal phase
shift can be computed accordingly, which is given by

, with M denoting the penalty parameter.

wpzcﬁﬂuwg mod 27, Vn. (81)

As a result, in the ¢-th iteration, the optimal phase shift matrix
is constructed by
& = diag {ui" ", ] }. (82)
D. Design Summary and Several Discussions
In the above two subsections, the transmit power and the
phase shifts in the ¢-th outer iteration are optimized by two it-

erative methods, respectively. The implementation procedures
of the overall scheme are presented in Algorithm 1.

Algorithm 1 The proposed power control and phase shift
scheme

Set the initial transmit power {Py)}, the initial phase shifts

{wn )} the termination thresholds of the outer and inner
iterations oy and (i, and t = 0;
repeat
t=t+1;
repeat
Update the transmit power of the cell-center groups in
parallel by using (43);
Update the transmit power of the cell-edge group in
parallel by using (48);
until | K0 (Ke) P[k]» S Kew(Ke) P[k» Y| < ¢
Set the optimal transmit power in the ¢- th outer iteration,
ie, Pb(? and Pg))i, as the convergent values of (43) and
@8);
Compute the optimal equalizer, i.e., tl()fz and tg)l by
using (20) and (23);
repeat
Update each ?hase shifter in sequence by using (80);
until N, W=
Compute the optimal phase shift matrix in the ¢-th outer
iteration, i.e., @), by using (81) and (82);
antil |32, KGR pEY) 4+ 3K
P ) < G

(P~

Remark 1 [The convergence of the overall algorithm]:
It has been demonstrated that each user’s transmit power is
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convergent in the phase of power coefficient updating. After
the convergence of power control schemes, we have

oW 1y
i =270 =1, b € {1,2, E}. (83)

According to problem (P6), the sum of SINRs is increased
in the optimization of phase shifts, while each user’s SINR
is not decreased due to the constraint (62). Then, after the
implementation of phase shift optimization, we have

th)
My > 2 —1, b e {1,2, B}, (84)

In the ¢-th outer iteration, the initial transmit power is set as
the convergence value of the (¢ — 1)-th iteration, i.e., Pb[,o]i =

Pb(,tfl). Thus, in the next stage of power control, the SINR of

,t
the cell-center users is given by

i =dgy (]'—C,b(pz[yohpgfl)) - dC,b,idg,b,in[?i])
X dC,b,in[?i]
>o%i 1, be {1,2). (85)

According to the power control scheme in (43), we further
have
(th)

P[l] _ 2761
bi - =T
tooal, (Foue el ) —dosdl, PO T do.

<P, be{1,2}.

(86)

Here, it is proved that after the design of phase shifts, the
transmit power at the beginning of the ¢-th outer iteration is
no more than the convergence value of the (¢ — 1)-th iteration,
which will also be demonstrated by Fig. 2 in Section I'V. Based
on the derivations in Appendix A, we can further get that
the transmit power {Pb[kl} converges to the stationary point.
Accordingly, the convergence of the cell-edge group’s transmit
power can be derived in the same way. Thus, the convergence
of the objective function value (i.e., the sum of all users’
transmit power) of the proposed algorithm is guaranteed.

Remark 2 [Computation complexity]: In the phase of
transmit power and equalizer designs, the computational com-
plexity is dominant by the matrix multiplications and the
matrix inversions in (43), (48), (20), and (23). Thus, the
computation complexity is about O(max{NsN4 - Kg, N3 -
(Zizl Kcp+Kg)}). In the phase of phase shifts, the compu-
tation complexity is about O(2X N2-(3"7_, K¢+ Kg)). Due
to the low expense of RIS, the number of reflecting elements
is larger than that of receiving antennas at the BS generally. In
such case, the computation complexity of the overall algorithm
in each outer iteration is O(max{2X N2, N3}-(Xi_, Kcp+
Kg)). In practice, the number of resolution bits, X, is equal
to that of positive-intrinsic negative (PIN) diodes for each
reflection unit. Due to the limitation of volume and hardware
complexity, the number of resolution bits is not large in the
practical systems. Thus, it will not entail a high computational
complexity for the proposed phase shift scheme. In current
prototype systems, the number of resolution bits for each
reflecting element is 1 or 2 generally.

Remark 3 [System overhead]: In the proposed scheme,
the channel state information (CSI) between the users and
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TABLE I
SIMULATION PARAMETERS

Parameters Values

The path loss exponents [8s,v, BB,s, BB,U] 2.5, 3, 3.5]
The Rician-K factors (ks 17, £B,3 [2, 2]
The coverage radius of the BS Rp 500 m

The number of antennas at the BS N4 4
The radius of the cell-center region R¢ 200 m
The coverage radius of the RIS Rg 50 m

The number of resolution bits X 4

The number of users per group [K¢ p, Kg] [4, 4]
The number of reflecting elements Ng 20 ~ 80
The termination thresholds [Cin, Cout [10-5,1075]

The minimum rate requirement per user wl(;,h )/L. 1 ~ 3 b/s/Hz

The error propagation factor €y ; 0.001 ~ 0.1
The maximum power budget Prmax 30 dBm
The noise power o2 —99 dBm

the BSs should be available at the BSs or the CU, which
can be obtained by channel estimation methods for RIS-aided
communication systems [40]. After the design procedures are
completed, each BS broadcasts the optimal transmit power
coefficients to its associated users, whilst the optimized phase
shifts are delivered to the RIS via the RIS controller.

IV. SIMULATION RESULTS

In this section, the total power consumption of the proposed
scheme is evaluated. The simulation setups are given as
follows. Each element in spatial correlation matrices is given
by [XB.Rle,2r = 0.52721 X5 rls, 2y = 05727711 and
[Ys.7)2, 2, = 0.572771] The LoS component for the channel
is characterized by [38]

F :hN7-(0AOA) « h%t (erD)7 87
with
hy, (0A94) =[1, 274 (@) | s2m =D sin (0" T
(88)
hy, (§AP) =[1, 2275 sn(@™) .. e Sin(0*?)) T
(89)

where §4°A and #A°P are the angles of arrival and departure,
respectively, which are randomly selected within the region
[0,27), N, and N, are the number of antennas/elements at the
receiver and the transmitter, respectively, A and d are respec-
tively the wavelength and the distances of the antenna/element
separation, with d/\ = 1/2. Unless otherwise specified, the
other simulation parameters are tabulated in Table I. The initial
phase shifts are generated randomly within the set X'. The
initial transmit power of each user is set as P Z = 20 dBm
for o' € {1,2, E}. ’

For comparison, several benchmark schemes are introduced.
CoMP-NOMA w/ RPS: The optimal power control is adopted
by both the cell-center and the CoMP groups, whilst each
phase shifter at the RIS is chosen randomly within the set X'.
RIS-OMA w/ PC: The cell-center and the CoMP groups are
organized on the orthogonal and equal time slots. Besides, the
optimal power control in [39] is adopted by the users in each
group. CoMP-NOMA w/o RIS: The cell-center and the CoMP
groups are scheduled by the BSs under the NOMA mode.
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However, the transmission of the CoMP group is not assisted
by the RIS. Cluster w/ user-level SIC and TA [22]: The active
users are divided into multiple clusters. Different clusters are
scheduled on the orthogonal time slots by following OMA
principle, while the users in the same cluster are decoded
sequentially with the aid of user-level SIC by using NOMA
principle. Besides, the time allocation (TA) for each cluster
is optimized to minimize the total power consumption. In
addition, we provide the scheme that the RIS can adjust phase
shifts continuously as the lower bound of the performance.

A. The Convergence Performance

Fig. 2 plots the transmit power of each user versus the
number of iterations for one simulation realization. For con-
venience, the number of the inner and the outer iterations are
set as 10 and 10, respectively. It is observed that the required
transmit power of each user in the cell-center or the cell-edge
groups is convergent. On one hand, the transmit power in
the inner iteration decreases with the iteration indices. On the
other hand, there is a rapid decline at the begin of each outer
iteration. The reason is because the phase shifts are devised
for maximizing the sum of all users’ SINRs, which provides
a more efficient search path for optimizing the transmit power
in the following iterations. Since the required transmit power
per user is convergent, it is easy to obtain that the objective
function value (i.e., the total transmit power) of the proposed
algorithm is convergent accordingly, which agrees with the
discussion in Remark 1.

B. The Required Transmit Power Consumption

Fig. 3 plots the required transmit power for different trans-
mission rate requirements. It is noted that as the transmission
rate increases, the total transmit power is increased for all
schemes. It is observed that the total power consumption of the
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Fig. 3.  The total required transmit power versus the transmission rate
requirement with Ng = 50 and g, ; = 0.001.

proposed scheme is quite close to the lower bound, especially
for low transmission rate requirements. Besides, the required
power consumption of the proposed scheme is less than
various benchmark schemes. The reasons are given as follows.
Compared with the CoMP-NOMA w/ RPS, the benefit of our
proposed scheme originates from the fact that the transmit
power, the phase shifts, and the equalizers are collaboratively
designed to cut down the total power consumption. Compared
with the RIS-OMA w/ PC, the transmit power is decreased
because of the advantage of NOMA over OMA. The reason
for the phenomenon that the proposed scheme is superior to the
CoMP-NOMA w/o RIS is given as follows. The deployment
of RIS has the capability of enhancing the received power
levels of the cell-edge users. As a result, the required transmit
power is reduced for satisfying the predefined transmission rate
per user. What’s more, our proposed scheme outperforms the
Cluster w/ user-level SIC and TA because the new concept of
GSIC is leveraged to cope with the inter-group interference.
In the conventional user-level SIC framework, the different
clusters are served by following the OMA mode, while the
users in the same cluster are decoded by using the user-
level SIC. This approach has shortcomings of degraded power
efficiency because the transceivers are not jointly designed and
the inter-group coordination is not considered. However, in the
proposed GSIC framework, the users are divided into multiple
groups according to the path losses. The users’ signals in each
group are decoded in parallel and subtracted simultaneously by
invoking GSIC. The benefit of the proposed scheme is that the
transceivers in each group are designed jointly by considering
intra-group and inter-group interference, and thus the power
efficiency is improved.

C. The Effect of the Number of Reflecting Elements

Fig. 4 plots the total transmit power for different number
of reflecting elements. As expected, the power consumption
is decreased with the increasing number of reflecting unit-
s for the proposed scheme. This is because the cascaded
channel is strengthened as the number of reflecting elements
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increases. However, for the CoMP-NOMA w/ RPS scheme,
the required transmit power is increased slightly with the
number of reflecting elements, which is different from the
three schemes with optimized phase shifts. It is because the
cascaded channel may neutralize the equivalent channel gain
by using the random phase shifts. It reflects the importance
of optimizing the phase shifts for multi-user multi-antenna
RIS-NOMA networks. Besides, it is seen that the proposed
scheme is superior to the four benchmarking algorithms for
different RIS configurations. The reason has been presented
in our forgoing analyses.

D. The Impact of Error Propagation Factor

Fig. 5 plots the total transmit power for different error
propagation factors. As the error propagation factor increases,
the performance of total power consumption is degraded for
the three schemes, i.e., the proposed scheme, the CoMP-
NOMA w/ RPS, and the CoMP-NOMA w/o RIS. The reason
is that, with the increase of the error propagation factor, the
residual inter-group interference caused the cell-center groups
is increased. Besides, compared with the proposed RIS-aided
NOMA scheme, it is noted that the required transmit power
of the CoMP-NOMA w/o RIS grows rapidly with the error
propagation factor. It indicates the effectiveness of RIS in
dealing with the residual interference. However, for the RIS-
OMA w/ PC and the Cluster w/ user-level SIC and TA,
the transmit power keeps unchanged almost with the growth
of error propagation factor because there doesn’t exist the
residual inter-group interference. It implies, compared with
the RIS-OMA w/ PC and the Cluster w/ user-level SIC and
TA, the performance gain of the proposed method fades
gradually as the error propagation factor increases. It is as
expected that when the error propagation factor is greater than
a threshold, the Cluster w/ user-level SIC and TA scheme will
outperform the proposed method in terms of transmit power
consumption. Fortunately, the error propagation factor is not
large in advanced communication systems.

© 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

N
S

w
@
T

—&—The Proposed scheme
—o0— CoMP-NOMA w/ RPS
—A— CoMP-NOMA w/o RIS
RIS-OMA w/ PC
—6—Cluster w/ user-level SIC and TA

[
S
T

N}
a
T

N
o
T
I

A o
4 Y v

=

o
T
I

o
D
D
D
3

o
T

The total required transmit power (dBm)
&

&
T
|

.10 I I I I I I I I I
0 001 002 003 004 005 006 007 008 0.09 0.1

The error propagation factor i

Fig. 5. The total required transmit power versus the error propagation factor
with Ng =50, K¢, = Kp = 3, and 3", = 2 b/s/Hz.

E. The Influence of the Number of Resolution Bits

Fig. 6 plots the total transmit power consumption versus
the number of resolution bits. It is observed that the proposed
algorithm is superior to the four benchmark schemes for the
different number of resolution bits. Besides, it is noted that,
with the increasing number of resolution bits, the total power
consumption of the proposed scheme is reduced gradually.
The reason is given as follows. As the number of resolution
bits increases, the feasible set for the considered optimization
problem is expanded. Thus, more candidate phase shifters can
be picked to manipulate the cell-edge user signals’ phases with
the dual goals, i.e., useful signal enhancement and interference
suppression. However, these benefits are achieved at the cost
of improving circuit complexity of the RIS. Besides, for the
CoMP-NOMA w/ RPS scheme, the required transmit power
keeps unchanged almost as the number of resolution bits
becomes large. It reveals the significance of optimizing the
phase shifts in the multi-cell RIS-NOMA systems.

V. CONCLUSION

In this work, both RIS and CoMP were leveraged to
boost the cell-edge users’ performance for multi-cell NOMA
networks. We investigated the power minimization problem
for RIS-empowered multi-group CoMP-NOMA networks with
error propagation. Particularly, the GSIC was conceived for
removing inter-group interference, whilst the power control
and the equalizers were jointly designed to cope with the
remaining interference. By using the relationship between the
optimal equalizer and the transmit power, the original problem
was converted into a joint optimization problem about power
control and phase shifts. To further render the transformed
problem tractable, an alternating method was proposed to
devise the transmit power and the phase shifts. To proceed,
a parallel iteration algorithm was proposed to update the
users’ transmit power for each group, and a sequential rotation
algorithm was developed to optimize the phase shifts in
sequence. Extensive simulation results demonstrated that the
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total transmit power consumption of the proposed algorithm
is less than those of various benchmarks.

APPENDIX A
THE PROOF OF PROPOSITION 4

Before proceeding to the proof of Proposition 4, we present

a useful property at first. For two initialization values q; and
q: with g2 >~ q;, we can get that, in the iteration of the
proposed power control algorithm, the entries in the vectors
satisfy the following relationship:
a5 > [a")i, Vi,

k:172a"'7 (90)

where k is the index of the inner iteration. Therefore, we have

al =™ k=12, 1)
Suppose q* is the stationary point of the proposed power
control algorithm. In the following, we will prove Proposition
4 by considering the following two cases.
Case 1: qo < g*. It can be obtained that gy is not

a feasible point for the optimization problem; otherwise, it

makes a contradiction with the assumption that q* is the
unique stationary point. Then, we have
-1 _
af, . (Felao. P ) = [aolidepidf , ) do.ilaols
<2 — 1, Vi. (92)

By employing the proposed power updating algorithm, we
can get
b
DY qolides, g, 07

b’ ==

ag , (Fo(ao.py tdob,i

>[qols, Vi. (93)
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In a similar way, we further have

(th)

[q[Q]] _ 27bi 1
0 " ar  (Fo@ el ) —laide s A2, ) tdew.
(th)
> 271
ag, 1(7:C(qoyp(t 1))7[qO]idC,b,idgvb,i)ildC,b,i
=[ay ;. (94)

According to (93) and (94), by using the mathematical
induction, we have

1] o o2 <

k
Q =dp =g gyl <

95)
Besides, based on the property in (91), we can get that

al <q k=12, (96)

Thus, it can be obtained that as k increases, qgc] is non-
decreased with the upper bound q*. Based on the monotone
bounded theorem, we have that the sequences {q([)k]} are
convergent. Recalling that the stationary point is unique in
Proposition 3, we can get that the transmit power will converge
to the unique stationary point q*.

Case 2: qp # q*. In such case, we can find two constants
61 < 1 and d5 > 1 such that

a1 = 019" 2 qo X q2 = d2q”. 7
According to the property in (91), we have
o <ol < o, vk 98)
Based on the derivations in Case 1, we can get that
lim ql) = q*. 99)
k—o0
Besides, we can obtain
[q[ll]A = 2”ghl—1
20 ag ., ,(fc(Q%P(t Dy —[az]i de,p,df , )" deb,
s z”ghz -1
=2 ag, . (Fc(a* P —[q* lide,p,idE , )" e,
=d02[q"];
Accordingly, we further have
[q[2]] _ nghz_l
2 e qu(}—c(q (1; v [CIQ]] dC’degb l) 1d0,b,i
2”(5[13 -1
—dg,. L-(]"C(Qmpgfl )—laz]idc,b,:dE )7 1dos,i
=[a}];, vi. (101)

By invoking the mathematical induction, it can be proved that
{[q[j]]i} are non-increased with the iteration index k, i.e.,

> [ab)]; > [@) > - > [0}

[az]: Pz (102)
Besides, it is clear that the transmit powers {[qgk]]i} are al-
ways larger than 0. Based on the monotone bounded theorem,

it can be obtained that the sequences {q[gk]} are convergent.
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Since q* is the unique stationary point of the proposed
iteration algorithm, it can be derived that
lim q[2k] =q".

k—o0

According to (98), (99) and (103), By invoking the Squeeze
theorem, we have

(103)

lim qgc] =q".

k—o0

(104)

Here, the proof of Proposition 4 is completed.
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