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ABSTRACT In today’s wireless communication systems, the exponentially growing needs of mobile users
require the combination of new and existing techniques to meet the demands for reliable and high-quality
service provision. This may not always be possible, as the resources in wireless telecommunication systems
are limited and a significant number of users, usually located at the cell edges, can suffer from severe
interference. For this purpose, a new Joint Transmission Coordinated Multipoint (JT-CoMP) scheme,
in which the transmission points’ clustering is based on a coalition formation game, is deployed alongside
with Non-Orthogonal Multiple Access (NOMA) in a Cloud Radio Access Network (C-RAN) consisting
of small cells. To further enhance the network’s performance, Multiuser Multiple-Input Multiple-Output
(MU-MIMO) with Zero-Forcing (ZF) beamforming is applied. The proposed scheme’s performance,
in terms of user throughput, is then compared to that of a scheme where JT-CoMP with static clustering is
selected, a JT-CoMP scheme with clustering based on a greedy algorithm and a scenario where JT-CoMP is
not deployed. Simulation results confirm that the proposed scheme reliably improves the throughput of users
with poor wireless channels while guaranteeing that the performance of the rest is not severely undermined.

INDEX TERMS 5G, coalition formation games, coordinated multipoint, interference coordination,
MU-MIMO, NOMA, radio resource management, small cells.

I. INTRODUCTION
The exponential growth in mobile users’ demands for
increased data rates gives rise to significant challenges in
terms of guaranteeing Quality of Service (QoS), increasing
system capacity, ensuring reliability [1] and robustness [2]
for Fifth generation (5G) wireless networks. To address these
challenges, new and existing technologies need to coexist and
cooperate for the emerging networks to fulfill the users’ needs
for high Quality of Experience (QoE) [3].

An appropriate strategy to meet the ever-growing demands
for higher data rates and system capacity is the network
densification. This is realized by densely deploying multiple

The associate editor coordinating the review of this manuscript and

approving it for publication was Wei Feng .

low power transmission points in a given geographic area
to create a network of cells with small coverage, i.e., small
cells [4], [5] while ensuring a nearly uniform distribution of
mobile users among them [6]. The benefit of this approach
is the reduced traffic load for every cell. Also, the mobile
users and the transmission points are closer compared to
cells with large coverage, i.e. macrocells, resulting in reduced
path loss and increased received signal power. Cloud Radio
Access Networks (C-RAN) are considered a key enabler
for small cell deployment by providing efficient baseband
processing over the cloud, while reducing their realization
costs, enhancing their energy efficiency and reducing their
power consumption [7]. In C-RAN architecture, low-cost
transmission points, called Remote Radio Heads (RRHs), are
randomly and densely deployed in the network, increasing the
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system capacity and coverage. The RRHs are connected to the
Baseband Units (BBUs), which are co-located in a virtualized
BBU pool, through the fronthaul links [8].

One of the relatively recently proposed concepts, aiming to
fulfill the needs of mobile users in 5G networks, is the Non-
OrthogonalMultiple Access (NOMA) technique. NOMA has
been shown to provide performance gains over Orthogonal
Multiple Access (OMA) schemes, both in the downlink and
the uplink [9], [10]. NOMA techniques can broadly be clas-
sified into two categories, namely power domain and code
domain NOMA [11]. In power domain NOMA, simultane-
ous service is offered to multiple users by sharing the same
time-frequency radio resources, i.e. the Resource Blocks (or
RBs), among them. In a downlink scenario, the transmitter
can schedule the same radio resources to multiple users,
forming a NOMA cluster, by superposing their signals in
the power domain and assigning different transmission power
to each one of them. The superposition is done in a way
where every NOMA-enabled user can decode its respective
incoming signal by using Successive Interference Cancella-
tion (SIC) after the reception. SIC decoding is performed
according to an ascending order of the channel gains of
the NOMA users, meaning that a user can eliminate the
interuser interference from users with lower channel gain,
while interuser interference from users with higher channel
gain is treated as noise. Our study focuses only on the power
domain NOMA which will be referred to simply as NOMA
throughout this work.

Furthermore, to increase the system’s spectral efficiency
Multi-user Multiple-Input Multiple-Output (or MU-MIMO)
can also be implemented. MU-MIMO exploits the spatial
diversity of the propagation channel, allowing parallel trans-
missions to multiple users [12]. However, this induces inter-
beam interference to the served users, as the same RBs are
employed simultaneously between users served by different
beams.

MU-MIMO combined with SIC of NOMA may result
in low Signal-to-Interference-plus-Noise-Ratio (SINR) espe-
cially for lower channel gain users as they receive interbeam
and interuser interference. Furthermore, the dense deploy-
ment of small cells results in high intercell interference as
well, as users are closer to an increased number of interfer-
ing cells, compared to macrocell systems. Therefore, these
users may not achieve high data rates meaning that appro-
priate strategies need to be adopted to ensure high QoE for
them. Interbeam and interuser interference can be reduced
by appropriate user pairing, power allocation and beamform-
ing [13], [14] parameters that can be adjusted in NOMA and
MU-MIMO.

To mitigate intercell interference, Joint Transmission
Coordinated Multipoint (JT-CoMP) technique can be
employed. JT-CoMP is an advanced scenario of CoMP imple-
mentation according to which each User Equipment (UE)
active in the CoMP area, usually at the cell edge, is capable
of receiving data simultaneously from multiple cooperat-
ing transmission points by using the same time-frequency

resources, i.e. the RBs [15]. These users are referred to as
edge users in this paper.

The clustering of cooperating transmission points in
JT-CoMP has been identified as a significant challenge in var-
ious studies [16]–[18].When JT-CoMP is deployed alongside
NOMA, edge users may form aNOMA cluster with non-edge
users [19], [20]. Regarding downlink, when the number of
edge users in the network is large, incautious transmission
point clustering may result in overcrowded NOMA clusters
and poor data rate performance for both the edge and non-
edge UEs, as the transmission power needs to be distributed
amongst all of them. Therefore, the transmission point clus-
tering needs to be intelligent to account for this cost of
cooperation. Coalition formation games account for network
structure and the costs of cooperation while satisfying the
individual rational demands of the network nodes, making
them suitable to address this drawback [21], [22].

The remainder of the paper is organized as follows.
Section II presents a review of the related literature, fol-
lowed by the motivation behind this study and its contri-
butions. Section III provides an overview of the system
model. In Section IV, the proposed coalition formation game
is formulated and analyzed, while Section V describes the
proposed coalition formation algorithm alongside its prop-
erties. In Section VI, the chosen methods for beamforming,
user pairing, power allocation and multi-user scheduling are
analyzed. Section VII provides the simulation setup and the
simulation results are presented. Finally, Section VIII con-
cludes the paper.

II. RELATED WORKS AND CONTRIBUTION
A. RELATED STUDIES
Various techniques of cooperative transmissions for interfer-
ence mitigation have been studied in the literature. In [23],
base station coordination with dirty paper coding was ini-
tially proposed with single-antenna transmitters and receivers
in each cell. In [24], various cooperative joint transmission
schemes are explored for intercell interference mitigation
in a downlink multi-cell MU-MIMO network. The schemes
proposed therein include a dirty paper coding approach with
perfect data and power cooperation among base stations with
a pooled power constraint and several sub-optimal joint trans-
mission schemes with per-base power constraints. However,
possible base station clustering schemes and large-scale sim-
ulations were not included in this work, as only a three-cell
scenario was considered.

More recent studies, such as [15], [17] and [25], have
studied and proposed CoMP as an interference coordination
scheme. Specifically, in [15], the JT-CoMP technique is capa-
ble of providing the highest gains in terms of cell capacity
in dense homogeneous and heterogeneous cell deployments
among the various CoMP schemes. However, several chal-
lenges for its effective implementation have been identified
by these studies, including the cell clustering and backhaul
capacity and latency constraints.
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The transmission point clustering schemes for CoMP can
be generally divided into threemain categories, namely static,
semi-dynamic and dynamic clustering [26]. In static cluster-
ing, the clusters are formed statically, usually based on the
distance between the transmission points and they remain
intact, regardless of network changes. Various research
papers consider static clustering methods [27]–[29]. Semi-
dynamic clustering is an improved version of a static cluster-
ing, with aminimal overhead increase, where several layers of
static clusters are designed to avoid intercluster interference.
However, as in static clustering, this method of clustering is
not able to adapt to user profile and network changes [30],
[31] and usually is based on idealistic hexagonal grid topol-
ogy [26], meaning that is not applicable in real network
topologies. Therefore, fully dynamic solutions capable of
being effective in scalable scenarios and capable to respond
to changing network conditions to maximize CoMP gains are
required.

A significant number of dynamic clustering algorithms
have been proposed in the literature. In [32], a dynamic clus-
ter formation algorithm is presented which merges cells into
clusters based on the total improvement in spectral efficiency
and users’ SINR. In [33], the authors examine a joint dynamic
base station clustering and beamformer design problem in
a network where Joint Processing CoMP is deployed in the
downlink, by formulating and solving a non-convex max-
min rate problem. The main aim of this study is to maximize
the minimum rate among all users and limit the cooperating
cluster size without hurting the achievable common rate.
In [34], a dynamic CoMP clustering algorithm is presented,
aiming to maximize the group average SINR under the con-
straint of maximum target cell blocking probabilities for
group communications in Mission-Critical Communications.
The authors consider a dynamic traffic model and analyze the
trade-off between high SINR and network capacity. However,
in these studies, the proposed solutions are not taking into
account possible individual decrease in user data rate due to
resource scarcity, as the algorithms developed therein aim
to improve a total performance metric and not to guaran-
tee a performance improvement for every user individually.
In [35], CoMPMU-MIMOdownlink transmissions are exam-
ined, where the clustering is performed in multiple steps
based on backhaul constraints as well as the radio proper-
ties of the network’s UEs. However, the study focuses on a
scenario in which each base station serves one UE, meaning
that the parallel service of multiple users per cell, competing
for resources, is not examined. The study showed that the
CoMP gain by increasing cluster size becomes much less
or even negligible if backhaul constraints are considered.
In contrast with the aforementioned studies, [36] presents a
user-centric CoMP clustering algorithm for maximizing each
user’s spectral efficiency, meaning that each user selects its
preferred set of serving cells, given maximum cluster size.
The algorithm is then enhanced to balance the load across
the small cells and improve user satisfaction with a two-
stage re-clustering algorithm. However, the complexity of the

scheme in [36] increases significantly with the increase of the
number of users and small cells and clustering changes are
proposed over longer time intervals, meaning that small-scale
phenomena are not considered. The same principle is applied
in [37], [38], where JT-CoMP is deployed alongside NOMA
in a downlink scenario. However, the simulation scenarios are
fairly limited due to complexity and MIMO is not applied in
the system.

Several studies focus on implementing non-cooperative
and cooperative game theory for the transmission point clus-
tering to achieve interference mitigation in downlink trans-
missions, as it can provide distributed solutions with reduced
signaling overhead and consider possible cooperation costs.
In [39], a merge-only coalition formation algorithm is con-
sidered to cluster the small cell base stations so that they
can perform cluster-wise beamforming to mitigate intercell
interference and long-term shadow fading in a scenario with
imperfect channel state information (CSI). In [40], [41] a
coalition formation game is developed to form cooperation
clusters to mitigate intercell interference and improve user
performance via Time-Division Multiple Access (TDMA)
based transmissions. However, in these studies, JT-CoMP
and the parallel service of the network’s users are not con-
sidered. In contrast with [36], a load-aware network-centric
clustering coalition formation algorithm is presented in [42].
In this study, the coalitions are formed based on merge and
split operations, aiming to jointly optimize the load distribu-
tion and spectral efficiency in a JT-CoMP downlink hetero-
geneous network scenario. The algorithm proposed therein
accounts for various overhead costs and is capable of dynam-
ically adjusting the cluster size to adapt to different network
load. As in [36], clustering changes are proposed over longer
time intervals, meaning that small-scale phenomena are not
considered. Moreover, the algorithm proposed in [42] aims
to form coalitions based on total utility improvement, ignor-
ing possible individual payoff reductions. A study that com-
pares static, dynamic distributed and dynamic game-theoretic
clustering approaches can be found in [43]. The dynamic
distributed clustering algorithm proposed therein provides a
considerable improvement in terms of user throughput. How-
ever, the algorithm is not designed to account for cooperation
costs. Furthermore, individual player payoff improvements or
reductions are not considered in the game-theoretic solution,
since its objective is to increase a total utility, and JT-CoMP
is not deployed.

B. MOTIVATION AND CONTRIBUTIONS
This work aims to improve the performance, in terms of
throughput, of the edge users of a 5G small cell C-RAN
network where NOMA and MU-MIMO are combined and
user mobility is a factor, without significantly undermining
the performance of the non-edge UEs. The selected way to
achieve this is via implementing JT-CoMP in which the trans-
mission point clustering is based on a coalition formation
game that takes into account the costs of cooperation and
can adapt to the dynamic nature of the selected scenario.
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Furthermore, the obtained results are compared with those of
a no-CoMP case, a case where the transmission point clus-
tering is done statically and a case where a dynamic greedy
clustering algorithm is applied to confirm the effectiveness of
the proposed scheme to reliably and consistently mitigate the
intercell interference and increase mobile user performance.

This paper’s contributions can be summarized as follows:
1) To the authors’ knowledge, no other study is

concerned with the combined implementation of
NOMA, MU-MIMO and JT-CoMP from a coalitional
game-theoretic perspective on a 5G small cell network
consisting of low-power transmission points and mov-
ing users. Detailed equations for the received signal
and SINR for each case are formulated, in addition
to NOMA user cluster formation, with and without
CoMP, power coefficient allocation and beamforming
analysis.

2) A coalition formation game is played on behalf of the
network’s UEs, where the RRHs are the players, aiming
to form the most beneficial JT-CoMP clusters for the
UEs in the cell edges, while the performance of the rest
in terms of throughput remains practically unaffected.
For this purpose, appropriate utility and individual pay-
off functions are formulated, while a dynamic coalition
formation algorithm is being developed.

3) The effectiveness of the proposed approach, in which
JT-CoMP is implemented via the proposed coalition
formation algorithm in a network with mobile users,
is verified via simulations. The performance of the
proposed scheme is then compared to that of a con-
ventional JT-CoMP case with static clustering, a case
where JT-CoMP with a greedy clustering approach
has been adopted and a case where JT-CoMP is not
deployed.

Regarding notations, we will use lowercase or upper-
case letters for scalars, boldface lowercase letters for vec-
tors, boldface uppercase letters for matrices. Furthermore,
the superscripts (·)T , (·)H , (·)−1, (·)† denote the transpose,
the conjugate transpose, the matrix inverse and the Moore-
Penrose pseudo-inverse respectively. Additionally, | · | and
|| · || indicate the norm and the Euclidean norm of a scalar
and vector respectively.

III. SYSTEM MODEL
A downlink scenario in a small cell C-RAN based network
for a hyperdense urban environment is considered, as shown
in Fig. 1. Unlike traditional architectures, the base station
is separated into a radio unit, i.e. the RRH, and a signal
processing unit, i.e. the BBU. As a result, the network con-
sists of three main parts, the backhaul, the fronthaul and
the access network. The backhaul connects the virtualized
BBU pool, where BBUs from multiple sites are co-located,
with the mobile core network over the S1 interface. The
advantage of this approach is that the baseband processing
is centralized and shared among multiple sites, resulting in
more efficient utilization of the available resources, reduced

FIGURE 1. C-RAN small cell network architecture.

delay and network costs of operation [44]. The fronthaul part
of the network spans from the RRHs to the BBU pool. The
RRHs are connected to the high-performance processors of
the virtualized BBU pool over wireless microwave links in
the E-band or optical fiber using the Common Public Radio
Interface (CPRI) protocol [44], [45]. The interface which
connects the RRHs with the BBU pool is defined as the Ir
interface. Finally, in the access network, multiple densely
deployed RRHs serve the network devices, e.g. the UEs.

In this study, the access network consists of low-power
RRHs equipped with N antennas each as the transmission
points, serving multiple moving single antenna UEs, ran-
domly distributed in the RRH coverage area. It is assumed
that the frequency reuse factor in the network is one.
Cyclic Prefix Orthogonal Frequency-Division Multiplexing
(CP-OFDM) is utilized for the formation of the transmitted
signals, as in 5G New Radio (NR) [46]. Depending on its
available bandwidth, each RRH has a fixed number of avail-
able RBs to allocate to its users per Transmission Time Inter-
val (TTI), where each RB consists of F = 12 contiguous and
orthogonal subcarriers [46] and each TTI has a duration of O
OFDM symbols. Let us assume a total of L RRHs, forming L
total cells, where L = {RRH1, RRH2,. . . , RRHl ,. . . , RRHL}
represents the set of RRHs in the network. NOMA is the
selected multiple access scheme, meaning that, in each cell,
each RB can be allocated to a group of UEs which is referred
to as a NOMA cluster.

Considering MU-MIMO as the underlying technology,
a total of N beams can be generated by each RRH and each
beam n can serve the users of one NOMA cluster. Let Kl,n =

{UEl,n,1, UEl,n,2,. . . , UEl,n,k ,. . . , UEl,n,K} denote the set of
UEs in a NOMA cluster served by RRHl and beam n for an
allocated RB, where K ≥ 2. Therefore, each beam serves K
users in total via NOMA, while every RRH transmits N total
beams, meaning that transmission to a maximum number
of K · N UEs in parallel is possible in the same RB. The
superimposed signal to be transmitted at the subcarrier f and
OFDM symbol o, without including these indices from here
on for the sake of simplicity, in the n-th beam of RRHl can
be expressed as:

xl,n =
K∑
k=1

√
al,n,kPl,nsl,n,k , (1)
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where Pl,n is the total transmit power allocated to beam n
from RRHl for the subcarrier f and OFDM symbol o and
al,n,k denotes the power coefficient which is the fraction of
Pl,n that is allocated to user UEl,n,k according to NOMA. For
every NOMA cluster, it holds that

∑K
k=1 al,n,k = 1. Also,

it is assumed that the total transmit power of each RRH is
constant over time and is divided equally among all beams
and available subcarriers. Finally, sl,n,k is the desired signal
of UEl,n,k and is assumed that E(|sl,n,k |2) = 1. The received
signal of UEl,n,k at the subcarrier f and OFDM symbol o,
served by RRHl and beam n is described by the following
equation:

yl,n,k =
L∑
l=1

N∑
n=1

K∑
k=1

hl,n,kwl,n
√
al,n,kPl,nsl,n,k + zk

= hl,n,kwl,n
√
al,n,kPl,nsl,n,k

+

K∑
k ′=1,6=k

hl,n,kwl,n
√
al,n,k ′Pl,nsl,n,k ′

+

N∑
n′=1,6=n

K∑
k ′=1

hl,n,kwl,n′
√
al,n′,k ′Pl,n′sl,n′,k ′

+

L∑
l′=1,6=l

N∑
n′=1

K∑
k ′=1

hl′,n′,kwl′,n′
√
al′,n′,k ′Pl′,n′sl′,n′,k ′

+ zk , (2)

where wl,n ∈ CN×1 is the beamforming vector for beam n of
RRHl and zk ∼ NC

(
0, σ 2

)
is the Additive White Gaussian

Noise (AWGN) at UEl,n,k . The first term of (2) is the useful
signal at the UE, the second one represents the intrabeam
interference, i.e interference from UEs served in the same
beam, the third is the interbeam interference, i.e interference
from other beams of the serving RRH, and finally the fourth
term is the intercell interference, i.e interference from the
beams of other RRHs in the network. Finally, hl,n,k ∈ C1×N

is the channel gain vector between UEl,n,k and the antennas
of RRHl and is given by the following equations:

hl,n,k =
√
10−vl,n,k/10r, (3)

vl,n,k = 3l,n,k + S − GT − GR, (4)

where 3l,n,k is the path loss between RRHl and UEl,n,k in
dB, S is the shadowing coefficient in dB which follows a
zero-mean normal distribution with a propagation topology
specific shadowing standard deviation. Also, GT and GR
symbolize the total antenna gain of RRHl and the antenna
gain of the UEl,n,k , respectively, in dBi. We assume that all
the RRHs in the network have the same total antenna gain,
while the same assumption is made for the antenna gains
of the network’s UEs. Finally, r is the Rayleigh small-scale
fading coefficient which is represented as an 1× N complex
number vector with independent and normally distributed
components with zero mean value and unit variance.

In NOMA, users in the same NOMA cluster share the
same RB, resulting in interuser interference, which is referred

to as intrabeam interference in this study, as MU-MIMO is
also deployed. To deal with this type of interference, SIC
is employed. In SIC, the received superimposed signal for
the NOMA cluster is decoded in the ascending order of the
cluster’s users’ channel gains. Assuming that the channel
gains for UEs in the same NOMA cluster are sorted as
‖hl,n,1‖ ≤ ‖hl,n,2‖ ≤ . . . ≤ ‖hl,n,K‖, UEl,n,k will decode the
signal of UEl,n,i and remove the interuser interference caused
by it if k > i. If k < i, then the signal of UEl,n,i is treated
as interference [47]. Thus, after SIC is applied, the per-
subcarrier and per-symbol SINR of UEl,n,k is expressed as
follows:

SINRl,n,k =
|hl,n,kwl,n|2al,n,kPl,n

Iintrabeam + Iinterbeam + Iintercell + σ 2 , (5)

where:

Iintrabeam =
K∑

k ′=k+1

|hl,n,kwl,n|2al,n,k ′Pl,n, (6)

Iinterbeam =
N∑

n′=1,6=n

|hl,n,kwl,n′ |2Pl,n′ , (7)

and

Iintercell =
L∑

l′=1,6=l

N∑
n′=1

|hl′,n′,kwl′,n′ |2Pl′,n′ , (8)

where σ 2 is the noise power and is assumed to be equal at all
receivers. Additional assumptions have been made regarding
the sufficient capacity of all links between the BBU pool
and the RRHs, as well as the availability of perfect CSI at
the BBU pool which is reported by the UEs with zero delay.
Plenty ofworks studyNOMAwith imperfect CSI such as [48]
and [49]. However, perfect CSI is assumed in this work to
study the performance upper bound of the examined system
as it allows perfect SIC application and optimal resource
allocation. This assumption is commonly adopted in relevant
literature [50], [51]. All the subcarriers of an RB experience
flat-fading and all receivers treat interference as noise. Fur-
thermore, the channel gain vectors are assumed constant for
the duration of a TTI and all the subcarriers of an RB, while
all the channels of different links are assumed uncorrelated
between different TTIs and independent of each other. Also,
the duration of a TTI is assumed equal to the duration of a 5G
NR slot and depends on the selected numerology. This means
that equations (1)-(8) are applicable for the RB and slot level.
To obtain the throughput of a user UEl,n,k , the Trans-

port Block (TB) size needs to be determined. According
to [52], the TB size is dependent on the total number of
allocated RBs for the user, the number of subcarriers in an
RB, the number of OFDM symbols of the Physical Down-
link Shared Channel (PDSCH) allocation within the slot,
the number of Resource Elements (REs) for Demodula-
tion Reference Signals (DM-RS) in the scheduled duration,
the number of overhead REs, the number of MIMO layers
and the selected Modulation and Coding Scheme (MCS).
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In NOMA, the power allocation and the users in NOMA
clusters are determined per-RB basis, meaning that the wide-
band selection of MCS is not capable of fully exploiting the
benefits of NOMA [47]. Therefore, in this study, an MCS is
selected separately for each RB. To determine the appropriate
MCS for a user, the SINR for each RB that the user is
scheduled is mapped to a Channel Quality Indicator (CQI)
value according to [53] for a target Block Error Rate (BLER)
of 0.1. Then, an individual TB size is calculated as in [52] for
each RB scheduled for the user. Finally, the total TB size is
determined by adding all the individual values, and used to
extract, according to the selected numerology, the instanta-
neous throughput δl,n,k of the user UEl,n,k in a TTI.

To mitigate intercell interference, the transmission points,
i.e. the RRHs, are capable of forming cooperating clusters,
also referred to as coalitions, to coordinate their transmissions
via JT-CoMP. Let P = {51, 52,. . . , 5i,. . . , 5I} denote
the set of coalitions in the network. When a coalition 5i is
formed, JT-CoMP is activated and used to transmit in the
same RBs from the different clustered RRHs to users with
poor wireless links. We refer to these users as edge users and
the rest as non-edge users. In this study, this discrimination
is based on the individual effective SINR value of each user
which is obtained by averaging the SINR values for all the
RBs that the user is scheduled in a TTI.

To implement JT-CoMP in NOMA, the same conditions
stated in [19] were adopted. Specifically, the signals of edge
UEs are going to be decoded before those of the non-edge
UEs, while the decoding order for an edge UE will be the
same in all NOMA clusters that serve it. In our case, where
MU-MIMO is also implemented, the latter condition implies
that alongside their original serving beam, the edge UEs
will also be assigned to the preexisting beams of the other
RRHs that participate in the coalition. Also, with JT-CoMP,
a beam can serve multiple edge UEs, served originally by
different RRHs before JT-CoMP was activated. Therefore,
the maximum number of UEs that a beam serves at each
RB after JT-CoMP activation may be greater than K and is
dependent on the beam assignment for the edge UEs.

An example of JT-CoMP implementation in our scenario
for an edge user is depicted in Fig. 2. In this example, each
RRH can generate two beams to serve its respective NOMA
clusters, which consist of two UEs each before JT-CoMP
is applied. To serve potential edge users, RRH 1 and RRH
2 form a coalition, while RRH 3 is assumed to not be a part
of a coalition. When edge user UE 1, served by RRH 1 before
JT-CoMP is applied, is scheduled at an RB, RRH 2 needs
to assign a beam to the user. In this example, based on the
user pairing methodology, RRH 2 assigns Beam 2 to the edge
user. By doing so, Beam 2 now serves three total UEs in its
assigned NOMA cluster, whilst Beam 1 continues to serve
two. Finally, UE 1 is going to be decoded first in both serving
NOMA clusters as per [19].

The per-subcarrier and per-OFDM symbol SINR of
an edge user UEl,n,ke∈ Kl,n, after forming 5i, acti-
vating JT-CoMP and applying SIC, is given by the

FIGURE 2. JT-CoMP in a three-cell NOMA MU-MIMO system.

following equation:

SINRl,n,ke =

∑
j∈5i

|hj,n,kewj,n|
2aj,n,kePj,n

Iintrabeam + Iinterbeam + Iintercell + σ 2 , (9)

where

Iintrabeam =
K ′∑

k ′=ke+1

|hl,n,kewl,n|
2al,n,k ′Pl,n, (10)

Iinterbeam =
N∑

n′=1,6=n

|hl,n,kewl,n′ |
2Pl,n′ , (11)

and

Iintercell =
∑
l′ /∈5i

N∑
n′=1

|hl′,n′,kewl′,n′ |
2Pl′,n′

+

∑
j∈5i\l

K ′∑
k ′=ke+1

|hj,n,kewj,n|
2aj,n,k ′Pj,n

+

∑
j∈5i\l

N∑
n′=1,6=n

|hj,n′,kewj,n′ |
2Pj,n′ , (12)

where K ′ is the number of users in the n-th NOMA cluster of
an RRH after JT-CoMP is applied in the system. It is assumed
that the per-subcarrier and per-symbol allocated power Pl,n
to the n-th beam of RRHl is equal for both JT-CoMP and
non JT-CoMP cases. Equations (9) and (12) indicate that by
applying JT-CoMP, a part of the allocated transmit power
for NOMA clusters of interfering RRHs in 5i is used for
transmitting a useful signal to UEl,n,ke , resulting in decreased
intercell interference and additional received signal power
for the edge user. For a non-edge user UEl,n,kne∈ Kl,n, its
per-subcarrier and per-symbol SINR is described by equa-
tions (5)-(8), with the difference that the number of users in
its assigned NOMA cluster is equal to K ′, due to JT-CoMP
implementation.
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The instantaneous throughputs δl,n,ke and δl,n,kne of an edge
user UEl,n,ke and non-edge user UEl,n,kne respectively, are
calculated as in the case that JT-CoMP is not implemented
in the system.

IV. A NEW GAME-THEORETIC PERSPECTIVE
In this section, the possible drawbacks of JT-CoMP imple-
mentation in NOMA and MU-MIMO systems will be ana-
lyzed, followed by the reasons why coalition formation
games are an attractive approach for their solution. Finally,
the formulation of the proposed coalition formation gamewill
be provided, along with various definitions of coalition game
theory.

In network densification scenarios with small cells, the dis-
tance between interfering transmission points is significantly
closer compared to macrocell scenarios for the same topol-
ogy, while their number is also increased. This means that
in MU-MIMO and NOMA small cell systems, such as the
one presented in this study, besides intrabeam and interbeam
interference, the UEs can often suffer from severer intercell
interference, especially if they are located in cell edges. The
objective of this study is to increase the performance of these
UEs, in terms of throughput, by implementing JT-CoMP.
However, the implementation of JT-CoMP in NOMA and
MU-MIMO systems carries some drawbacks.

When JT-CoMP is activated and coalitions of transmission
points are formed, each edge UE served by an RRH partic-
ipating in a coalition is also assigned to NOMA clusters of
the coalition’s cooperating RRHs, besides its original serving
NOMA cluster before JT-CoMPwas applied [19]. Depending
on the beam assignment for the edge UEs, the number of
users in some NOMA clusters will increase compared to
the case that JT-CoMP is not activated and the allocated
transmit power for the beams of these NOMA clusters will
be distributed to more users. This means that the allocated
power for the non-edge users in these NOMA clusters will
decrease, while their intrabeam interference might increase,
depending on their decoding order, resulting in lower SINR
and throughput for these users.

Also, according to equations (5)-(8) and (9)-(12), if K ′

is greater than K for the original serving NOMA cluster
of UEl,n,ke , its allocated power from this NOMA cluster
will decrease, while its intrabeam interference might increase
with JT-CoMP, depending on its decoding order. Also, if the
other NOMA clusters to which UEl,n,ke is assigned are over-
crowded with users, its total allocated power might end
up lower when JT-CoMP is activated and could result in
decreased SINR and throughput. Therefore, JT-CoMP might
undermine the performance of the edge UEs as well, despite
reducing their received intercell interference.

Despite these drawbacks, the RRHs have a strong incen-
tive to organize themselves into coalitions to implement
JT-CoMP. The more RRHs participate in a coalition, the more
the received power for an edge user increases, while its inter-
cell interference decreases, resulting in increased throughput,
as long as its assigned NOMA clusters are not overcrowded.

Also, alongside distance, shadowing and small-scale fading
determine a UE’s channel gain, meaning that forming coali-
tions with the RRHs closer to each other will not necessarily
increase their edge UEs’ throughput. Furthermore, in our
scenario, users are moving, meaning that mobility and vary-
ing channels cause constant changes in user profiles (a user
might change its status to edge while he was non-edge and
vice versa) and activate handovers, changing the load of the
RRHs. This may also lead to the formation of more over-
crowded NOMA clusters. Therefore, intelligence needs to be
behind the JT-CoMP transmission point clustering to avoid
overcrowded NOMA clusters, which is why a (L, u) coali-
tion formation game was formulated to cluster the network’s
RRHs into coalitions, where L presents the set of players,
while u is the utility function or value of a coalition. Coalition
formation games account for costs of cooperation, like the
possible decrease of the UEs’ throughput when overcrowded
NOMA clusters are formed, while enabling the game’s play-
ers to make individual rational strategic decisions [21], [22],
rendering them an attractive approach to tackle cooperation
drawbacks.
Definition 1: A coalitional structure P is defined as a

partition of L when for a collection of coalitions P = {51,
52, . . . ,5i, . . . ,5I}, it holds that ∀i 6= j, 5i ∩5j = ∅ and⋃I

i=15i = L [22].
In this work, the focus is to increase the throughput of the

system’s edge users without compromising the throughput of
the non-edge users significantly. Although JT-CoMP benefits
the individual throughput of edge UEs in the network, its
implementation demands the formation of coalitions consist-
ing of RRHs. This means that the players in the proposed
coalition formation game are the RRHs and a function that
captures the throughput changes for each user of an RRH
when it is participating in a coalition5i has to be formulated.
A suitable function for this purpose, referred to as payoff
function of RRHl∈5i, is given by:

φl(5i) =
Kl,e∑
ke=1

sgn(δbl,ke − δ
a
l,ke )

+

Kl,ne∑
kne=1

sgn(δbl,kne − (1− df )δal,kne )

− (Kl,e − 1− ql,e + ξl,e)

− (Kl,ne − 1− ql,ne + ξl,ne)+ φal , (13)

where df represents the acceptable decrease in non-edge UE
throughput, Kl,e and Kl,ne are the total number of edge and
non-edge UEs served by RRHl respectively and δl,ke and
δl,kne are their throughput. The notation b corresponds to
user throughput values after coalition5i is formed, while the
notation a refers to partitions that satisfied the set conditions.
However, δal,kne represents always the throughput values of a
non-edge UEl,kne without JT-CoMP’s impact. Also, ql,e and
ξl,e are the number of edge users of RRHl whose throughput
was unchanged or decreased by testing 5i. Similarly, ql,ne
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and ξl,ne are the number of non-edge users of RRHl whose
throughput values are equal to or decreased compared to their
individual throughput thresholds by testing 5i. To account
for the rare cases that before and after a coalition is examined
edge users had the same throughput and non-edge users had
their throughput become equal to their threshold, the sign
function was used in (13). The sign function for two through-
put values δb and δa can be expressed as:

sgn(δb − δa) =


−1, δb < δa

0, δb = δa

1, δb > δa.

(14)

When at least one condition is not satisfied, i.e. at least
one edge UE’s throughput decreased or one non-edge UE’s
throughput decreased below its corresponding threshold,
while examining a coalition, the summation of the first
four terms of (13) yields a negative value, resulting in a
decrease of the RRH’s individual payoff which indicates that
the examined coalition is not beneficial for at least one of
its UEs. If both conditions are satisfied, the payoff of the
RRH increases, indicating that the coalition is beneficial
for the throughput of its edge UEs while the throughput
of its non-edge UEs is not severely undermined. Therefore,
the game can be played on behalf of the UEs, while the RRHs
are considered the players.

Finally, we define the utility function of coalition5i as:

u(5i) =
∑
l∈5i

φl(5i). (15)

More specifically, the formulated game is a coalition for-
mation game with non-transferable utility (NTU), defined by
a pair (L, u), whereL presents the finite set of players and u as
a characteristic functionwhich associates with every coalition
5i ⊆ L a set of payoff vectors.
Definition 2: A coalition formation game is said to have

a non-transferable utility if the value of coalition 5i, u(5i),
cannot be arbitrarily apportioned amongst its members.
Instead, each member of 5i has its own utility within a
coalition [54].
Property 1: The proposed coalition formation game is an

NTU game.
Proof: In an NTU game, the payoff that each player in a

coalition5i receives is dependent on the joint actions that the
members of 5i select [22]. This is the case for the examined
scenario, as depending on the user scheduling and the beam
assignment for the edge UEs, each player’s payoff in 5i can
be obtained by (13) and not arbitrarily allotted by u(5i) [22].
Definition 3: A coalition formation game (L, u) is in a

characteristic form if the value of a coalition 5i depends
solely on the members of that coalition, with no dependence
on how the players in L\5i are structured [22].
Property 2: The proposed coalition formation game is in

characteristic form.
Proof: As indicated by equations (5)-(8) and (9)-(12),

the per-subcarrier and per-OFDM symbol SINR for edge and

non-edge UEs inside a coalition 5i, whether JT-CoMP is
activated or not, depends on their decoding order and the
power allocated to them and the other UEs in their serving
NOMA cluster(s). Also, it is indicated that the interference
from RRHs outside 5i is expressed by the same terms for
both non JT-CoMP and JT-CoMP cases, regardless of their
structure. According to (13), the payoff of each player in5i is
a function of its edge and non-edge UEs’ throughput which,
in turn, is a function of their per-subcarrier and per-OFDM
symbol SINR values. This means that the value of a coalition
5i, given by (15), depends solely on the members of that
coalition, with no dependence on how the players in L\5i
are structured, thus, the game is in characteristic form.
Definition 4: A coalition formation game (L, u) is said

to be superadditive if for any two disjoint coalitions 5c,

5d ⊂ L, u(5c ∪5d ) ≥ u(5c)+ u(5d ) [22].
Property 3: The proposed coalition formation game is,

in general, non-superadditive.
Proof: For two disjoint coalitions5c ⊂ L and5d ⊂ L,

u(5c ∪ 5d ) may not always be greater than u(5c) + u(5d )
due to possible non-edge UEs’ throughput reduction below
their threshold or possible edge UEs’ throughput reduction
which can result in decreased payoff values for the involved
RRHs and decreased utility when5c∪5d . Therefore, the for-
mulated game is non-superadditive and the coalition of all the
players in the game, i.e. the grand coalition, is not the optimal
structure.

V. PROPOSED COALITION FORMATION ALGORITHM
In this section, the proposed coalition formationAlgorithm 1
alongside its various properties will be presented, after some
useful definitions are provided. The proposed coalition for-
mation game algorithm is based on the algorithm of [55], [56]
and [57]. In this study, however similarly to [57], an extra
condition on the maximum coalition size was adopted to
guarantee limited feedback overhead, alongside two exter-
nal rules about its reactivation due to user mobility and the
time-varying nature of the wireless channels. These external
rules will be explained later in this Section. The proposed
algorithm is based on forming coalitions of transmission
points by comparing different collections of coalitions.
Definition 5: A comparison operator F is defined for com-

paring two collections of coalitionsR= {R1, R2,. . . , Rr} and
T = {T1, T2,. . . , Tt} that are partitions of the same subset
B ⊆ L (same players in R and T ). Therefore, R F T
implies that the way R partitions B is preferred to the way
T partitions B [58].

The criterion based on which we compare two collections
is the Pareto order [58].
Definition 6: Based on Pareto order R F T if φj(R) ≥

φj(T ),∀j ∈ R, T with at least one strict inequality (>) for
a player j [58].
The proposed algorithm operates on two main rules,

referred to as merge and split rules, which aim to merge or
split coalitions based on the Pareto order.
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Definition 7: A set of coalitions {51, 52,. . . , 5J}
will merge if {

⋃J
j=15j} F {51,52, . . . ,5J }, therefore,

{51,52, . . . ,5J } → {
⋃J

j=15j}, {51,52, . . . ,5J } ⊆ P .
Definition 8: A coalition

⋃J
j=15j will split if

{51,52, . . . ,5J } F {
⋃J

j=15j}, therefore, {
⋃J

j=15j} →

{51,52, . . . ,5J }, {51,52, . . . ,5J } ⊆ P .
The proposed algorithm uses the carrier-to-interference (or

C/I ) values of the edge users to form priority and candidate
lists to indicate the order in which possible coalitions will
be tested. Essentially, a C/I value represents the macro-
scale Signal-to-Interference Ratio (SIR) of a mobile user
and is a metric of the intercell interference that it receives
from the neighboring RRHs. To examine the most beneficial
coalitions, these values are compared to a threshold, i.e. the
C/I threshold. If all the examined C/I values exceed this
threshold, the proposed algorithm terminates, resulting in a
reduced number of steps of the proposed algorithm. The C/I
value for UEl,ke and an interfering RRHl′ in dB is defined as:

C/Il′,ke,n = vl′,ke,n − vl,ke,n, (16)

where vl,ke,n is calculated as in (4) and indicates that the
C/I values are a function of macro-scale parameters such as
path loss, shadowing and the transmitter and receiver antenna
gains. To get a total metric of the intercell interference that all
the edge users of an RRH receive from its neighboring RRHs,
if an RRH serves more than one edge user, the C/I values of
the edge UEs of the same RRH are averaged at the cloud.

More specifically, the proposed coalition formation
Algorithm 1 consists of three main stages:

1) Initially, the small cell network consists of L non-
cooperating RRHs, referred to as singleton coalitions.

2) At the second stage, every edge UE calculates an
(L−1)×1 vector ofC/I values between its serving and
interfering RRHs and forwards them to the C-RAN.
The interfering RRHs are assigned a unique ID by
each edge user and these IDs are also forwarded to the
C-RAN. If an RRH serves more than one edge UEs
then, their C/I values are averaged, resulting into a
total of L carrier-to-interference vectors, one for each
RRH. Then, after these vectors are sorted in ascending
order, they are combined into an (L−1)×L carrier-to-
interference matrix IM .

3) At the third stage, the first row of IM is extracted,
its values are compared, and a priority list is formed,
indicating the order in which each RRH will seek a
collaborator, alongside with a candidate list, indicating
potential collaborators. After that, the indicated coali-
tions are investigated sequentially by coordinating their
members via the JT-CoMP technique. A coalition is
formed if the achieved payoff of at least one of the
participant RRHs improves without hurting the payoff
of the others, its utility is greater than the utilities
of the previously formed coalitions of the examined
collection and its size does not exceed the predefined
maximum coalition size (merging functionality).

If a coalition has already been tested, then the next one
(based on the priority list) is examined. This results in
reduced steps for the proposed algorithm. Also, if an
RRH is already a member of a non-singleton coali-
tion and its turn, based on the priority list, comes,
then the total coalition between the new candidate
and all the existing members of the RRH’s coalition
is tested. The same process repeats for every row of
IM unless all C/I values exceed a predetermined C/I
threshold.
Then, possible splits of the existing coalitions are
examined. A split will occur only if by splitting a
coalition at least one RRHwill improve its payoff with-
out decreasing the payoff of other members (splitting
functionality).

To adapt to network changes, such as handovers and
user status changes due to mobility, two external rules were
adopted to allow the coalitions to dynamically update their
participant RRHs:

• When a handover for a moving UE occurs or a UE
changes its edge status, the proposed coalition formation
algorithm is reactivated.

• When the algorithm is reactivated, instead of L singleton
coalitions, the network consists of the coalitions formed
from the previous activation of the proposed algorithm.

Compared to [55], [56] and [57], where each coalition
was examined for 10 TTIs, in this study all the coalitions
indicated by the proposed algorithm are examined instanta-
neously. This is possible as zero feedback delay is assumed
and allows the study of the upper bound of the performance
gain achieved by the proposed scheme. To adapt to this
change, the splitting operations were moved and tried after
all the rows of IM are examined for possible merges of
RRHs, as in this case, the coalitions are not tested over time
and the constant checking for possible splits is not needed.
This means that the payoff of an RRH is a function of the
instantaneous throughput values of its connected UEs. All
the information about the coalition formation game, e.g. the
record of attempted coalitions, the IDs of the RRHs inside
a tested coalition, the throughput values for each UE of the
involved RRHs before and after a coalition is tested, is kept
in the proposed C-RAN functionality.

Next, we provide some definitions and properties of
the proposed algorithm about its stability, convergence and
complexity.
Definition 9: A partition P is Dhp-stable if no players in P

are interested in leaving P through merge and split to form
other partitions inL (not necessarily by merge and split) [58].
Algorithm Property 1: Every partition resulting from the

proposed merge and split algorithm is Dhp-stable.
Proof: A network partition P resulting from the

proposed coalition formation algorithm can no longer be
subject to any additional merge or split operations as succes-
sive iterations of these operations terminate [58]. Therefore,
the players in the final network partition P cannot leave
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Algorithm 1 Coalition Formation Algorithm
1: Initial Stage:

The network consists of L singleton coalitions.
2: Carrier-to-Interference Matrix Formation Stage:

for all edge UEs do
Calculate the C/I values from all the interferers.

end for
for all l ∈ L do
if attached edge UEs ≥ 2 then

Average their edge UEs’ C/I values.
end if

end for
Form the C/I matrix IM .

3: Coalition Formation Stage:
for every row of IM do
Extract the row’s C/I values.
Form the priority list p and candidate list c.
Extract the examined pairs V from p and c.
if any extracted C/I value ≤ C/Ithreshold then

(a)
for every l ∈ V do

calculate φl(5i)
if φl(5i) increases via Pareto order,
u(5i) increases and coalition size≤
max coalition size then

Merge.
end if

end for
end if

end for
(b)
for every 5i ∈ P do
for every l ∈ 5i do

calculate φl(5j) after split, where5j a sin-
gleton coalition.
if φl(5j) increases via Pareto order then

Split.
end if

end for
end for

this partition through merge and split, hence the partition
is Dhp-stable.
Algorithm Property 2: The coalition formation process

with the proposed algorithm converges to a final stable parti-
tion in a finite number of steps.

Proof: As the number of players is finite and a C/I
threshold constrains algorithm’s iterations, the number of
steps of the proposed algorithm is finite. Additionally, any
arbitrary sequence of the merge and split rules is guaranteed
to converge to a final partition of L [58].
Algorithm Property 3: The complexity order of the pro-

posed coalition formation algorithm is O(Ln).
Proof: The complexity order of the proposed algorithm

depends on the number of merge and split operations, with
each such operation being an iteration of the algorithm.

The C/I threshold ensures a reduced number of iterations,
as only the stronger interferers of the UEs of each RRH
are taken into account. This means that exhaustive search is
avoided. Also, the maximum coalition size ensures a reduced
amount of possible splits. Thus, the complexity order of the
proposed algorithm isO(Ln), where Ln is the average number
of neighboring RRHs that create significant interference to
each RRH’s users based on the C/I threshold.

VI. OTHER IMPLEMENTATION ISSUES
To implement MU-MIMO and NOMA, beamforming, user
pairing and power allocation need to be determined. The
selection of the appropriate techniques is crucial, as the intra-
beam and interbeam interference that the users receive can
be significantly reduced by exploiting the CSI reported by
them to the BBU pool. This can increase the users’ per-
subcarrier and per-OFDM symbol SINR and, ultimately, their
throughput. In this section, we define how beamforming is
done to mitigate interbeam interference, how the per-user
power coefficients al,n,k are assigned and the method for the
NOMA user pairing to minimize the intrabeam interference.
Also, the selected multi-user scheduling method is presented.

A. BEAMFORMING
To cancel the interbeam interference for users served by
different beams of the same RRH, Zero-Forcing (ZF) beam-
forming can be deployed. ZF beamforming aims to minimize
the interbeam interference inside a cell by generating beam-
forming vectors orthogonal to all the users’ channel vectors
except the corresponding cell’s users [59]. Assuming perfect
CSI, the number of transmit antennas should be larger than
or equal to the number of total receive antennas in a cell,
to have enough degrees of freedom on the transmitter side to
generate a beamforming matrix that eliminates the interbeam
interference [60], [61]. In this paper, each RRH is equipped
with N antennas, meaning that it can generate N beams. Each
beam can serve at least two paired NOMA users scheduled in
the same RB, which, in turn, means that this condition cannot
be satisfied.

To implement ZF beamforming in NOMA, for each RB
we select N scheduled users (one from each beam) with the
higher channel gain. This selection is justified by the fact that
their decoding order in their serving NOMA cluster is last
and if they would receive interbeam inteference, the process
for correctly decoding their received signal via SIC would
be seriously affected [13], [62]. Then we calculate the beam-
forming vectors at each RB such as:

hl,n,Kwl,n′ = 0, n 6= n′. (17)

To satisfy (17), first, we define the matrix H l =

[hTl,1,K , . . .h
T
l,n,K , . . . ,h

T
l,N ,K ]

T and then calculate the
Moore-Penrose pseudo-inverse matrix of H l , i.e.:

(H l)† = W l = (H l)H
(
(H l)(H l)H

)−1
. (18)

Then, the beamforming vector wl,n for UEl,n,K can be
obtained by normalizing the n-th column of W l [63]. Based
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on this choice of forming the beamforming vectors, only the
user with the highest channel gain in each beam will avoid
the interbeam interference.

B. POWER COEFFICIENTS ALLOCATION
Power domain NOMA multiplexes users in the power
domain. This means that the distribution of a beam’s transmit
power impacts significantly the performance of all the beam’s
users. In our paper, for the non JT-CoMP case, each beam
serves two NOMA users. When JT-CoMP is activated the
number of users may vary. This means that a power allo-
cation scheme which allows a fair extraction of the power
coefficients is needed. However, the application of an optimal
power allocation algorithm can increase the computational
complexity so, a sub-optimal solution to this problem needs
to be adapted. A suitable technique is the Fractional Transmit
Power Control (FTPC) method [47], [50]. Based on this
technique, the power coefficient of a user k , who is served by
RRH l, inside beam n for the subcarriers of an RB is allocated
according to the following equation:

al,n,k =
1∑K

j=1

(
Gl,n,j

)−pFTPC (Gl,n,k)−pFTPC , (19)

where pFTPC (0 ≤ pFTPC ≤ 1) is the decay factor. When
pFTPC = 0, the power distribution for a beam’s UEs is equal.
The more the decay factor increases, the more power is allo-
cated to the user with the lowest channel gain. This parameter
can also be the subject of optimization [47]. Also, Gl,n,k for
user k , served by the l-th RRH in its n-th beam is defined as:

Gl,n,k = ‖hl,n,k‖2. (20)

C. NOMA USER PAIRING
Initially, before JT-CoMP is applied, we assume that each
beam will serve exactly two users that are scheduled in the
same RB, where one is considered the strong and one the
weak user. This distinction is made based on the channel
gains of the users, where the strong user’s channel gain is
greater than the weak user’s. For a strong user, SIC and
ZF beamforming will eliminate its received intrabeam and
interbeam interferences respectively. Therefore, it is partic-
ularly important to define an efficient user pairing strategy
to mitigate the intrabeam and interbeam interference for the
weak UEs as well.

Based on equations (6), (10), (12) and (19), we can easily
see that the greater the difference between the channel gains
of the strong and the weak user, the more the performance
improvement for a weak user. This is a consequence of the
decreased power coefficients for the strong user, resulting in
reduced intrabeam interference for the weak one. Also, based
on [62], when ZF beamforming is applied and the channel
hl,n,ks of the strong user is highly correlated with the channel
hl,n,kw of the weak user, i.e. hl,n,ks ≈ c · hl,n,kw , where
c is a constant, then hl,n,kwwl,n′ ≈ 0 for n 6= n′, which
means that the interbeam interference for the weak user can
be significantly mitigated when this NOMA pair is formed.

Thus, the NOMA user pairing for the subcarriers and OFDM
symbols of eachRB is done in two stages. At the first stage the
scheduled users in the RB are divided into strong users and
weak users based on their channel gain. Then, in the second
stage, each strong user forms a NOMA pair with the weak
user that maximizes its correlation metric. The correlation
metric is given via the following equation [62]:

Cks,kw =
‖hl,n,ksh

H
l,n,kw‖

‖hl,n,ks‖‖hl,n,kw‖
. (21)

When JT-CoMP is activated, depending on the beam
assignment, each beam can servemore than two users, as edge
UEs will be served by all the RRHs in a coalition for
their scheduled RBs. Again, for JT-CoMP, the edge UEs are
assigned to the NOMA clusters of the cooperating RRHs that
maximize the correlation metric given by (21) to mitigate
the interference from other beams of the cooperating RRHs,
except the serving ones.

It is important to note that the distinctions between an edge
and non-edge user and a strong and a weak user are entirely
different, e.g. based on its effective SINR value, a strong user
may be an edge user and a weak user may be a non-edge user.

D. MULTI-USER SCHEDULING
In NOMA, the scheduler pairs multiple users for simultane-
ous transmission at each RB. To determine the set of users
that are going to be served in the same RB, a Round Robin
scheduler was implemented. At each TTI, the BBU pool
creates a random sequence of unique UE IDs for each RRH
which includes all the UEs connected to it. Then, according to
the number of users per NOMAcluster and transmit antennas,
a group of K · N UEs is selected to be served per RB in each
cell. After that, the scheduled users in each cell are organized
in N NOMA clusters according to the selected user-pairing
method. For the following RB, the next K · N users are
selected and the same procedure repeats by scheduling groups
of UEs in a cyclic manner until the scheduler allocates all the
available RBs at each cell.

VII. EXPERIMENTAL PERFORMANCE ANALYSIS
In this section, the simulation results are shown and analyzed,
after the simulation setup and the examined scenarios are
presented.

A. SIMULATION SETUP
A small cell C-RAN network is assumed, where each RRH’s
total transmit power was set at 30 dBm and their coverage
was assumed omnidirectional. Each RRH was equipped with
4 transmit antennas, and thus can generate 4 beams which
serve initially, i.e. before JT-CoMP and the proposed coalition
formation algorithm application, two NOMA users each in
every RB. To distribute the available transmit power of each
beam to the users of the beam at an RB, a decay factor
of 0.4 was selected. Each RRH has an available bandwidth
B of 20 MHz and a subcarrier spacing of 15 KHz was
selected, corresponding to 106 RBs per TTI available for
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FIGURE 3. Average and average maximum coalition sizes versus the
acceptable non-edge UE throughput decrease when the proposed
coalition formation game is activated.

allocation to its connected users with a subframe and slot
duration of 14 OFDM symbols for a normal cyclic prefix, i.e.
1 ms [46], [64], which is also the TTI duration. It is assumed
that all the OFDM symbols per slot are allocated for the
PDSCH. Also, an RB contains 12 subcarriers in the frequency
domain, yielding an RB bandwidth of 180 KHz. The CQI
indices and their interpretation regarding theMCSwere based
on the Table 5.2.2.1-3 of [52], meaning that a modulation
scheme up to 256QAM can be selected. For the TB size
calculation it is assumed that each slot contains two DM-RS
symbols [65], there is no overhead and the number of MIMO
layers is one. A carrier frequency of 3.5 GHz was assumed
and each RRH’s circumradius was set at 125 meters. Each
RRH is assumed to initially serve 15 UEs, randomly placed
in its cell area with positions based on a uniform distribution.
TheUEs are set tomove in random directions, constant for the
duration of each simulation, with a speed of 5 km/h. For the
simulation scenario, the WINNER II Urban Microcell (UMI)
case path loss model was used with a shadowing standard
deviation of 4 dB [66].

For the proposed algorithm’s settings, a maximum coali-
tion size of 4 was assumed to guarantee small feedback
overhead and backhaul traffic [18], while the C/I threshold
was set at 10 dB. The C/I threshold was set at a high
value to account for the randomness of the UE positions. For
example, an edge user, based on its position in the cell, might
receive high interference from an RRH, resulting in a low
individual C/I value, while another user might receive low
interference, resulting in a high individual C/I value. The
cloud averages the edge UEs’ C/I values to represent the
interference that all the edge UEs of an RRH receive, so in
the case that the averaged C/I value is high and the C/I
threshold is low, a coalition between the serving RRH and an
RRH that creates severe interference for an edge UE might
not be examined. However, testing more coalitions means
more iterations, which is why this parameter was not set at
a higher value.

The most important parameter for the proposed coalition
formation algorithm is df which represents the acceptable
throughput decrease for the non-edge UEs of a formed coali-
tion. To determine an appropriate value for this parame-
ter, various simulations for different values of df were run.

FIGURE 4. Average and average maximum coalition sizes versus the
percentage of edge UEs in the network when the proposed coalition
formation game is activated.

Specifically, we run 100 simulations of a 12 RRH scenario
with no user mobility for each value of df between 0.1 and
0.9, with a step of 0.1. Each simulation had a duration
of 100 TTIs. The results in terms of the average andmaximum
coalition size are depicted in Fig. 3. Based on Fig. 3, the for-
mation of coalitions for values of df less than or equal to 0.3 is
very difficult which is reflected in the average coalition size
which is below 1.5. Therefore, we chose the lowest value that
guarantees a balance of minimum non-edge UE throughput
decrease and a satisfying average and maximum coalition
size. This value is df = 0.4 which means that when the
proposed coalition formation game is activated, a coalition
between RRHs can be formed when it does not result in a
throughput reduction more than 40% for any non-edge UE
served by the coalition’s RRHs, compared to its throughput
without the JT-CoMP activation.

Instead of setting a predetermined SINR threshold to dis-
tinguish the edge from the non-edge UEs, this value is deter-
mined based on the highest effective SINR value between
a percentage of UEs with the lowest effective SINR values
before the algorithm is run and JT-CoMP is applied. This
prohibits the dense population of the network by edge UEs
which canmake the formation of coalitions with the proposed
algorithm much more difficult, as the available resources, i.e.
the transmit power and the RBs, are limited [55], [56] and
their distribution among a large number of users can under-
mine the UE performance. Also, not having a predetermined
SINR threshold can account for the seldom cases that most
users are located near the edge or the center of their cell
where this would result in too many or hardly any edge UEs
respectively. To determine the appropriate value for the edge
UE percentage in the network, we run simulations where
the proposed algorithm is applied for edge UE percentages
between 5% and 50% with a 5% step. For each percentage
value, 100 simulations with a duration of 100 TTIs each were
runwhere df was set at 0.4, 12 RRHswere assumed in the net-
work and the users were considered immobile. Fig. 4 depicts
the average and average maximum coalition size for various
percentage values of edge users in the network. Based on
Fig. 4, this percentage was set at 20%, as we seek a moderate
edge UE load to help the proposed algorithm to form as many
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coalitions as possible, while helping asmany users as possible
to increase their throughput. Furthermore, this value was used
to extract Fig. 3 and determine the acceptable throughput
decrease value for the non-edge UEs, i.e. df . A summary of
the simulation parameters is presented in Table 1.

TABLE 1. Simulation parameters.

Four simulation scenarios were examined and compared
with each other in terms of the user throughput. More specif-
ically, the case where the proposed scheme with JT-CoMP
and the proposed coalition formation algorithm, referred to
as game JT-CoMP, is compared to a JT-CoMP scenario with
predetermined and fixed (static) coalitions, referred to as SC
JT-CoMP, a JT-CoMP scenario where a greedy clustering
algorithm is implemented, referred to as GC JT-CoMP, and
a scenario where JT-CoMP is not implemented in the system,
referred to as the no JT-CoMP case. For the SC JT-CoMP
case, a predetermined coalition size was selected and the only
criterion for the coalition formation is the distance between
the RRHs. If the number of RRHs in the network did not
allow the formation of coalitions with the predetermined
size, RRHs in the network edges were considered for these
coalitions as their UEs receive the least intercell interference.

As for the GC JT-CoMP scenario, the proposed greedy
clustering algorithm of [43] was implemented. More specif-
ically, starting from a random RRH, the greedy clustering
algorithm examines all the possible coalition combinations
that include it and don’t exceed a predetermined maximum
size and forms the ones that maximize the sum-throughput of
the served edge UEs of the involved RRHs. Compared to [43]
we chose to maximize the sum-throughput of the edge UEs
instead of the sum-throughput of all UEs. This is a conscious
choice to examine whether the proposed scheme provides
the most consistent improvements in edge UE throughput
as, in the GC JT-CoMP case, possible individual throughput
decreases for the edge UEs due to resource scarcity are not
considered. As the greedy clustering schemes are considered
dynamic [26], the greedy clustering algorithm is reactivated
based on the first reactivation rule of the proposed coalition
formation algorithm, meaning that the clustering process

FIGURE 5. Average and average maximum coalition size versus the
number of RRHs in the network when the proposed coalition formation
game is applied.

always starts considering singleton coalitions. For the SC
JT-CoMP and GC JT-CoMP cases a maximum coalition size
of 4 was selected, as it is the same for the proposed game
JT-CoMP scheme. Simulations for each examined scenario
were run 100 times for increased accuracy and each simula-
tion had a duration of 1000 TTIs.

B. RESULTS
Fig. 5 depicts the average and average maximum coalition
size that occurs from the application of the proposed algo-
rithm when the number of RRHs in the network varies. The
proposed algorithm, combined with the appropriate settings,
results in a relatively stable average coalition size, regardless
of the number of RRHs in the network, while the maximum
coalition size fluctuates slightly around 3.4. This certifies
the ability of the proposed algorithm to form coalitions
which result in increased edge user throughput and mod-
erately decreased non-edge throughput. In fact, the average
and average maximum coalition size was not much smaller
than what the exhaustive search with the same conditions as
the proposed algorithm yielded. Specifically, the exhaustive
search yielded an average of just 1.3182% and 1.6425%
higher average and average maximum coalition size respec-
tively. This means that the selected C/I threshold allowed
the examination and the formation of almost all the beneficial
coalitions for the throughput of the edge and non-edge UEs
of the network.

Fig. 6 depicts the average edge user throughput for all the
examined cases when the number of RRHs in the network
varies. The guaranteed big coalition size of the SC JT-CoMP
and GC JT-CoMP cases results in higher increase of the
instantaneous throughput of several edge users when these
schemes are applied compared to the proposed scheme of
game JT-CoMP. However, the proposed scheme performs
close in terms of average edgeUE throughput compared to the
SC JT-CoMP and GC JT-CoMP cases, even if the average and
maximum coalition size in this case is less, as shown in Fig. 5.
This is a result of the incautious transmission point clustering
of these schemes which may result in throughput reductions
for some edgeUEs. Compared to the no JT-CoMP case, all the
JT-CoMP cases show vast improvement in terms of through-
put as a logical result of the reduced intercell interference
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FIGURE 6. Average edge user throughput versus the number of RRHs in
the network for all the examined cases.

FIGURE 7. Average non-edge user throughput versus the number of RRHs
in the network for all the examined cases.

that the edge UEs receive. Between the GC JT-CoMP and
SC JT-CoMP, the application of a greedy clustering algorithm
guarantees a level of intelligence in the transmission point
clustering compared to the static clustering method which is
based only on the distance between RRHs, resulting in higher
average edge UE throughput values for the GC JT-CoMP
scheme. For all the examined cases, the increase in RRHs
in the network results in more intercell interference, which
justifies the decreasing average edge user throughput with an
increasing number of RRHs in the network.

On the other hand, the game JT-CoMP case presents the
best average non-edge user throughput results compared to
the other JT-CoMP schemes, as it can be seen in Fig. 7.
This is expected, as the proposed coalition formation algo-
rithm restricts how much the non-edge user throughput can
be reduced. It is particularly interesting that in many cases,
the GC JT-CoMP scheme outperforms the SC JT-CoMP
scheme, despite also presenting better edge user throughput,
certifying that forming fixed clusters of transmission points
based only on distance in a dynamic system is far from an
optimal solution. As for the edge users, more RRHs in the
network means more intercell interference for the non-edge
UEs as well, which causes the downturn in average non-edge
UE throughput in Fig. 7.
The same conclusions can be extracted from Fig. 8 and

Fig. 9, where the Cumulative Distribution Function (CDF)
of the individual instantaneous user throughput is depicted
when the edge and non-edge users are considered respectively
for a 19 RRH scenario. Furthermore, as shown by Fig. 10,
for the SC JT-CoMP and GC JT-CoMP cases, there was a

FIGURE 8. CDF of the individual instantaneous edge user throughput.

FIGURE 9. CDF of the individual instantaneous non-edge user throughput.

FIGURE 10. Percentage of decreased instantaneous throughput values
compared to the no JT-CoMP case for all JT-CoMP cases.

significant percentage of individual instantaneous throughput
values which were lower than the corresponding values if the
JT-CoMP technique was not applied. This means that in these
cases, even for a 20% edge UE load in the network, the size of
some NOMA clusters with JT-CoMP causes the distribution
of the per-NOMA cluster allocated power to enough users to
result in throughput reduction for some of them. Moreover,
another factor that contributed to this throughput reduction is
the intrabeam interference which increases for the previously
existing UEs in the NOMA clusters when new edge users are
added to them.

Fig. 11 depicts the CDF of the individual average through-
put of all users in the network for a 19 RRH scenario.
An improvement regarding average throughput can be
observed for the low throughput users for the GC JT-CoMP
and game JT-CoMP cases compared to the no JT-CoMP case.
This is expected as, for the no JT-CoMP case, these users
spent most of the duration of the simulations being edge
UEs, which resulted in an increase of their throughput via
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FIGURE 11. CDF of the individual average throughput of all users.

FIGURE 12. Percentage of users with decreased, equal and increased
individual average throughput compared to the no JT-CoMP case for all
JT-CoMP cases.

the JT-CoMP technique. Moreover, it is noteworthy that the
proposed scheme was able to provide throughput improve-
ments for a wider range of low throughput cases compared
to the GC JT-CoMP scheme, while having smaller feedback
overhead and coordination costs, due to coalition size, and
guaranteeing that the throughput of the non-edge UEs is
not severely reduced. Regarding the SC JT-CoMP case, its
incautious transmission point clustering resulted in lower
individual average throughput values compared to the no
JT-CoMP case, proving that intelligence needs to be behind
the formation of transmission point coalitions.

Fig. 12 presents the percentage of the users with decreased,
equal and increased individual average throughput compared
to the no JT-CoMP case for all JT-CoMP cases when 19RRHs
were assumed in the network. The proposed scheme resulted
in an increase in the average throughput of more users com-
pared to the other JT-CoMP cases. Furthermore, the existence
of singleton coalitions in the game JT-CoMP case, when the
conditions of the proposed coalition formation algorithm are
not satisfied, resulted in a small percentage of users having
the same average throughput as in the case of no JT-CoMP.
Also, the fact that the status of any user can change during
the simulations resulted in the individual average throughput
increase, or not decrease, for more users than the 20% that
are considered edge per TTI. In contrast, the SC JT-CoMP
and GC JT-CoMP cases have a fixed coalition size, which
forced users to show either increased or decreased individual
average throughput compared to the no JT-CoMP case. The
fixed coalition size of these schemes also resulted in the
formation of some overcrowded NOMA clusters, which in
turn resulted in more UEs with reduced individual average

FIGURE 13. Percentage of users with individual average throughput
reduced more than 50, 40, 30, 20 and 10% compared to the no JT-CoMP
case for all JT-CoMP cases.

FIGURE 14. Average iterations versus the number of RRHs in the network.

throughput compared to the game JT-CoMP case, even if
some of them were considered edge users for the majority
of the duration of the simulations.

Regarding the individual average throughput reductions,
Fig. 13 depicts the percentage of the users that had their
average throughput decrease more than 50, 40, 30, 20 and
10% for each JT-CoMP case compared to the no JT-CoMP
scenario. Again, the network consisted of 19 RRHs. No user
had its average throughput decreased more than 40% for the
game JT-CoMP case, which was expected, even if the condi-
tions of the proposed algorithm pertain to the instantaneous
throughput. Additionally, even the percentage of users with
average throughput reduction greater than 30% was almost
null. On the other hand, a significant number of UEs had
their average throughput reduce more than 40 and 30% when
the SC JT-CoMP and GC JT-CoMP schemes were applied.
In a dynamic system, the status of the users can change
constantly, meaning that a user can be considered edge and
non-edge between two TTIs. By applying the proposed coali-
tion formation algorithm, we guarantee that when the user
is considered non-edge, its instantaneous throughput will not
be severely reduced, whereas if the user is considered edge,
its instantaneous throughput will be increased, or at least
not decreased. In the other examined JT-CoMP schemes,
the instantaneous throughput of a user may increase more
when the UE is considered edge and the NOMA clusters that
it is assigned are not overcrowded. However, when the user
is assigned in overcrowded NOMA clusters or becomes non-
edge, its instantaneous throughput can plummet. This results
in higher individual average throughput reductions, as shown
in Fig. 13.
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Finally, Fig. 14 depicts the average iterations for the coali-
tion formation algorithms of the GC JT-CoMP and game
JT-CoMP schemes with variable number of RRHs. Fig. 14
confirms the linear complexity of the proposed algorithm.
Furthermore, after a point, the average number of iterations
of the greedy clustering algorithm used on GC JT-CoMP start
to exceed that of the proposed algorithm’s, confirming its
unsuitability for large-scale scenarios.

VIII. CONCLUSION
In the 5G era, reliability and consistency in user performance
is of great significance. The application of technologies such
as NOMA and MU-MIMO can, on one hand, increase the
service quality of the mobile users but, on the other hand,
the users in the cell edges may suffer from severe inter-
cell interference, especially when the transmission points
are densely deployed. The implementation of JT-CoMP can
address this problem. However, the users still compete for
limited resources, meaning that intelligence needs to be
behind the transmission point clustering in JT-CoMP. For this
purpose, a coalition formation gamewas formulated to cluster
the RRHs in a C-RAN based small cell scenario, where
the users are considered mobile and capable of activating
handovers and changing the user load of each cell.

The proposed scheme was able to form coalitions of RRHs
and proved to be beneficial for the intercell interference
cancellation for the cell-edge users, resulting into their instan-
taneous throughput increase. Furthermore, it guaranteed a
moderate decrease in the instantaneous throughput of the
non-cell-edge users. Moreover, compared to other solutions
with higher average coalition size, such as JT-CoMP with
static clustering and greedy clustering, it provided more reli-
able and consistent results with lower feedback overhead and
coordination costs, as in a dynamic environment with multi-
ple handovers and status changes, it guaranteed an increase in
the average throughput for most of the low SINR users, while
it did not decrease significantly the average throughput of any
user. Finally, the linear complexity of the proposed coalition
formation algorithm was confirmed.
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