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Abstract—In this study, a cellular system with a large-scale
distributed multi-user multi-input multi-output (MU-MIMO) is
considered, in which a large number of distributed antennas are
deployed spatially over each base station coverage area (cell)
and user clusters are formed in each cell to perform cluster-wise
distributed MU-MIMO in parallel. In such a cellular system,
the intercell and intracell interferences coexist and limit the
link capacity. In this study, a 2-layer interference coordination
(IC) framework that can effectively mitigate the two types of
interferences simultaneously is proposed. In the 15 layer, the
intercell IC is performed in a centralized manner by the non-real-
time (non-RT) radio access network intelligent controller (RIC),
and then in the 2"¢ layer, under the condition of the results
in the 1°" layer, intracell IC is done by each near-RT RICs in
a decentralized manner. Furthermore, a restricted conditional
graph coloring algorithm (RCGCA) suitable for this 2-layer IC
framework is proposed. The proposed RCGCA is designed to
be applied on a partial pre-colored graph, such that when it is
applied in the 2-layer IC framework, it satisfies the requirement
that the 2°¢ layer coloring must be applied under the condition
of the pre-coloring results of the 1°° layer. In addition, by
restricting the total number of colors, the RCGCA can tradeoff
between improving the capacity due to interference mitigation
and degrading the capacity due to bandwidth partition, thereby
maximizing the link capacity. We compare the link capacity
achievable by the proposed 2-layer IC framework based on
RCGCA with that achievable by the well-known fractional
frequency reuse (FFR) scheme, no interference coordination case,
fully centralized framework, and fully decentralized framework.
Computer simulations confirm that our proposed 2-layer IC
framework based on RCGCA can significantly improve the link
capacity.

Index Terms—Interference coordination, graph coloring algo-
rithm, distributed MU-MIMO, O-RAN, computational geometry,
ultra-dense cellular network.

I. INTRODUCTION

ECAUSE mobile data traffic keeps growing year over
year, commercial deployments of 5G have begun in many
countries [1]. The rapid increase in the number of users and
devices has been leading to the densification of radio access
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network (RAN) [2] A simple RAN densification approach is
to deploy a large number of small-cell base stations (BSs)
in the macro-cell area. However, the frequent handoff due
to user movement will increase the control signaling traffic,
thereby reducing the system capacity to provide data services
[3]. Therefore, to alleviate frequent handoff problem, the RAN
densification based on massive multi-user multi-input multi-
output (MU-MIMO) [4] has been under study.

For massive MU-MIMO, two main approaches exist,
namely co-located MU-MIMO and distributed MU-MIMO [5].
For co-located MU-MIMO, an array antenna with a massive
number of antenna elements is deployed at the BS, and narrow
beams are formed for users in the base station coverage area
(cell). While for the distributed MU-MIMO, a massive number
of distributed antennas (DAs) each with the radio unit is
deployed spatially over the cell, and connected to the BS via
optical fronthaul.

When a mm-wave band is used in 5G and beyond, which
is unavoidable since the sub-6GHz band is now heavily used
[6], distributed MU-MIMO has a unique superiority over co-
located MU-MIMO. Distributed MU-MIMO, with a number
of DAs spatially deployed over the cell, is able to solve
the problem of radio link blockage owing to the nature of
rectilinear propagation [7]. Therefore, the distributed MU-
MIMO has gained our interest of study.

The drawback of a large-scale massive MU-MIMO, no
matter co-located MU-MIMO or distributed MU-MIMO, is
the prohibitively high computational complexity required for
multi-user signal processing. Our previous study [8] showed
that this computational complexity problem can be miti-
gated by forming multiple user-centric small-cells called user-
clusters (hereafter clusters) . Clusters are formed by grouping
the nearby users that cause strong interference to each other
and then, a large-scale cell-based MU-MIMO can be divided
into several small-scale cluster-based MU-MIMOs in parallel,
thereby reducing the computational complexity.

However, the introduction of clusters brings a new kind
of interference to the system, known as the inter-cluster
interference. The inter-cluster interference can be of two
types: intracell interference and intercell interference [9]. The
intracell interference is caused between clusters which belong
to the same cell, while the intercell interference is caused
between clusters which belong to different cells and face each
other along a cell boundary. The intracell and intercell inter-
ference are coupled with each other, and make the interference
coordination (IC) faced by cluster-wise distributed MU-MIMO
very complicated.
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The intercell and intracell ICs should be treated with
different perspectives. The intracell interference is caused by
clusters belonging to the same cell. The movement of users
results in frequent changes in cluster topology. Therefore, the
intracell IC is better to be performed by each BS independently
in a centralized manner, so as to satisfy the requirements of
dynamic and self-adaptive. On the other hand, the intercell
interference is caused by clusters belonging to different cells.
It is produced when clusters that are located near cell bound-
aries share the same frequency band. Considering the system
scalability and the limitations of computational complexity in
practical, the intercell IC is best performed in a decentralized
manner that does not require tight information sharing among
BSs.

In co-located MIMO with array antennas deployed, there
are many successful IC applications [10][11], but the appli-
cation of IC in cluster-wise distributed MU-MIMO is still in
preliminary stage. In recent years, there are some successful
attempts of applying graph coloring algorithm (GCA) to IC.
In a small-cell network, H. Zhang, et al. [12] and L. Chen, et
al. [13] applied GCA to mitigate co-tier interference. D. Qu,
et al. [14] applied GCA to control the intercell interference so
as to enhance the spectrum efficiency and user experience for
an ultra-dense cellular network. Additionally, J. Mu, et al. [15]
applied GCA to solve for IC in fast-changing wireless body
area networks (WBANS) of the topology to enhance frequency
resource utilization and system stability. In [16], B. Wang, et
al. applied GCA to realize co-channel interference manage-
ment in unmanned aerial vehicle (UAV)-assisted disaster relief
networks.

GCA is an algorithm that can assign different colors to
neighboring vertices. The GCA-based IC can be regarded as
a frequency-domain scheduling. When applying GCA-based
IC, the available bandwidth is divided into several sub-bands,
each of which represents a corresponding color. Thus, applying
GCA ensures that different sub-bands are assigned to neigh-
boring clusters, which as a result, mitigating the interference.
However, using GCA pre-supposes the construction of a graph,
and to construct a graph, the information must be gathered in
a centralized manner. Considering the different perspectives of
intercell and intracell IC, the GCA can be used by each BS
in parallel as intracell IC.

The application of GCA in each cell independently as
intracell IC can effectively mitigate the interference among
clusters in the same cell. However, because the coloring
results will not be shared among the BSs, the problem of
color collision may happen among the clusters which belong
to different cells near the cell boundary area, therefore, the
intercell interference remains. This leads us to another radio
resource allocation-based IC, namely the fractional frequency
reuse (FFR) scheme [17]. In cellular systems, the FFR and
its variations, such as soft frequency reuse (SFR) [18] and
adaptive soft frequency reuse (ASFR) [19], are well-known
intercell ICs. The key idea of FFR is to divide users in each
cell into two groups, known as inner-cell users and cell-
edge users. A frequency reuse factor of n is then applied
to cell-edge users, while a reuse factor of one is applied
to the inner-cell users. In this way, a different frequency

i . ©2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See httgs://www.ieee.orE/Eublications/rights(inqex.html for more information.
Authorized licensed use limited to: TOHOKU UNIVERSITY. Downloaded on January 04,2023 at 01:53:38 UTC from IE

band is allocated to cell-edge users of a different neighboring
cell. Therefore, the FFR scheme can realize the intercell IC.
However, it should be noted that the use of a reuse factor
of n reduces the transmission bandwidth to one part in n
accordingly. Therefore, the application of FFR needs to be
carefully considered.

Until now, there have been many reports on the successful
application of FFR. For example, L. Yang, et al. [20] applied
FFR-based IC to enhance the coverage and capacity of a wire-
less heterogeneous network (HetNet). Furthermore, L. Eslami,
et al. [21] proposed a new FFR architecture for IC in a single-
cell HetNet containing macro cellular users, D2D users and
femto-cell users. A.D. Firouzabadi, et al. [22] demonstrated
that FFR techniques significantly improve downlink coverage
probability in hybrid full/half duplex (FD/HD) small cell
networks. To mitigate the additional intercell interference due
to the flexibility of traffic configuration, M. Song, et al. [23]
proposed an FFR-based IC for dynamic time-division duplex
(D-TDD) small cell networks. In addition, M.Nafees, et al.
[24] adopted the FFR scheme in UAV networks to improve
the signal-to-interference plus noise ratio (SINR) level of cell-
edge users.

In [25], X. Li, et al. proposed an FFR scheme for multi-cell
full-dimension MIMO (FD-MIMO) systems, and confirmed
that the FFR-based IC scheme can significantly improve the
cell-edge performance while maintaining a relatively high total
throughput. In [26], T. Saito, et al. applied the FFR scheme
to distributed MU-MIMO to enhance the capacity of cell-edge
users.

Although it is difficult to directly apply the above men-
tioned FFR schemes to our system with cluster-wise dis-
tributed MU-MIMO, inspired by its core idea, we try to
integrate the idea of cell-edge classification from FFR into
GCA, thereby taking intercell IC into consideration while
ensuring the effect of intracell IC. In this study, we try to
realize intercell and intracell IC simultaneously by classifying
clusters into cell-edge clusters and inner-cell clusters, and
providing them with different available color options during
the coloring process. To realize a reasonable allocation of
available color options to the cell-edge clusters and the inner-
cell clusters, a novel IC framework that provides hierarchical
support for GCA is also essential.

Based on the discussions above, we summarize the contri-
butions of this study as follows:

1) Firstly, based on the Open RAN (O-RAN) architecture
[27], we propose a 2-layer IC framework that can con-
sider intercell and intracell interferences simultaneously
for a cellular system with cluster-wise distributed MU-
MIMO. The 1%¢ layer IC is performed by non-real-
time (non-RT) RAN Intelligent Controller (RIC) with its
broaden perspective on the network to mitigate intercell
interference, and the 2" layer IC, performed by each
near-real-time (near-RT) RICs, is to mitigate intracell
interference under the conditions of the intercell IC
result of the 15 layer.

2) Secondly, with computational geometry (CG), we pro-
pose a method to abstract the IC problem as a graph, and
successfully solve the threshold optimization problem
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during graph construction by constructing Delaunay
Triangulation and Minimum Spanning Tree.

3) Thirdly, we propose a restricted conditional GCA
(RCGCA) to be applied to the 2-layer IC framework.
The proposed RCGCA is based on a partial pre-colored
graph. The reason for this is that when the RCGCA is
applied to the 2-layer IC framework, the 15¢ layer’s cell-
edge coloring results will become a pre-condition for the
274 Jayer inner-cell coloring. In addition, the RCGCA
is designed to restrict the total number of colors, which
enables the RCGCA to tradeoff between improving the
capacity due to interference mitigation and degrading the
capacity due to bandwidth partition, thereby maximizing
the link capacity.

The remainder of the paper is organized as follows. In
Section II, we explain our system structure and provide the
problem statement. In Sections III and IV, the proposed 2-layer
IC framework and RCGCA, respectively, will be described in
detail. In Section V, the 2-layer framework will be combined
with RCGCA, and the results of performance evaluation using
Monte-Carlo simulations is provided in Section VI. Finally, the
conclusions will be drawn in Section VII.

Notations: Throughout this paper, we will use the word
“color” to indicate a certain sub-band obtained by partitioning
the system bandwidth.

II. SYSTEM STRUCTURE AND PROBLEM STATEMENT

The proposed 2-layer IC framework is designed to be
deployed in O-RAN [27] as shown in Fig.l1. The O-RAN,
through its disaggregated, hierarchical, adaptive network func-
tion processing architecture, aims to build a radio network that
is intelligent, multi-vendor, software-driven, flexible and dy-
namic, so as to fulfill the needs of the next generation mobile
networks [28]. The key functional components introduced by
O-RAN architecture is the non-RT RIC and the near-RT RIC
[29].

The non-RT RIC, with a control loop on the order of
seconds or minutes, is responsible for global monitoring and
optimization, as well as providing policy-based guidance to
support the operation of near-RT RICs. While the near-RT
RICs, whose control loop is between 10ms to 1s, is the specific
executor, and is responsible to perform tasks such as policy
enforcement or radio resource management for one or several
cells [30]-[35].

In this study, we considered a cellular system with cluster-
wise distributed MU-MIMO, the structure of which is illus-
trated in Fig. 2. The wide communication service area, which
comprises a large number of DAs, is divided into a prescribed
number of cells. The non-RT RIC, with its broaden perspective
on the network, is used to perform cellular construction based
on the location of DAs. The near-RT RIC, which is con-
nected with the O-DU, O-CU-CP/Up via the E2 interface, is
responsible for forming user-clusters inside a cell, and cluster-
wise MU-MIMO is carried out in parallel. In this study, this
communication system is termed as the cellular system with
cluster-wise distributed MU-MIMO. In such a cellular system,
there are two types of interferences: intercell interference and
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intracell interference. Both these interferences are essentially
inter-cluster interferences, but because some clusters belong to
the same cell and other clusters belong to neighboring cells,
the problem of IC becomes very complicated.

Basically, there are two IC frameworks, namely the fully
centralized (FC) framework and fully decentralized (FD)
framework. In FC framework, after the user-clustering is
conducted by each near-RT RICs, the non-RT RIC collects the
information of all the clusters via Al interface, and then, is
responsible for conducting IC for all clusters inside the entire
service area. Because the FC framework can coordinate both
intercell and intracell interferences at the same time, it can
achieve better IC performance. However, it is also obvious that
the FC framework has a very high computational complexity.
Meanwhile, for the users with high mobility, it is difficult for
the non-RT RIC to realize the dynamic control. Therefore,
the results of FC framework can only be regarded as an
ideal benchmark, and is difficult to be utilized in practical
applications.

Another practical alternative is the FD framework. In FD
framework, each near-RT RIC conducts intracell IC indepen-
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dently, and the non-RT RIC does not need to participate.
The FD framework distributes the computational load from
the non-RT RIC to each near-RT RICs, however, because the
cells are considered isolated from each other, the intercell
interference cannot be taken into account, and thus it remains.
Therefore, the FD framework cannot achieve a similar good
interference mitigation as the FC framework, and accordingly,
the link capacity obtained by the FC framework is higher than
that by the FD framework.

In Fig. 3, the 50% sum capacities (the sum capacity at
a cumulative distribution function (CDF) of 50%) achievable
by the FC and FD frameworks are plotted as a function
of the number of clusters (note that the detailed simulation
setting is explained in Section VI). In this study, we attempt
to solve the contradiction between FC and FD framework by
proposing a novel 2-layer IC framework. The proposed 2-layer
IC framework allows the two kinds of RICs to cooperate with
each other and fully exploit their respective advantages, thus
is able to fill the performance gap between the FC and FD
frameworks while maintaining the computational complexity
at a low level. It can be considered that our proposed 2-layer
IC framework is a new attempt in O-RAN for IC based on the
coordination of RICs.

III. PROPOSED 2-LAYER INTERFERENCE COORDINATION
FRAMEWORK

Our proposed 2-layer IC framework is illustrated in Fig. 1
and Fig. 2. In the 1%¢ layer of IC, the location information of
DAs is gathered by the Ol interface to the non-RT RIC, and
the so-called non-RT RIC applications (rApps) are responsible
for constructing cells based on the location of DAs, and
coordinating the intercell interference with the help of cell
centroid information. The results of intercell IC will be passed
via Al interface to the near-RT RICs. Because the DAs’
locations are stable in general, the 15! layer IC is only carried
out when cellular reconfiguration is updated, therefore this
kind of large-timescale operation task fits well with the control
loop of non-RT RIC.

In the 2nd layer of IC, each near-RT RIC, which is
connected with the O-CU-CP/UP and O-DU via the high-
speed E2 interface, is responsible to obtain the information of
users’ location. Then the near-RT RIC applications (XApps)
are responsible for forming clusters and coordinating the
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intracell interference under the conditions of the result of
the 1¢ layer IC. Implementing the 2" layer of IC on the
xApp of near-RT RIC, rather than locally at the BS, takes full
advantage of the O-RAN architecture and meets the purpose
of introducing RICs and the Al interface. Also, the advantages
of applying xApp of near-RT RIC over local control of BS is
that it makes the introduction of artificial intelligence possible
in the future.

The 2-layer IC framework can be classified as a semi-
decentralized framework that adds an additional centralized
layer on top of the decentralized layer. Compared with the FC
framework, the 2-layer IC framework is feasible in practical
because the non-RT RIC only needs to coordinate the rela-
tionship among cells rather than coordinating all the clusters,
and the task of coordinating the clusters is delegated to
each corresponding near-RT RICs. Compared with the FD
framework, the 2-layer IC framework is able to consider
intercell interference without information sharing among the
BSs. In this study, we also propose a RCGCA to be applied
to the 2-layer IC framework, as both the rApp in non-RT RIC
and xApp in near-RT RICs. and the details will be explained
in the next section.

The “openness” of O-RAN enables substantial flexibility
of its deployment, and each near-RT RIC can be flexibly
configured with one or several BSs [36]. Our proposed 2-layer
IC framework works the same way regardless of the number of
BS:s. For the sake of simplicity and without loss of generality,
in the following sections of this paper, in order to enable easy
illustration of how our proposed 2-layer IC framework works
based on RCGCA, we assume each near-RT RIC controls one
cell independently.

IV. PROPOSED GRAPH COLORING ALGORITHM

In this section, we propose a RCGCA that is designed
for the 2-layer IC framework. The graph coloring problem
is derived from graph theory. First, we need to abstract the
IC problem as a graph; hence, in subsection A, we will
introduce how the graph is constructed using CG. The details
of our proposed RCGCA, including how to introduce the
restriction and conditions into the original heuristic GCA, are
then explained in subsection B.

A. Graph construction

The interference in a wireless communication system is
bidirectional; therefore, it can be simplified as an undirected
graph G = (V,E), where V and E denote the set of
vertices and edges, respectively. With G, our IC problem can
be abstracted as a vertex coloring problem, which refers to
coloring the vertices so that any two vertices with connected
edges do not share the same color.

In this study, it is assumed that the non-RT RIC form cells
and each near-RT RICs form user-clusters based on the K-
means algorithm [37]. Each cell and cluster can be represented
by their corresponding centroids in geometric position. There-
fore, V' denotes the centroids of clusters or cells. £ denotes
the mutual adjacency relationship among the vertices, as the
most severe interference exists between neighboring vertices.
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V' is easily obtained because once the non-RT RIC and each
near-RT RICs apply the K-means algorithm as rAPP or xApp,
the location information of the centroids is known; however, E
cannot be obtained directly. To define F, we need to derive the
relative adjacency relationship from the position information
of the centroids.

A commonly used method is to use the threshold
[12]-[14]. However, the optimum threshold value is usually
obtained via optimization algorithm, which is not applicable
in the case of dynamically changing user locations and cluster
topology. Therefore, in this study, we propose to apply the
Delaunay Triangulation [38] from CG to help decide the
adjacency relationship and thus circumvent the threshold op-
timization problem. The Delaunay Triangulation is a classic
triangulation method with linearithmic time complexity. For
the given three vertices in V/, if the circle circumscribing them
does not contain any other vertex, the Delaunay Triangulation
is satisfied and the result of such triangulation is denoted as
DT(V). We apply Delaunay Triangulation on the centroids.
If there is a triangle edge connecting two vertices, these two
vertices are regarded as neighbors. In this way, the adjacency
relationship, or E of graph, can be determined without using
the threshold.

The reason why DT(V') can be used to define the adjacency
relationship is explained below. There are several character-
istics of DT(V), among which the most important one is
that it can maximize the minimum angle and avoid sliver
triangles (triangles with extremely acute angles) [38]. This
characteristic enables allocating the same color to more distant
vertices, and therefore, fits well in IC. We take vertices 1-4
in Fig. 4 for illustrating this point. In Fig. 4(d), we provide
two triangulation results for the vertices 1-4. DT(V'), which
is the left one, defines the vertices 1 and 3 as neighbors,
while non-DT(V') defines 2 and 4 as neighbors. Thus, using
DT(V) can assign the same color to more distant vertices.
The interference becomes weaker on average if the pathloss is
higher. Because the pathloss is proportional to d~%, where d
is the distance between the transmitter and receiver, and o is
the pathloss exponent, the more distant vertices usually have
weak interference with each other.

Furthermore, other characteristics of DT(V') are also worth
mentioning. Firstly, the nearest neighbor graph (NNG) has
been demonstrated to be a subgraph of DT(V) [38], and
because the nearest neighbors usually provide the strongest
interference, it can be ensured that the strongest interference
will be mitigated. Another characteristic of DT(V') is that the
change of any one vertex will only affect its nearby triangles,
while the far located vertex’s triangulation results remain
unchanged. Because of this characteristic, adding or removing
several vertices has no effect on the far away vertices, thereby
maintaining the system scalability [38].

Because of the structural advantage of triangles, the graph
constructed by DT(V') can cope well with the case when M,
the restricted maximum number of colors, is greater than or
equal to three. However, during the application of RCGCA,
M may be set to any value. When M = 2, we need to extend
further on the basis of the adjacency relationship determined
by DT(V) to construct the bipartite graph.
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In the graph coloring problem, M = 2 is known as the
2-colorable problem, and the bipartite graph is proven to be
2-colorable [39]. Based on the undirected unweighted graph
G, we introduce weights and further construct the undirected
weighted graph G’ = (V' E’, W'), where V', E’, and W'
denote the set of vertices, edges, and weights, respectively.
The weights are determined based on the distance between
the centroids in this study.

Based on graph G’, minimum spanning tree (MST) [38]
is applied to construct the bipartite graph. MST is a spanning
tree with minimum sum of weights. Because the weights are
defined as distance and the pathloss is inversely proportional to
distance, MST connects the paths where the vertices interfere
the most with each other. The upgrade of graph construction
is illustrated in Fig. 4(f) and Fig. 5(g). The case of M = 2
is necessary and its effectiveness will be explained in Section
VI, where it will be used in the 15 layer of IC.

MST is a subgraph of DT(V), and the Prim’s algorithm or
Kruskal’s algorithm [40] can be used as faster approaches to
solve MST on the basis of DT(V'). The application of MST
has been considered mainly in adhoc networks to improve the
connectivity while solving the tradeoff of power conservation
[41]-[43]. It should be noted that to the best of the authors’
knowledge, this is the first time to apply MST to solve
graph coloring-based ICs. In adhoc networks, MST is used
to determine the strongest link of connection. Whereas, in
our case, MST is used to determine the strongest link of
interference between vertices, and interference mitigation is
achieved by breaking these links when different colors are
offered.

In our proposed 2-layer IC framework based on RCGCA,
the clusters will be classified into cell-edge clusters and inner-
cell clusters, and then, colored separately. For the cell-edge
classification method, we propose to construct a convex hull
[38]. The convex hull, which is also a subgraph of DT(V)
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[44], has been used in scenarios such as boundary detection
in wireless sensor networks [45]. The application of convex
hull enables the determination of clusters located near the cell
boundary and classify them as cell-edge clusters.

According to our previous study [46], using CG-based
graph construction can achieve the same good result in defin-
ing E as using the optimized threshold. Therefore, in the case
of dynamically changing user locations and cluster topology,
using our proposed method is considered more feasible com-
pared to using the threshold method. Based on the results of
DT(V) and MST, the adjacency matrix A = (a;;) € RV*N
can be defined as in (1). The adjacency matrix records the
information of V' and E in graph, and is the basis of RCGCA.

1, vertex ¢ and j are connected by DT(V)

dij = {O, vertex ¢ and j are not connected by DT(V") S

B. Details of proposed RCGCA

After the graph is constructed, the GCA is carried out.
The graph coloring problem is a classical combinatorial opti-
mization problem, which usually relies on heuristic algorithms
to obtain sub-optimal solutions developed for engineering
applications. A few mature heuristic, such as largest degree
ordering (LDO), Welsh—Powell, and DSATUR [47] have been
proved to be effective in obtaining high quality solutions.
In this subsection, we use DSATUR to explain how to add
restriction and conditions to heuristic GCA so that it can be
applied to our proposed 2-layer IC framework.

The idea of restriction and conditions are illustrated in Fig.
4. To adapt to the 2-layer IC framework, the 2°¢ layer graph
coloring needs to be done under the condition that a few of the
vertices have already been colored by the 15¢ layer coloring
process. Therefore, the condition of partial pre-coloring must
be added to the traditional heuristic GCA. In Fig. 4(c) and (h),
vertex 6 has been colored in advance. GCA that needs to be
done for a partial pre-colored graph is named as a conditional
GCA 1in this study. In addition to the condition of partial pre-
coloring, in Fig. 4(d), we set a restriction to the total number
of colors M available in the coloring process. The use of the
restricted maximum number of colors decreases the degree
of freedom for vertices; therefore, when M = 3 as shown
in Fig. 4(d), vertex 5 cannot be colored successfully, or in
other words, color collision is unavoidable around vertex 5.
Hence, when the restricted maximum number of colors is
added to GCA, we must solve the problem of minimizing
interference while assuming that color collision cannot be
completely avoided (as shown in Fig. 4(e)).

Adding the color number restriction will lead to color
collision and the existence of color collision will inevitably
cause strong interference. An interesting question is why such
a restriction is introduced in the GCA. To explain this, we
need to start with the following definitions and theorems.

Definition 1: The chromatic number x(G) represents the
minimum number of colors required for graph G. In this study,
it represents the number of narrow sub-bands into which the
system bandwidth is divided.

Definition 2: The degree J,, of a vertex n represents the
number of edges that are incident to the vertex. In this study,
it represents the number of neighbors of vertex n.
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Theorem: For a graph G with maximum degree 9,4z,
Brooks’ theorem [48] states that at most §,,,, colors are
needed, unless G is a complete graph or an odd cycle. Also, if
a heuristic algorithm is applied, x(G) is no more than §,,,,+1
[49].

For a given graph, the traditional vertex coloring problem
considers the use of as few colors as possible to complete
the coloring while satisfying the requirement that neighboring
vertices do not use the same color [50]. In other words,
the traditional GCA aims to reduce x(G); however, for an
arbitrary graph, it cannot guarantee that x(G) is less than
a certain value. In the cellular system with distributed MU-
MIMO considered in this study, the random movement of users
brings great uncertainty to the cluster topology, leading to a
graph with large 0,,,, sometimes. According to the above
theorem, a large d,,,4, can result in large x(G) when heuristic
GCA is applied. However, when IC is conducted, large x(G)
means that the system bandwidth must be divided into many
narrow sub-bands. Although the interference can be mitigated
thoroughly, the link capacity may not be necessarily improved.
Therefore, we allow a certain amount of color collision by
introducing restrictions into the GCA.

The proposed RCGCA is shown in Algorithm 1. We
assume that all vertices that are allocated the same color
belong to one color group. Representing the total number
of vertices by N, k,, denotes a set of vertices in the mth
color group, m € {1,2,..., M}, where M is the restricted
maximum number of colors. The prior coloring result obtained
after the 15¢ layer IC is expressed by the vector ¢ = [c; - - - ci]
with ¢; € {0,1,2,---, M} where ¢; = 0 indicates that vertex
i has not been colored in the 15¢ layer. The proposed RCGCA
is modified based on DSATUR, and all the vertices are first
arranged as v1, vs, ..., vy in descending order of degree § in
steps 1-2, then reset based on the degree of saturation 5 [47]
in step 14 after been colored sequentially in steps 3—13.

During the coloring process in steps 3—13, the conditional
GCA with restricted number of colors M is first conducted
in steps 5-9. For a vertex v;, the setting of the restriction
M clarifies the available color pool, while the prior coloring
results ¢ and adjacency matrix A together decide the pre-
colored conditions; that is, they decide which colors have
been pre-colored by neighbors and thus cannot be used. The
remaining colors with smallest index will then be assigned to
V;.

After performing steps 5-9, a few vertices may remain
uncolored. Steps 10-12 are designed to recolor these uncol-
ored vertices. During the recoloring process, color collision
with one or more neighbors is inevitable. To minimize the
interference among the inevitable color collision, it is better to
assign the same color to the vertices with the least interference
between them. As mentioned before, the interference becomes
weaker on average if the distance is longer, and therefore,
the most distant neighbors should be chosen. Assuming that
the location information of cell centroids and that of cluster
centroids is known to non-RT RIC and each near-RT RICs,
respectively, it is better to assign the same color to the most
distant neighbors.

To find the most distant neighbors, we define a relative
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distance matrix D = (d;;) € RV*N), where

L -

TSN

J=1,j#1 "ij

with d;; denoting the distance from the centroid of cluster

j to that of cluster ¢. Based on D, the recoloring process

(steps 10-12) is performed. The recoloring process allows

the existence of color collision, but minimizes its impact on

interference by ensuring that the color collision happens only
between the most distant neighbors.

Algorithm 1: Restricted conditional graph coloring
algorithm (RCGCA)
Input: A, D,c, M
Output: k,,,Vm e M
1: Initialize &
2: Sort all vertices in decending order of ¢, and set the
obtained vertex set as V.
3: for v; = v1 : vy do
4:  while ¢,, =0 do
5 for m=1: M do
6: if m ¢ co A ) then
7.
8
9

Cy, &M
end if
end for
10: if c,, = 0 then
11: Co; carg max(ﬁ@A(w’:))
12: end if
13:  end while
14:  Reset the vertex set V based on the degree of
Saturation ¢'.
15: Ke,, = Ke,, Jvi
group.
16: end for
(Note that ® denotes the Hadamard product; X &)
indicates the y** row vectors of the matrix X.)

% Assigning the vertex to color

V. APPLICATION OF RCGCA TO 2-LAYER IC
FRAMEWORK

In this section, we explain the application of our proposed
RCGCA to the 2-layer IC framework. The 2-layer IC frame-
work based on RCGCA is illustrated in Fig. 5. The RCGCA
is first applied to the 1 layer as rApp, and then, to the 2"¢
layer as xApp. In the 15¢ layer IC, the available frequency
band will be divided into several sub-bands (named as total
color pool), and the motivation of 15* layer IC is to specify the
sub-color pool that can be used by cell-edge clusters of each
cell. We assume that the number of total color pool is N otal,
Additionally, we assume that the total color pool is divided into
Ngyup sub-color pools, and each sub-color pool has the same
number N4> ~of colors. Therefore, Notal = N5ub 5 N

In the 1%t layer of intercell IC, the non-RT RIC applies
RCGCA-based rAPP for global intercell IC by assigning one
of the sub-color pools to each cell. The results of the sub-color

pool assignment are passed to the corresponding near-RT RICs
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as a guidance information to support the operation of near-RT
RICs in the 2"? layer IC. Thus, when applying RCGCA-based
rAPP in the 15 layer IC, M is set to N,,;. Because the cell
structure is stable in general if the cellular reconfiguration is
not considered, the 1%t layer IC is carried out only once.

In the 27d layer of intracell IC, each near-RT RICs, as
the specific IC executors, perform intracell IC independently
under the conditions of the results of intercell IC in 15¢
layer. Firstly, the cell-edge clusters are colored with the sub-
color pool assigned in the 1% layer to mitigate the intercell
interference. Because the cell-edge clusters are distributed
linearly alongside the cell boundary, the intracell interference
between cell-edge clusters can be eliminated by arranging
Nsub colors sequentially. Then, by setting M to Nl  the
remaining inner-cell clusters are colored by RCGCA-based
XAPP using the total color pool for mitigating the intracell
interference under the condition that the cell-edge clusters have
already been colored.

VI. MONTE CARLO SIMULATION

In this section, we will demonstrate the performance
evaluation of our proposed 2-layer IC framework based on
RCGCA. First, we will describe the construction of a cellular
structure. We will then discuss about the optimized parameter
setting (Ng,, and N24P ) for applying RCGCA to the 2-
layer IC framework. Using the optimized parameter setting,
we perform computer simulations to obtain the link capacity.
We then compare our proposed 2-layer IC framework based on
RCGCA with the dynamic FFR, no IC case, FC framework,

and FD framework to verify the improvement in link capacity.

A. Generation of cellular structure

We consider a normalized area of 5 x 5 over which 3,200
DAs are randomly located and a cellular structure of 25 cells is
constructed. First, K-means algorithm is applied to obtain the
cell centroids using the location information of DAs. Based on
the cell centroids, the cellular structure is constructed by using
the centroidal Voronoi tessellations (CVT) [51]. An example
of cellular structure is shown in Fig. 6. To accurately estimate
the link capacity under the intercell interference environment,
the centermost cell is chosen as the cell of interest.

Inside each cell, user-clusters are formed by K-means
algorithm. The clustering result is also shown in Fig. 6, where
the users in the same cluster are connected to the cluster
centroid by solid lines. The serving DAs are then assigned
to each user-cluster based on the principle of proximity
for conducting cluster-wise distributed MU-MIMO. The DA
assignment results are shown as dashed lines in Fig. 6. Finally,
because ZF precoding [52] is going to be applied, the number
of DAs in each cluster must not be less than the number of
users, and the assignment of DAs is further optimized based
on our previously proposed trading algorithm [53].

B. Link capacity formula

In this section, we evaluate the downlink sum capacity and
user capacity to confirm the performance of our proposed 2-
layer IC framework based on RCGCA. As described in Section
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2"d Jayer: Adaptive intracell interference

Non-RT RIC

Near-RT RIC

coordination by each near-RT RICs under

1%t layer: Intercell interference
coordination by non-RT RIC

System
bandwidth

D —

aun

Total color pool
(4 colors)

Sub-color pool

the conditions of the results of 15t layer

System
bandwidth

Total color pool

(4 colors)
Coloring using the

total color pool

Fig. 5. 2-layer IC framework based on RCGCA.

* Cell centroid @ Cluster centroid
v Distributed antennas e User

—User clusters ——Antenna association

Cell of interest .

Fig. 6. An example of cellular structure with user-clusters in each cell.

V, after applying 2-layer IC based on RCGCA, each cluster is
assigned one color from the total color pool of N/l colors,
and all clusters that are assigned the same color belong to
one color group. Because a different color corresponds to
a different frequency sub-band, the interference exists only
inside the color group. Assuming that the number of clusters
in each cell is N&!, and each cell has the same number
of clusters, the total number of clusters in the service area
can be obtained as NF'! = NI x N,ey. Similarly, the
total number of users and DAs in the service area can be
denoted as N°'@! and N0t respectively. In the m'" color
group, m € {1,2,--- , Nl the numbers of clusters, users,
and DAs are denoted by N¢, Ny, and Ny, respectively.
Furthermore, the i*"* user and j** DA in the k" cluster are
denoted by UF and A;? , respectively. Ny« and Ny are the

number of users and DAs in the k" cluster, respectively.

In a cellular system with cluster-wise distributed MU-
MIMO, the received signal is the superposition of the desired
signal, interference, and noise. The interference comprises
multi-user interference within each cluster and inter-cluster
interference from other clusters (irrespective of being in the
same cell or in neighbor cells) that are assigned the same color.
Because ZF precoding is used for cluster-wise MU-MIMO,
only the inter-cluster interference is considered in this study.
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Coloring with the sub-color
pool assigned in 1% layer

The downlink received signal of user UF can be expressed as

yUf :chi,z)wli:,i) V Pk;ink“F

NC NUZ . .
S SHWE Py g

1=1,lk j=1

3)

where the first, second, and third terms are the desired signal,
inter-cluster interference, and noise, respectively. Note that the
matrices are represented as bold upper case letters and the
superscripts (4,:) and (:,i) represent the i*" row and column
vectors of the matrix, respectively.

In (3), Ty and nyk are the transmit signal and noise,
respectively. Py, and P, are the power allocated to the k** and

Ith clusters, respectively, and can be expressed as
Nykot P
Poot = ——5 “4)
Wk ot ||F

where ||-||  stands for the Frobenius norm. P is the normalized
transmit signal power-to-noise ratio equal to all Py users. P
is set to 0 dB, indicating that the received signal-to-noise ratio
becomes 0 dB when the distance between the transmitter and
receiver is equal to unit length in the normalized area of 5 x
5. Furthermore, W, and W; are the ZF precoder matrices,
which can be expressed as

-1
Wioi=Hio) =HY L (Hy o HY ) (5)

where (-)f denotes the conjugate transposition of a matrix.

In 3), H, € CMu»*Nar is the channel matrix and
H,, € CNuk*Natig the interference channel matrix between
Ny« users of the k" cluster and N4 DAs of the I*" cluster.
H;, and H;,; can be expressed as

h11 hin
Hk = : (6)
hnga o0 BN,
h11 hin ,,
Hy,; = : @)
hno1 o0 AN,
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In (6) and (7), hy,p is given as

hap = \/dap “V10~ 10 2 (8)

where d,, ; is the distance between the a'" user and b*" DA,
« 1is the pathloss exponent, ¢ p is the shadowing loss, which
is characterized by a real-valued zero-mean Gaussian random
variable with standard deviation of o, and z is the Rayleigh
fading gain, which is characterized by a complex-valued zero-
mean Gaussian random variable with unit variance. In this
study, we assume that H;, and H;,; are perfectly known.

The  received  signal-to-interference-plus-noise-ratio
(SINRyx) of the i*" user in the k" cluster is computed by
approxim%ting the sum of inter-cluster interference and noise
as a complex Gaussian process, and is given as

(i) (o) ||
HHk W~ ‘ Py
SINRy. = . i )
NS e X (B W ’ P +1

The U}'™" user capacity Cy7,.[bps/Hz], m'™ color group’s
sum capacity C7. . [bps/Hz], and system sum capacity C
[bps/Hz] are obtained as

[’le = ngz (1 + SINRUk>
i color N i
Cltm = Tph 0" € (10)

Nto{a,l m
_ N
C =y Neoior &

m sum

C. Simulation results

The parameter setting for computer simulation is shown in
Table I. For simulation, a quasi-static environment is consid-
ered, implying that user locations remain the same during their
communication duration. The quasi-static channel is realized
by generating shadowing loss and Rayleigh fading gain for
each user location. The user locations are generated randomly
for 100 times. For each generation of user locations, the
shadowing loss of each user is generated 10 times, and for
each generation of shadowing loss, the Rayleigh fading gain
for each user is generated 10 times. As a consequence, the total
number of channel realizations is 10,000. For each generation
of user locations, clustering and 2-layer IC based on RCGCA
are carried out and the user capacity, sum capacity per color
group, and system sum capacity are then computed using (10)
for obtaining their CDF. N’/ N, ;. and the corresponding

color?

Ntotal will be determined after optimization, as shown in the

following subsection.
1) Parameter optimization
When applying RCGCA to our proposed 2-layer IC
framework, the number of colors N5%® in each sub-
color pool and the number of sub-color pools Ngup
need to be determined. In Table II, nine possible cases
obtained from different combinations of N, j;‘lzr and
Ngyp are listed. The 50% sum capacity (which is the
sum capacity at CDF of 50%) obtained for each case
when eight clusters are formed in each cell is plotted
in Fig. 7. It can be seen clearly in Fig. 7 that the

highest capacity is obtained when N, = N5 = 2.

color
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Fig. 7. 50% sum capacity comparison for different settings of Ng,p and
Nsub
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Total color pool
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\j@“}\ -k
T ]
Q

Fig. 8. An example of coloring result for 2-layer IC framework based on
RCGCA

Accordingly, the restricted maximum number of colors
M should be set to M = Ny, = 2 for the 1°¢ layer IC,
and M = Ntotal = Nsub ' N, = 4 for the 2"¢ layer
IC.

As explained in Section IV, there is a tradeoff between
interference mitigation and capacity improvement. Al-
though increasing the total number of colors N2/l can
achieve better interference mitigation, the transmission
bandwidth is made narrower, and therefore, increasing
N'otal does not necessarily result in a higher capacity.
To restrict the value of Nl N, needs to be re-
stricted first in the 1% layer IC. Therefore, Ny, = 2
is considered to be a good compromise between inter-
ference mitigation and bandwidth reduction. In the 24
layer IC, because the cell-edge clusters are along the
cell boundary, most of the intracell interference among
them can be mitigated by assigning two colors in the
sub-color pool in turn. Therefore, N CS;‘IZT = 2 can be

used for cell-edge coloring. For coloring the inner-cell
clusters, the total available color pool N!%/%! = 4 can be
used. The coloring result with eight clusters is illustrated
in Fig. 8.
2) User capacity comparison

To verify the effectiveness of our proposed 2-layer IC
framework based on RCGCA, we compare it with the
well-known dynamic FFR scheme, 1-color’s case (no
IC), FC framework, and FD framework. We compare
the capacity of cell-edge users and inner-cell users
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3)

TABLE I
SIMULATION SETTINGS

Total numal;:l ’o]fv Z{ﬁ;lm service 3200
Total num:rzraf)g\}lgoir;l in service 2400
Number of clusters in each cell,
Négu 5-11
Pathloss exponent,c 3.5
Shadowing standard deviation, 3
o[dB]
Fading type Rayleigh fading
Number of user location patterns 100
Number of shadowing generation 10
per user location pattern
Number of fading generation per 10
shadowing generation
TABLE II
PARAMETER SETTING
N.sub Nsub 2 3 4
color
case #1 | case #2 | case #3
3 case #4 | case #5 | case #6
4 case #7 | case #8 | case #9

separately when eight clusters are formed in each cell.
From the results shown in Fig. 9, it can be clearly
seen that the dynamic FFR, which aims at improving
the performance of cell-edge users, can significantly
improve the capacity of cell-edge users. However, as a
common result, the improvement is at the expense of the
capacity of the inner-cell users. Whereas our proposed
RCGCA, fair performance can be observed no matter it
is applied to FD, FC, or 2-layer IC frameworks. For cell-
edge users, our proposed 2-layer IC framework based on
RCGCA can achieve 47% of the FC framework when
CDF = 10%, while the FD framework can achieve only
36% of the FC framework. Therefore, compared with the
FD framework, our proposed 2-layer framework based
on RCGCA can achieve a performance closer to the FC
framework.
Sum capacity comparison

In Fig. 10, the 50% sum capacity is plotted as a func-
tion of the number of clusters per cell (varied from 5 to
11). Compared with Fig. 3 in Section II, the performance
of our proposed 2-layer IC framework based on RCGCA
is in between that of the FC and FD frameworks. The
capacity achieved by our proposed 2-layer IC framework
based on RCGCA approaches an average of 89% of the
FC framework capacity, while the FD framework can
only achieve an average of 84% of the FC framework
capacity. In addition, compared with the 1-color’s case,
our proposed 2-layer IC framework based on RCGCA
increases the 50% sum capacity by approximately 37%
on average, while the capacity increase by the dynamic
FFR is only 2%.
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VII. CONCLUSION

In this study, we firstly proposed a 2-layer interference
coordination (IC) framework to be applied under the O-
RAN architecture to jointly mitigate the intercell and intracell
interferences in cellular systems with cluster-wise distributed
MU-MIMO. In the 1% layer, the intercell IC is performed in
a centralized manner by non-real-time RIC and then, under
the conditions of the results of the 1% layer, intracell IC
is performed by each near-real-time RICs in a decentralized
manner in the 2"9 layer.

We then proposed a restricted conditional graph color-
ing algorithm (RCGCA) that can be applied to the 2-layer

/)
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IC framework. The proposed RCGCA is designed to be
applied on a partial pre-colored graph, which enables that
when RCGCA is applied to the 2-layer IC framework, the
requirement that the 2" layer coloring must be done under
the condition of the pre-coloring results in the 1* layer can
be satisfied. Additionally, the RCGCA is designed to restrict
the total number of colors, which enables RCGCA to tradeoff
between improving the capacity due to interference mitigation
and degrading the capacity due to bandwidth partition, thereby
maximizing the link capacity.

We confirmed using computer simulations that the pro-
posed 2-layer IC framework based on RCGCA significantly
improves the capacity compared with the dynamic FFR
scheme. In addition, the proposed 2-layer IC framework based
on RCGCA is able to obtain results similar to the fully cen-
tralized framework with the computational complexity close
to that of the fully decentralized framework.

In the future, we think the performance comparison of our
proposed 2-layer IC framework based on RCGCA in both co-
located MU-MIMO system and distributed MU-MIMO system
will be an interesting future work.
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