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Abstract: Ultra-dense radio access network (RAN) with distributed multi-
user multi-input multi-output (MU-MIMO) is considered as a promising ap-
proach to improve the coverage and link capacity. However, its prohibitively
high computational complexity impacts its further extension and application.
Our previous work has proved that forming users/antennas clusters can greatly
alleviate the computational complexity, but the inter-cluster interference is
produced, thereby reducing the spectrum efficiency. In this paper, we propose
a graph coloring algorithm-based inter-cluster interference coordination for
ultra-dense RAN with distributed MU-MIMO. It is confirmed by computer
simulation that our proposed algorithm can improve both the sum capacity
and the user capacity compared with no coloring case.
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1 Introduction

The millimeter wave band is utilized in 5G systems due to the shortage of available
radio bandwidth, but its rectilinear propagation nature easily causes the occurrences
of radio link blockage. In order to improve the coverage and link capacity, the ultra-
dense radio access network (RAN) with distributed MU-MIMO is highly expected.
However, a large-scale MU-MIMO, which deals with a large number of users and
antennas, has a problem of high computational complexity and therefore, there is a
need to find a computationally efficient solution [1].

In our previous study, we proposed a 2-layer clustering algorithm that can group
nearby users and antennas into clusters in each base station (BS) coverage area
through K-means algorithm [2]. Through this way, the large-scale MU-MIMO can
be divided into several cluster-wise small-scale MU-MIMOs, and the computational
complexity can be reduced to a practical level. Besides that, the same frequency will
be reused in clusters, so the spectrum efficiency will be improved. In each cluster, the
zero-forcing (ZF) based cluster-wise MU-MIMO is performed, so the interference
inside each cluster can be eliminated. However, the introducing of clusters will bring
in a new severe interference between clusters, named inter-cluster interference (ICI),
which may offset the spectrum efficiency improvement. Therefore, interference
coordination method aimed at mitigating the ICI is also required.

In the similar small cell networks, where the interference coordination is also
highly required, one promising idea is to apply graph coloring algorithm to allocate
different colors (equivalent to allocate different frequencies) to the small cells to
avoid strong interference. Similar to [3] and [4], graph coloring algorithm can be
used to divide the small cells into different color groups so as to avoid sharing the
same frequency among those who are close to each other.

In this paper, we will introduce graph coloring algorithm into ultra-dense RAN
with distributed MU-MIMO, and propose an interference coordination algorithm
named restricted color number (RCN) algorithm. Here, we utilize Delaunay trian-
gulation [5] to decide the interference graph from the view of graphics instead of
setting threshold in advance. Also, we restrict the maximum number of colors to a
certain value in order to improve the utilization of the limited bandwidth.

The rest of this paper is organized as follows. The system model and our proposed
RCN algorithm is described in Section 2. The link capacity is evaluated by computer
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simulation in Section 3. Section 4 offers the conclusion and future plan.

2 Graph coloring-based interference coordination algorithm

Figure 1 (a) illustrates the sketch graph of our system. For computer simulation,
we assume a normalized square-shaped BS area of 1 by 1 in which 128 antennas
and single-antenna users are randomly located, one case of 96 users are shown in
Fig. 1 (b). In [6], we have already proved that the user-based clustering method
jointly used with graph coloring is less affected by the antennas’ location and can
provide more stable result than antenna-based clustering method. Therefore 2-
layer (user-based) clustering algorithm is applied in this paper, and the 8 clusters’
clustering results for Fig. 1 (b) is shown in Fig. 1 (c).

Fig. 1. The system model description and the clustering results
for 96 users, 128 antennas and 8 clusters

Once the clustering results is obtained, our proposed RCN algorithm can be
applied. Our RCN algorithm consists of 2 steps and its flowchart is illustrated in
Fig. 2. The maximum number of colors (M) is set initially so as to make sure that
the bandwidth will not be divided into too many narrow parts. The 1st step is the
modified graph coloring process which assigns different colors to neighbor clusters
to eliminate the severe ICI. The graph coloring algorithm in this step is modified
by introducing Delaunay Triangulation (see Sect. 2.1). Since we apply the user-
based clustering method, the cluster topology may change according to the change
in the users’ location in each trial. Therefore, the actual number of colors (A) is
uncontrollable and may exceed M at some probability. If it happens, the 2nd step of
recoloring process (see Sect. 2.2) will be activated. The cluster whose A exceeds M
will be recolored as the least interfered cluster, thereby make sure the total colors
will not exceed M .

2.1 Modified graph coloring process
The graph coloring problem can be simplified as an undirected graph G = (V,E),
in which V denotes vertices and E denotes edges. Since our clustering algorithm
ensures there are no overlapping regions among the clusters, V can be regarded
as a set of cluster centroids, while the edges E always represent the interference
relationship.

Before graph coloring, the interference relationship among clusters needs to be
decided. It is preferable to introduce the threshold as a criterion to judge whether
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Fig. 2. RCN algorithm

the two clusters are interfered or not. As the threshold, Euclidean distance [3] or
interference level [4] can be used. However, how to set the threshold is a problem.
Furthermore, the complicated environment of distributed antenna system makes it
even tougher to find an optimum threshold value. In our system, the most severe
interference is produced between neighboring clusters, thus to a certain extent, the
interference relationship can be simplified as the neighboring relationship. In this
paper, we introduce Delaunay Triangulation [5] into our algorithm to decide the
neighboring relationship from the view of computational geometry and to avoid the
use of threshold value. Delaunay triangulation is a way to generate triangles based
on a set of discrete vertices that can avoid sliver triangles (a triangle with one or
two extremely acute angles). If there is a triangle’s edge connecting two centroids,
these two clusters will be regarded as neighbors and cannot share the same color.
Fig. 2 (a) shows the interference graph and the coloring result for Fig. 1 (c). The
value of A equals 4 for this case.

2.2 Recoloring process
The 1st step can guarantee a good interference mitigation results since no neighboring
clusters share the same color, but the value of A is uncontrollable. The link capacity
[bps/Hz] is given as© IEICE 2021
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Capacity =
1
A

log2 (1 + SINR) ≈ 1
A

log2 (SINR) . (1)

The more colors been used, the narrower bandwidth each color group could share,
which in turn may lead to a lower link capacity. Therefore, in order to improve the
utilization of the entire bandwidth, the maximum number M of colors needs to be
restricted.

For the case in Fig. 1 (c), if the initial setting M = 3, the condition A > M is
satisfied and the recoloring process is activated, so the cluster index 1 and 2 need
to be recolored. In order to minimize the ICI, the best solution is to choose the
least interfered cluster and use its color. Therefore, we introduce a parameter named
relative pathloss Di j to search for the least interfered cluster j for cluster index i:

Di j =
d−γ
i j∑N

j=1, j,i d−γ
i j

, i, j = 1 ∼ N, (2)

where di j denotes the distance from the cluster j’s antenna’s centroid to cluster i’s
user’s centroid, N is the number of clusters, and γ is the pathloss exponent.

3 Monte Carlo simulation

In this paper, we evaluate the downlink capacity when cluster-wise MU-MIMO
with ZF precoding is used. The antenna locations are kept unchanged (as shown
in Fig. 1 (b)), while the users’ locations are changed every trial. The transmit
power for each user is set so that the received signal-to-noise ratio becomes 0dB
when the distance between the transmitter and receiver is equal to the side length
of square-shaped BS area. The propagation channel is assumed to be composed of
the distance-dependent pathloss, log-normal shadowing loss, and Raleigh fading.
The pathloss exponent and the shadowing standard deviation are set to 3.5 and 8dB,
respectively.

Figure 2 plots the 50% sum link capacity and 10% user capacity as a function
of the number of users when the number of clusters equals 8 (note that x% capacity
is defined as the value of capacity below which the capacity falls at a probability
of x%). The range of the number of users is from 8 (each cluster has at least one

Fig. 3. Comparison of downlink capacity as a function of the
number of users.

© IEICE 2021
DOI: 10.1587/comex.2020XBL0160
Received November 4, 2020
Accepted November 24, 2020
Publicized December 2, 2020
Copyedited February 1, 2021

103



IEICE Communications Express, Vol.10, No.2, 99–104

user) to 128 (to satisfy the ZF requirement). The link capacity for each number of
users is obtained by carrying out 10,000 trials. From the results in Fig. 3, when the
number of users is more than half of the number of antennas, the effectiveness of
graph coloring algorithm over no coloring case on capacity improvement is obvious.

4 Conclusion

In this paper, we verified the effectiveness of graph coloring to mitigate the inter-
cluster interference in ultra-dense RAN with cluster-wise distributed MU-MIMO,
and proposed a restricted color number (RCN) algorithm. We introduced Delaunay
triangulation to decide the neighboring relationship from the view of graphics and
then described how to restrict the maximum number of colors in order to avoid
excess division of the bandwidth. From the link capacity evaluation, we recommend
to apply graph coloring algorithm when the number of users is more than half of the
number of antennas in practical application.

For future research, we are going to introduce machine learning into our algo-
rithm and expand our research into multicell system.
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