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ABSTRACT

This paper proposes a clustering strategy for semi-static mul-
ticell cooperation. Semi-static multicell cooperation exploits
multiple predefined base station (BS) cluster patterns for im-
proving cell-edge user throughput. The proposed clustering
guarantees that every user communicates with their two clos-
est BSs, so that users are protected from the dominant inter-
ferer. The key idea of the proposed clustering is to use the
2nd-order Voronoi region to form BS clusters. Each of the
formed BS clusters is mapped into a particular cluster pattern
by exploiting the edge-coloring in graph theory. Through sim-
ulations, the performance is compared to that of other conven-
tional strategies. Our major finding is that the proposed clus-
tering provides performance gains for cell-edge users com-
pared to that of the conventional strategies.

1. INTRODUCTION

One main benefit of cloud-based radio access networks
(Cloud-RANss) [1], featured by distributed base stations (BSs)
connected to centralized processing units, is that it inherently
has an efficient structure for BS cooperation. BS coopera-
tion is a strategy for mitigating inter-cell interference where
the transmission strategy are cooperated, e.g., beamforming,
scheduling, and power control. Since exchanging transmitted
data or sharing estimated channel coefficients between coop-
erating BSs are often needed in BS cooperation strategy, in
conventional cellular networks, an additional core processor
is required to help the exchanging and sharing procedures [2].
In cloud-RANs, however, BS cooperation is rather a default
option due to the centralized structure of processing units [3].

Considering BS cooperation in an entire network, a BS
cluster, defined as a subset of BSs, is indispensable for prac-
tically implementing BS cooperation because cooperating all
the BSs in the network is infeasible due to the unreasonable
amount of overhead [4]. Therefore, it is natural to cooperate
within a cluster. When cooperating with a limited number of
BSs, however, the performance of a user is mainly limited by
unmanageable out-of-cluster interference, especially when a
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user is in an edge-region [4,5]. For this reason, the way of
forming a BS cluster has a substantial influence to the perfor-
mance of BS cooperation approaches.

Dynamic BS clustering [6, 7], where each BS cluster is
formed by each user based on the users’ conditions, e.g., a
distance to each BS and channel quality, is an effective BS
clustering strategy. There are limitations though with dy-
namic BS clustering: the overheads in dynamically forming
the clusters and the high complexity of the user scheduling
[8]. To overcome these shortcomings, in [9, 10], semi-static
BS clustering was proposed. The main concept is to use mul-
tiple predefined cluster patterns so that edge-users can have
a chance to be protected from dominant interference. Since
the BS clusters are predefined, problems caused in dynamic
clustering are relieved. The existing semi-static BS clustering
approaches [9, 10], however, mainly focused on grid network
topologies where the BSs’ locations are regularly placed on a
grid. This network model is far from a practical cellular envi-
ronment, and also it is trivial to design BS cluster patterns in a
regular network topology. In a more practical network model
where BSs are irregularly placed, it is not clear how to form
a BS cluster and how to construct the cluster patterns. This
is mainly because when the network size is large, consider-
ing all the BS clusters jointly is infeasible, which requires a
general rule for making BS clusters and their corresponding
patterns.

In this paper, we propose a BS clustering strategy applied
in irregular network topologies. The main benefit of the pro-
posed clustering is to guarantee that every user in the net-
work is able to communicate with their two closest BSs, so
that users are protected from the dominant interference, i.e.,
the interference coming form the closest interfering BS. The
key feature of the proposed clustering is to use the 2nd-order
Voronoi region, defined as

Va2 (di, d;)
={deR*{||d—d;| <|d—di[}n
(Id —d,l| < ||d—dil}, Vk € ZF, k#4,5}. (1)

The geometric meaning of the 2nd-order Voronoi region is a
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Fig. 1. An example of the network model. This example is
generated by a repulsive point process where a distance be-
tween any two BSs is larger than 1.4km.

set of points that is closer to d; and d; than any other points.
Due to this property, if the BSs located at d; and d; forms
a BS cluster and serve a user in Vs (d;, d;), the served user
is able to communicate with their two closest BSs. Applying
this strategy in whole network, the network plane is tessel-
lated into the 2nd-order Voronoi regions and users in each
region are served by the corresponding BS pair, i.e., a user in
Vs (d;, d;) are served by BS pair {d;,d;}. The formed BS
clusters are mapped into multiple BS cluster patterns so that
they can be used without conflict. To do this, edge-coloring
in graph theory is exploited. For demonstration, the Signal-
to-Interference ratio (SIR) coverage probability is compared
to other conventional methods via Monte-Carlo simulations.

Our main novelty is to propose a clustering strategy that
can be applied in any BS deployment scenario, and in the pro-
posed clustering every user is ensured to communicate with-
out the dominant interference, so that the performance im-
provement of cell-edge users is achieved.

2. SYSTEM MODEL

In this section, we first explain the network model and the
cooperation model. Then we define the SIR metric.

2.1. Network Model

A fixed downlink cellular network where each BS has a single
antenna is considered. The location of BS 7 is denoted as d;
fori € Z* and d; € R?, and a set of BSs’ location is denoted
as N' = {d; € R?|i € ZT}. As in the conventional cellular
system, each network plane is tessellated into || numbers
of the Ist-order Voronoi regions Vi (d;) for d; € N. An
example of the considered network is illustrated in Fig. 1.

2.2. Cooperation Model

It is assumed that a BS pair located at {d;, d; } ford;,d; € N
can cooperate. The reason behind that only pair-wise BS co-
operation is assumed is not only its simplicity, but also that
the pair-wise BS cooperation is considered as the optimal co-
operation size in particular setups. In [11], it was shown that
forming a BS cluster including more than two BSs actually
degrades the spectral efficiency performance when consid-
ering the signaling overheads for estimating channel coeffi-
cients within the cluster. Obviously, this is only true in a fre-
quency division duplexing (FDD) system, while the most of
current cellular systems are operated based on the FDD sys-
tem. When the BS ¢ and BS j form a BS cluster, they ex-
change the data and transmit it to one user, i.e., one user is
served per one BS cluster.

2.3. Signal-to-Interference Ratio

We focus on a user located at u, denoted as the tagged user.
By shifting BS #’s location to d} = d; —u fori € Z*, we
are able to assume that the tagged user is located on the origin
without loss of generality. For simplicity, we write d; as d;
and u = 0. It is assumed that a BS pair located at {dg, d.}
jointly serves the tagged user by transmitting the same data
through the designed precoder. Denoting that &; is the chan-
nel fading coefficient from BS 7 to the tagged user, the pre-
coder of the BS i is designed as v; = h}/|h;| if i € {0,c}.
If i € Z*\{0,c}, v; is independent to the interfering channel
h;. The perfect channel state information at the transmitter
(CSIT) is assumed in this paper. Then, as in [3], the SIR is
given by

I dol| ™" Ho + ||d.| " H.

SIR = — :
Zdq;E./\/’\{O,c} HdZ” H;

2

where H; = |h;v; \2. The SIR coverage probability is defined
as

dol| ™% Hy + ||d.|| 7" H.
[ dol| ™" Ho + [|d| >0

P[SIR > 0] = P -
Ddieanfo,ey 1dill 7 Hi

where 6 is a SIR target.

3. MAIN RESULTS

In this section, we first explain the concept of forming an ef-
ficient BS cluster, which guarantees that a user is served by
the two nearest BSs. Next, we propose how the proposed BS
cluster is implemented with the multiple cluster patterns in a
network. A toy example is exploited for an intuitive explana-
tion, which is subsequently extended to a general network.
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P1 = {Va(do,d1),Va(d2,d3)}
P2 = {Va(doy, d2), Vo(d1,d3)}
P3 = {Va(do, ds), Va(dy,d2)}

3
A=JP
i=1

Fig. 2. The considered toy example where the network plane is
a finite triangular plane .4, and each BS is located at d; for i €
{0,1,2,3}. By using the edge-coloring for the constructed
graph as in Fig. 3, each 2nd-order Voronoi region is mapped
into particular cluster pattern, resulting in that the 2nd-order
Voronoi region whose the shade pattern is same is included in
the same cluster pattern.

3.1. Toy Example

In a toy example, it is assumed that there are four BSs, de-
noted as BS ¢ for ¢ € {0,...,3}. BS i is located at d; as
illustrated in Fig. 2, thereby V' = {d; € A|i € {0,1,2,3}}.
In this network, we tessellate the network plane into the
2nd-order Voronoi regions defined in (1). The tessellated
network plane is also described in Fig. 2. Then, from the
geometric meaning of the 2nd-order Voronoi region, a user
in V5 (d;,d;) has the two nearest BSs pair {BS i,BS j}.
When BS ¢ and BS j form a BS cluster, therefore, a user in
Vs (d;,d;) is served from the two nearest BSs, which guar-
antees that the served user is protected from the dominant
interference. When applying this clustering strategy in the
whole network, however, it is possible that a BS conflict oc-
curs [12], i.e., the situation where more than two users want
to be served from one BS simultaneously. For instance, as-
sume that there are two users, where user 1 is in V5 (dg, d1)
and user 2 is in Vs (dg,d2). Since BS 0 cannot transmit
two data symbols simultaneously, user 1 or user 2 cannot
be served from the two nearest BSs. To avoid this, each of
the 2nd-order Voronoi regions needs be covered by a differ-
ent time-frequency resource. When the 2nd-order Voronoi
regions covered by the same time-frequency resource are
mapped into the same cluster pattern, it is guaranteed that ev-
ery user in the network communicates with their two nearest
BSs without the dominant interference by using the multiple
cluster patterns.

Now we propose how to map each of the 2nd-order
Voronoi region into a particular cluster pattern. The key idea
is to use the edge-coloring in graph theory. Assuming an
arbitrary graph, edge-coloring assigns a color to each edge in
the graph so that any edge sharing the same vertex does not
have the same color with the minimum number of colors. To

d3
732/713\791
P do p,
P.
d1 0 d2

Fig. 3. The graph where vertices in the example Fig. 2 and
edges are made by the Delaunay triangulation corresponding
to the toy example. By the edge-coloring, each edge is as-
signed by the cluster patterns P; for i = {1, 2, 3}.

this end, we construct the graph G (N') corresponding to the
considered network. In G (N), each vertex is the location of
each BS, and each edge is the Delaunay triangulation defined
in M. The Delaunay triangulation in N is defined by the
three following conditions: 1) It is a triangulation of a plane,
2) Each vertex in N is a vertex of a triangle, and 3) The
circumcircle of each triangle should not include any vertex in
N. The following Lemma 1 provides the core feature of the
graph G (N) related to the 2nd-order Voronoi region.

Lemma 1. The 2nd-order Voronoi region Vo (d;,d;) for
i,j € ZT and i # j is not empty if and only if d; and d; is
connected by the Delaunay triangulation.

Proof. See [13] and the references therein. O

By the Lemma 1, when considering cluster patterns
as “colors,” edge-coloring is equivalent to map each non-
empty 2nd-order Voronoi region into the cluster patterns.
Since there is no vertex (BS) sharing the edges assigned
by the same color (the same cluster pattern), a BS conflict
is avoided. Fig. 3 describes the example of edge-coloring
of the graph corresponding to the toy example. It is ob-
served that no vertex has the same colored edges, i.e., the
edges mapped into the same cluster pattern. Exploiting this
edge-coloring, the cluster patterns are constructed as P; =
{Va(do,d1), Va(d2,d3)}, P2 = {Va(do,d2),Va(d1,ds)},
and P3 = {V5(do,ds), V2(d1,d2)}. By allocating different
time-frequency resources to each cluster pattern, no BS con-
flict occurs and therefore every user in 4 is guaranteed to be
protected from the dominant interference.

The required number of colors for edge-coloring is equiv-
alent to the required number of time-frequency resources to
avoid a BS conflict. In this example, since three colors (clus-
ter patterns) are used for edge-coloring, three time-frequency
resources are needed to avoid a BS conflict.
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Fig. 4. The graph corresponding to A/ in Fig. 1. Each vertex
of G (N)is d; € N, and each edge is the Delaunay triangu-
lation.

3.2. General Network

Now we extend the toy example to a general network. The
procedure is equivalent to the toy example case. We first tes-
sellate the network plane R? into multiple 2nd-order Voronoi
regions Vs (di,dj) for d;,d; € N and i # j, and a BS
pair located at {d;, d;} serves a user in V, (d;, d;) by trans-
mitting the same data symbol for the user. To design cluster
patterns, we draw the graph G () according to the Delaunay
triangulation of A/. When A is corresponding to the example
illustrated in Fig. 1, the graph G (N) is drawn as in Fig. 4.
Once G (N) is made, by using the edge-coloring for G (A),
each edge in G (N) is assigned by particular color (cluster
pattern). Since edge-coloring is not restricted to a specific
topology of vertices, the edge-coloring used in a general net-
work is similar to that applied in the toy example, as illus-
trated in Fig. 3. Due to the page limitation, we provide more
rigorous explanations in our extended work [14]. Exploiting
the result of the edge-coloring, different time-frequency re-
sources are allocated to each cluster pattern, and thanks to
this a BS conflict is prevented. With the proposed clustering
strategy, every user in the network is guaranteed to receive the
desired data symbol from two closest BSs without the domi-
nant interference.

Denoting the constructed cluster patterns as P; for i €
{1,..., L} and Ujeqy,.. .3 Pi = R2, L time-frequency re-
sources are required to cover the whole network without a
BS conflict. In contrast to the toy example, however, it is not
trivial to find L in a general case. It turns out that the value
of L is closely related to the chromatic index of the graph
G (N), which is determined by the maximum degree, i.e., the
maximum number of edges connected to a certain vertex in
G (NV). We explore this point further in our other work [14].

One point worth noticing is that although drawing G (\)
and solving the general edge-coloring for G (A) might cause
high computational complexity, the complexity is not an
important issue in the proposed clustering strategy. This is
mainly because the proposed clustering is a semi-static BS

cooperation, where the exploited BS cluster and the cluster
patterns are predefined. Since the proposed clustering only
depends on the BS geometry, unless the BSs’ locations are
changed, the designed BS cluster and cluster patterns are
preserved irrespective of the instantaneous channel condition.
Conventionally, the BS geometry would not be changed on
the order of months or years.

4. SIMULATION RESULTS

For the simulation, we use the same network model with the
example described in Fig. 1. To generate this network model,
we first drop each BS by a homogeneous Poisson point pro-
cess with density A = 3 x 10~7 per m?2, and perform depen-
dent thinning for each point if a distance between two points
is less than 1.4km. This mimics the actual BS deployment
scenario where each BS is implemented with a guard distance
to prevent that BSs are located very close together. Although
the particular network model is considered for the simulation,
one should note that the proposed strategy is not limited by
specific network topologies. The proposed clustering can be
applied in any network topology regardless of the distribution
of BSs. We assume that the tagged user is uniformly dropped
in the network and we shift d; — u for d; € N, where u is a
location where the user is initially dropped. By this construc-
tion, the tagged user is located on the origin. The pathloss
exponent /3 is set to be 4, which is a typical value for a ter-
restrial wireless environment [11]. The channel coefficients
are assumed to follow Rayleigh fading, so that H; follows
the exponential distribution with unit mean. For performance
comparison, two baseline methods are considered, i.e., single
cell operation and fractional frequency reuse. In single cell
operation, each BS serves its own user without interference
management technique. In fractional frequency reuse, one
of two orthogonal sub-bands is randomly allocated to each
cell [15], so that approximately half of the total interference
affects to the performance of the tagged user. Monte-Carlo
simulations are performed by 10 x 103 times.

The simulation result for the SIR coverage probability of
each case is illustrated in Fig. 5. As observed in Fig. 5, the
proposed clustering provides better SIR coverage probability
in the low SIR regime. Specifically, at § = 0dB, the proposed
clustering has the performance gain of 12.5% compared to
fractional frequency reuse, and 23% compared to single cell
operation. The performance gain comes from the fact that
with the proposed clustering, the tagged user is ensured to be
protected from the dominant interference, while in fractional
frequency reuse, there is a non-zero possibility that the tagged
user is exposed to the dominant interference. Combined with
this fact, in the low SIR regime, one dominant interference
has significant effect to the SIR performance. From these two
reasons, although the number of the total interfering sources
is clearly smaller in fractional frequency reuse, the proposed
clustering is able to provide the better SIR coverage in the
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Fig. 5. The SIR coverage probability depending on the SIR
threshold # when 3 = 4 and each channel coefficient follows
Rayleigh fading.

low SIR regime. This can be concluded into the following
statement: By using the proposed clustering, cell-edge users
whose the SIR threshold is conventionally low, have benefit
of the SIR coverage performance.

5. CONCLUSIONS

In this paper, we propose a semi-static clustering strategy to
guarantee every user to communicate their two nearest BSs
without the dominant interference. The key idea is to use the
2nd-order Voronoi region for forming an efficient BS cluster,
and to exploit the edge-coloring for mapping each BS cluster
into cluster patterns for implementing the BS clusters while
avoiding BS conflicts. Through the simulation, we demon-
strate that the proposed clustering provides the SIR coverage
gain compared to other methods for cell-edge users.
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