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ABSTRACT

We address the femtocell clustering together with the resource allocation in macro-femtocell networks.
The clustering schemes allow the implementation of distributed approaches that can run locally within
each cluster. Nevertheless, several limitations should be addressed for dense femtocell deployment, such
as: lack of clustering schemes that encourage femtocells to grant service to public users and to become
cluster members while guaranteeing their subscriber satisfaction, inefficient bandwidth usage due to the
lack of bandwidth adaptation per tier when the cluster configuration changes, and lack of power control
mechanisms to reduce interference. In this paper, we propose a distributed clustering model based on a
cooperative game, where femtocells are encouraged to cooperate by forming clusters and rewarded with
resources from macrocell. Our solution consists of: a cluster formation based on a coalitional game among
femtocells and the macrocell to determine the subcarrier distribution per tier, a base station selection for
public users and a resource allocation algorithm using Particle Swarm Optimization. We compare our
solution with a centralized clustering approach and our cooperative clustering model using the well-
known Weighted Water Filling resource allocation algorithm. Simulation results show that our proposal
obtains throughput values similar to the centralized approach, satisfies the service requirements for both

types of users and reduces the interference in comparison with the benchmark models.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Femtocell (FC) technology has been used to solve the main
limitations of the traditional cellular networks, such as: poor in-
door coverage, degraded signal at cell-edge, offloading traffic and
the inefficient use of spectrum. However, there are still several
challenges such as base station (BS) selection, resource allocation,
power control and interference mitigation due to the dense de-
ployment of femtocells.

Femtocells are connected to the mobile core network by means
of an Internet backhaul (e.g. DSL connection) [1]. A femtocell sup-
ports all cellular standard protocols such as CDMA, GSM, WCDMA,
LTE, WiMAX, and also all the protocols standardized by 3GPP,
3GPP2 and IEEE/WiMAX [2].
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In a macro-femtocell network, mobile users are classified as
public users (PUs) or subscribers (SUs). The public users are the
traditional users of the wireless network while the FC subscribers
are the authorized users that can connect to their own femtocells.
Three access control modes are defined for the public users access
to FCs. These are the closed, open and hybrid access modes [1].
In closed access mode, only FC subscribers can connect to their
femtocells and these users get full benefit of their own FCs. How-
ever, the network capacity is limited and the interference caused
by FCs to nearby macro users is increased. Open access mode al-
lows any mobile user to use FCs, which requires a tight coordina-
tion between the macrocell (MC) and FCs. Hybrid access mode al-
lows public users to access FCs but FCs reserve some resources for
their own subscribers. Valcarce et al. [3,4] demonstrated that the
hybrid access mode outperforms the closed and the open access
modes due to its ability to reduce the interference while guaran-
teeing the performance of their own subscribers.

The resource allocation problem for macro-femtocell networks
was proved to be NP-hard due to the non-convexity of the signal-
to-interference-plus-noise ratio (SINR) [5]. In the literature, some
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centralized approaches have addressed different challenges such
as interference mitigation [6] and resource allocation [7] for non-
dense FC deployment. Nevertheless, these solutions require global
knowledge in real-time and long running times which make these
approaches unfeasible for dense deployment.

The complexity of the resource allocation problem is still a
very challenging issue for dense femtocell deployment. Recently,
FC clustering schemes have attracted the attention of researchers
in order to reduce this complexity. The main goal is to form FC
groups that allow the implementation of distributed resource allo-
cation approaches within each FC group. The majority of these ap-
proaches focuses on FCs deployed in the closed access mode (e.g.
[8]), despite the benefits of the hybrid access mode.

To the best of our knowledge, there are no related works that
dynamically change the bandwidth allocated per tier taking into
account the offloading traffic from macrocell and the cooperative
femtocell networks. The main issues that need to be addressed
when combining clustering and resource allocation for the hybrid
access FCs are: (1) the bandwidth starvation in macrocell or clus-
ter, (2) guarantees for the FC subscriber transmissions; and (3)
inter-cluster interference mitigation.

The limitations of the previous works can be summarized as
follows:

« Lack of appropriate clustering schemes that encourage FCs to
grant service to the public users while guaranteeing the quality
of service of FC subscriber transmissions without depriving the
macro user transmissions.

+ Lack of dynamic bandwidth allocation per tier when the public
user distribution changes with the cluster configuration.

« Lack of appropriate FC power control mechanisms to reduce not
only co-tier interference but also inter-cluster interference.

To overcome these limitations, we propose a distributed clus-
tering model using a game theoretical framework for cooperation
between macrocell and femtocells that is able to determine the
amount of MC resources (i.e. subcarriers) that can be allocated to
the femto-tier without depriving macro user transmission of re-
sources. Our cooperative game determines first the top-coalition
C* formed by a set of femtocells and the macrocell such that FCs
maximize their subscribers satisfaction and the network operator
maximizes the satisfaction of the public users. Then, other coali-
tions are formed using a fair portion of the allocated bandwidth
to femto-tier. Finally, a distributed resource allocation algorithm is
run locally within each cluster. The objective of this algorithm is
to maximize the cluster throughput. We use Particle Swarm Op-
timization (PSO) technique for the resource allocation algorithm
due to its ability to obtain a satisfying near-optimal solution while
speeding up the optimization process.

1.1. Motivating example

In this section, we use a motivating example to demonstrate
that all entities of the macro-femtocell network (i.e. network,
macrocell, femto-tier, clusters and femtocells) can effectively en-
hance their throughput by means of the clustering.

Fig. 1 shows a macrocell with eleven deployed femtocells
(FCq1,FECy, ..., FCyp) represented by houses. Each FC is serving one
subscriber (i.e. a total of 11 subscribers) and 17 public users are
located within the FCs’ vicinity. We assume equal demand for sub-
scribers and the public users (e.g. 1Mbps). The macrocell has 22
available channels for both tiers and each channel reaches a max-
imum data rate of 1Mbps if it is not reused. Spectrum partition-
ing approach [9] is assumed among tiers. This means that a dedi-
cated number of subcarriers is allocated for each tier. The number
of subcarriers allocated to the femto-tier should satisfy at least the

FCCoverage FC Interfering
Area (Pima) FCy  Area (Pomax)

wj) FC Subscriber
& Public User

Closed Access FC

Fig. 1. Network model: FC;, FG,, ..., FCjp work in the hybrid access mode and be-
come cluster members, FC;; works in closed access mode.

average demand requested by FCs, £u5v that is defined as the sum
of FC's data rate demands divided by the FC number.
The network utility can be defined as the sum of all user data

rates:

UN="> a"R"+ U (1)
ieMS

where the first term corresponds to the throughput delivered by

macrocell m and the binary variable o™ indicates if user i is served

by macrocell m. UT is the femto-tier utility, which is the sum of
the data rates of the users served by FCs and is given by

urr =" S uc+ Y RY, )
ceC feFe feFsa

where F, FF%, C are the sets of femtocells in coalition or cluster
¢, stand-alone femtocells, and clusters, respectively. The first term
in (2) represents the sum of clusters’ utilities, U¢, and the second
term is sum of the stand-alone FCs' utilities. The cluster utility
is estimated as the sum of data rate of both type of users being
served by cluster members (i.e. 3 fcpc (R£U + Rgu)).

R{,U represents the sum of the data rate of public users being
served by the femtocell f, ie. Y"1V a/R/. R]; corresponds to the
sum of the data rate of the subscribers of femtocell f, i.e. "3V aif le .
Rl.f is the achievable data rate offered by femtocell f to user i and

ozif is the binary variable indicating the allocation of user i to the
femtocell f. Finally, FC's utility is given by

fpf fpf ;
ZajRj+ZociRi f in a cluster
jePU ieSU
uf=1{”*

T S

ieSU

3)

otherwise

Let us consider three scenarios: (i) FCs work in closed access mode,
(ii) FCs work in hybrid access and they are cooperative forming
clusters of equal size, and (iii) FCs work in hybrid access but they
form clusters of different size.

In the first scenario, each FC serves only its own subscriber be-
cause of its closed access mode. To reach the maximum data rate
provided by a channel (i.e. 1 Mbps), dedicated channels are allo-
cated to the users such that the cross-tier and co-tier interferences
are avoided. Thus, the femto-tier needs 11 channels to satisfy the
total demand required by subscribers while the macro-tier needs
17 Mbps (1Mbps per PUs) to fulfill the PUs demand. However,
the available channels are not enough to satisfy the total users’
demand. To maximize the femto-tier throughput, the macrocell
should allocated 11 channels to the femto-tier, grant access to 11
PUs and block 6 PUs. Table 1 summarizes the channel distribution
per BSs and their respective utilities. Table 2 shows the through-
put values for the scenarios with coalition. In the second scenario,
9 FCs (FCy,...,FCyy) choose to form three clusters of equal size
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Table 1
Scenario with no coalition.
BS Utility BS Utility  BS Utility
(um, U U uf
m 11 FCy 1 FCg 1
F¢; 1 FCs 1 FCy 1
FC, 1 FCs 1 FCpp 1
FCs 1 FC; 1 FCyy 1

Femto-tier utility, UT: 11
Total network utility UN: 22
Available channels: 0

while FC; and FCy; work in the closed access mode. The macrocell
rewards with one additional channel to each FC belonging to clus-
ters. These two channels can reach the maximum data rate ow-
ing to the fact that the clusters are far from each other and the
inter-cluster interference can be considered negligible. Each cluster
reaches an utility of 6 Mbps and the femto-tier utility is 20 Mbps
using only 6 channels. The femto tier serves 9 public users and 11
subscribers while the macrocell serves 8 public users. The macro-
cell and network utilities are equal to 8 Mbps and 28 Mbps respec-
tively while keeping 8 available channels for new arriving users.
Fig. 1depicts the third scenario where only femtocell FCy; is work-
ing alone and the remaining FCs form three clusters of different
size. Table 2(b) summarizes the utility of the network entities. The
femto-tier utility is increased to 21 Mbps in comparison with the
second scenario, the overall utility is the same while the num-
ber of available channels is lower than the scenario with cluster
of equal size.

In summary, the coalitions allow the network to increase the
throughput by means of rewarding FC with extra resources to grant
service to PU and reduce the power consumption due to the prox-
imity of the serving BSs. There is no gain for subscribers when
their FCs become cluster members through the additional allo-
cated channel but the co-tier interference reduction. This moti-
vates our work to investigate how to reward cooperative femtocells
with additional resources from the unused channels in the network
to improve the subscribers satisfaction. For example, three addi-
tional channels could be easily allocated to FC clusters in the sec-
ond scenario and the FCs can increase the subscriber throughput
to 2Mbps and still keep some available channels for new arriving
users.

1.2. Contributions

We propose a new framework that consists of three compo-
nents: a distributed clustering model, a BS selection algorithm for
public users, and a distributed resource allocation. In particular,
our contribution is a model that provides:

- Bandwidth adaptation per tier based on the bandwidth allo-
cated to a top coalition that maximizes the throughput of pub-
lic users of the network.

Table 2
Scenarios with coalition.

- Enhanced subscriber satisfaction and reduction of the inter-
cluster interference owing to the fact that FCs can choose to
join or leave their current coalition depending on their SU sat-
isfaction and the inter-cluser interference.

Improved public user satisfaction by means of a BS selection al-
gorithm, where each PU prefers to be connected to a FC, which
is member of a cluster and provides higher data rate than the
MC.

Enhanced throughput per cluster by means of a cluster based
resource allocation algorithm that maximizes its throughput us-
ing PSO technique.

Moreover, extensive simulations are carried out to perform a
comparison between the proposed solution and two benchmark
models: (1) its modified version using the same proposed dis-
tributed clustering scheme with a resource allocation algorithm
based on the Weighted Water Filling (WWF) applied within each
cluster, and (2) a centralized clustering model proposed in [10].

1.3. Organization

The rest of the paper is organized as follows: Section 2 presents
an overview of related works. Section 3 describes the sys-
tem model and problem formulation. Section 4 presents the
components of the game theoretical framework for cluster-
ing and resource allocation as well as the benchmark models.
Section 5 presents and analysis the numerical results obtained for
the proposed and benchmark models. Finally, Section 6 concludes
the paper.

2. Related work

To overcome the limitations of the traditional cellular networks,
two technologies have been investigated: the integration of WiFi
and cellular networks (i.e. heterogeneous wireless networks) and
the deployment of femtocell networks (i.e. two tier cellular net-
works). Several approaches have focused on the design of inte-
grated WiFi and cellular network such as mobility management
and admission control [11], QoS support for mobile users [12], ef-
ficient data offloading from the cellular to WiFi [13], and energy-
efficient network management [14] to benefit from the heteroge-
neous wireless network.

Regarding the two-tier networks, several resource allocation ap-
proaches have been proposed in the literature. Some approaches
perform bandwidth optimization [15], or power optimization [16].
Other approaches attempt to jointly optimize bandwidth and
power for the femtocell network by means of maximizing of fem-
tocells network throughput [17]. For non-dense deployment, a
dedicated number of subchannels can be assigned to each tier
[18,19] while for dense deployment, the spectrum should be shared
among macrocell and femtocells and interference management
schemes need to be implemented to enhance network throughput,
such as: power control [20], fractional spectrum reuse [21], soft

(a) Equal size clusters

(b) Different size clusters

Cluster Utility Fa Utility  Cluster Utility Fa Utility
(um, U°) v (um, Ue) u

m 8 m 7

{FC,, FCs, FC4} 6 FG, 1 {FCy, FG,, FG3, FCy4}) 8 FCyy 1

{FCs, FCs, FC7} 6 FCyy 1 {FCs, FCs, FC7} 6

{FCs, FCo, FC1p} 6 {FCs, FCo, FCyo} 6

Femto-tier utility, U: 20
Total network utility UN :28
Available channels : 8

Femto-tier utility, UT: 21
Total network utility UN: 28
multicolumn4lAvailable channels : 7
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spectrum reuse [22] and dynamic or opportunistic spectrum reuse
by means of the use of cognitive radios [23].

We addressed the resource allocation problem for non-dense
FC deployment using linear programming(LP) by means of a lin-
ear approximation of the signal-to-noise ratio [24]| or signal-to-
interference-plus-noise ratio [7]. Due to the complexity of the LP
solutions, we investigated alternative meta-heuristic models to find
a satisfying near-to-optimal solution in less time such as genetic
algorithm [25] or Particle Swarm Optimization (PSO) [26]. More-
over, we proposed a centralized meta-heuristic model to address
the problem of joint clustering and resource allocation using PSO
and demonstrated that the obtained results were close to our opti-
mal solution for non-dense scenarios [10]. The disadvantage of our
prior solutions is that they employed centralized approaches either
to solve the resource allocation or the clustering and therefore they
are not suitable for dense deployment.

Recently, game theory has been proposed as a mechanism to
implement distributed cluster based resource allocation algorithm
such as in [27,28, [29]. Abdelnasser et al. [30] propose a semi-
distributed interference management scheme to group femtocells
into clusters aiming at the minimization of the co-tier interference.
In [27], a resource allocation algorithm based on clustering and
quality of service (QoS) for hybrid access mode is proposed. Their
algorithm maximizes the number of satisfied FC subscribers while
serving public users as best-effort service users. These approaches
aim at the maximization of the femtocell network throughput. On
the contrary, other approaches consider that femto users are the
secondary users and they are served as best-effort service users in
the network [31].

In [32], an incentive mechanism to motivates FC owners to
share their FC resources with public users is proposed. This mech-
anism is formulated using game theory where the network opera-
tor seeks to maximize its revenue by determining the revenue dis-
tribution among the FC owners, while the FC owners decide the
amount of FC resources to share with public users. This approach
assumed that femtocells have enough allocated resources to share
with public users, which leads to an inefficient bandwidth usage if
the public user density close to femtocell decreases.

3. System model

We consider a network structure where femtocells are deployed
within the macrocell coverage as shown in Fig. 1. SC denote the
set of available subcarriers in the network. To avoid the cross-tier
interference, the set of subcarriers is split among the two tiers as-
suming the spectrum partitioning approach presented in [18,19].
The physical bandwidth of subcarrier s is denoted by Bs.

For OFDMA downlink (DL) transmissions [33], the Shannon’s
link capacity or spectral efficiency is given by

¥s = loga (1 + SINRS®) (4)

where SINRIS.”‘ denotes signal-to-interference-plus-noise ratio per-
ceived by the mobile user i being served by femtocell k or a macro-
cell m. Since the spectrum partitioning approach among the tiers is
assumed, the spectral efficiency y;5 for macro-users DL transmis-
sions is only affected by the signal to noise ratio, which is given
by:

,m

SNRY™ = ——1——
! P f’m X No

;ie MS,s e SC (5)

For DL transmission in femto-tier, as the allocated subcarriers can
be reused among the cluster, the inter-cluster interference is con-
sidered for the estimation of the SINR as follows:

alkpis.k

SINR}* = —
PL™ % (No + Xheqere) 2perny

;ceCkeFCieMS

(6)
where Pl.s'k is the transmitted power from serving BS k to user i
in subcarrier s, PLf’k is the path loss due to the channel propaga-
tion models for outdoor and indoor environment, and II.S"‘ repre-
sents the interference. The interference source is the inter-cluster
interference and it is represented by the second term of the de-
nominator in Eq. (6).
The propagation models used to estimate the path loss are sim-
ilar to the ones presented in our previous work [7] and are given
as follows:

+30 lo +49, k=m
PL?’k(dB) _ { ) 210 (fe)

10lOg1() (d'k (7)
10 log1o(d:’) + 37, k e FC

where d;, is the distance from BS k to user i that should be given
in meters for FCs and kilometers for MC, fc is the carrier frequency
adopted by the macrocell (in MHz), w, is the outdoor/indoor at-
tenuation factor is assumed to be equal to 3.7 or 3 for outdoor
and indoor environments, respectively, in accordance with the car-
rier frequency [34].

ik

3.1. Problem formulation

The proposed model aims at maximization of the two-tier net-
work throughput defined as the sum of achievable user data rates
in the overlaid macrocell and FCs being grouped into disjoint clus-
ters. Then, the objective function is formulated as

S sy Y5 Gwlsy )

ie{MS} se{SC} ce{C}ie{MS} fe{FC} se{SC}
where € is the vector of binary variables and e; defines the FC

membership. & and B are the vectors that represent user base sta-
tion association and bandwidth allocation per user, respectively.
In other words, o is the vector composed of the binary vari-
ables, aif, a/" described in Section 1.1 and B8 comprises binary vari-

ables ﬂf'f, that indicate if subcarrier s is allocated to user i in
femtocell f.

This objective function is subject to the upper bound for trans-
mitted power per BS:

Z Zalk[:;s,k < P’;l'otal (9)

ieMS seSC

where vector P consists of power allocations per user Pfk ke{m,
FC}. MS and SC are the sets of mobile stations and subcarriers, re-
spectively, C is the set of disjoint FC clusters, and y; is the spectral
efficiency given in (4).

Exhaustive search could be applied to find the optimal cluster
configuration, which means performing the joint BS selection and
resource allocation over all possible cluster configurations. How-
ever, an exhaustive search would require long running times since
the number of possible cluster configuration increases exponen-
tially with the number of femtocells [35].

In [36], we presented a centralized cluster formation that aims
at balancing the traffic load of public users. The model attempts
to find the best cluster configuration by means of the evaluation
of the throughput after running the resource allocation algorithm.
If the network throughput is enhanced and the interference level
is reduced, then, the cluster configuration is kept as the new best
cluster configuration.

3.2. Optimization of the cluster based resource allocation problem

Once the cluster are established, the goal of the resource allo-
cation problem within each cluster is to maximize its throughput.
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Thus, the objective function for the cluster based resource alloca-
tion problem is given by

max Y Y ) efafﬁsfyf (10)
PP ey i (MS) se(sC)
subject to:

2 L A=t

ke{m,Fc} se{SC}

SN el = n-

felFe} ie{MS} se{SC}

logy (1 + SINRf‘f) >al By,

:ie MS (11)

> X arp (12)

ie{MS} se{SC}

:ie MS, f e {F},s e {SC}, (13)

Za,kél ;e MS (14)

ke{Fc}

Bix Y Bifys = ok xD; ;ieMS (15)
se{SC}

Constraint (11) is used to avoid the cross-tier interference, which
means that a subcarrier being used in the macro-tier cannot be
used in a cluster. We also assume orthogonal transmission among
the users in a cluster to avoid the intra-cluster interference. Con-
straint (12) indicates that the number of subcarriers allocated to
cluster c (i.e. femto-tier) should be less or equal to the unused
subcarriers in the macro-tier. Constraint (13) guarantees that the
spectral efficiency achieved by user i within a cluster is higher or
equal than a target spectral efficiency. Finally, constraint (14) indi-
cates that one user can be assigned to only one BS and constraint
(15) establishes the lower bound for minimum data rate for public
users, which is equal to the data rate that macrocell can offer to
the user at any given instant. This optimization problem is solved
using Particle Swarm Optimization (PSO) technique as described in
Section 4.1.7.

3.3. Model parameters

For sake of clarity, Table 3 summarizes the notation used in our
model.

4. Game theoretical framework for resource allocation in
macro-femtocell networks

The proposed framework consists of: (i) BS selection for public
users, (ii) clustering and (iii) resource allocation within each clus-
ter. Fig. 2 presents a flowchart of the proposed framework. Initially,
each FC is consider a cluster or singleton coalition (i.e. |C| = |FC|)
working in the closed access mode. This means that each FC serves
only its own subscribers.

4.1. Clustering

Here, we present our clustering approach based on the coali-
tional game theory. The classical coalitional games in characteristic
form are based on the assumption that the value of a coalition can
be computed independently of other coalitions. In our model, the
situation is different because the utility of a coalition depends on
the inter-cluster interference caused by other clusters due to the
resource sharing. Note that we use the terms cluster and coalition
interchangeably.

Our coalitional game is based on formation of a top-coalition
[37]. The top-coalition is the FC group that maximizes the sum of
the data rate of public users in the two-tier network. This coalition
allows our model to determine the bandwidth that should be used
for both tiers. Then, other coalitions can be formed using a fair
amount of bandwidth allocated for femto-tier, which depends on
the PUs demand satisfied by each coalition.

Table 3
Model parameters.
Name Description
Cc Set of clusters
sc Set of available subcarriers
MS Set of mobile users
FC Set of deployed femtocells
PU Set of public users
SU Set of subscribers
S Coalition o Cluster
F, F! Set of FCs per cluster c or h
B Bandwidth per subcarrier
NET Number of subcarriers allocated to femto tier
Ns Number of subcarriers
st Average number of subcarriers required by FCs
N s Number of subcarriers used for PU in the coalition S
N s Number of subcarriers used for SU in the coalition S
NET Number of subcarriers allocated to femto tier
PT““” Total transmitted power in BS k
pexs Maximum transmitted power per subcarrier in BS k
T Coverage radius of the BS ke {m, FC}
0, Om Attenuation factor of indoor and outdoor environments
Ve Spectral efficiency for subcarrier s in BS k € {m, FC}
Wy Outdoor/indoor attenuation factor ke muUFC
fe Carrier frequency adopted by the MC (in MHz)
No Average thermal noise power
ue, U, UN Utility of cluster c, femto-tier, and macro-femtocell
network
D; Data rate demand of mobile user i
RSfU sum of data rate of subscribers served by FC f
R, sum of data rate of public users served by BS ke {m, FC}
dix Distance from BS k to the user i
ok User i is assigned to BS k
e; Femtocell membership of the cluster ¢
,BI.‘"" Subcarrier allocated to user i in BS k
Pf"" Transmitted Power in DL transmission between BS k and
the user i
[ Start J
+

Initialize each FC as
cluster

Neighborhood
Discovery
|
2

| BS Selection for PU |

Load Coalitional
Game for Clustering

Cluster

+

’ Determine the ‘

‘ VWAF based RA per ‘

average Interference

1%

FC leaves coalition
" Ithreshold

| PSO based RA per ‘

Cluster

Fig. 2. Game theoretical framework.

4.1.1. Coalition formation game fundamentals

Since coalitional game modelling is a natural way of doing clus-
tering in a multi-agent environment and this paper addresses the
FC clustering in a macro-femtocell network, we introduce the no-
tions from coalitional game theory in this section.

Definition 1 (Game). A coalitional game is defined as the pair
(N, v) where A is the set of players, and function v is defined for
each coalition C € A, v(S) as a real number representing the util-
ity that coalition S receives. This utility can be distributed in any
arbitrary way among the players in the coalition.
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Definition 2 (Preference relation). A preference relation, denoted
by >;, is a reflexive, complete and transitive binary relation on
S;={Se2Wl:ies), where S, T eV. The strict preference and
the indifference relation are denoted by >; and ~; respectively
(8T [S=T and

and S~; T < [S=; T and T »; S]).

Definition 3 (Partition). Partition 7 := Sw, ..., S € T (N) is a way
of allocating the society of n players into disjoint non-empty coali-
tions Sy, .., Sy that defines a coalition structure (CS). Coalition
structure 7 = {S1, Sy, ..., Sk} is a partition of A/, where K < |V
is a positive integer and C, #¢ for any ke 1,2,..., K. UI,f:l Sk=N,
and ;NS =9 for any k,1 €1,2,...,K and k#1. The collection of
all coalition structures in A is denoted by IT(N).

Definition 4 (Top coalition). Given a non-empty set of players V <
N, a non-empty subset S €V is a top-coalition of V if and only if
S>; T foranyie S and any 7 €V with i € 7. A coalition forma-
tion game satisfies the top-coalition property if and only if for any
non-empty set of players V € N, there exists a top-coalition of V
[37].

4.1.2. Coalitional game for FC clustering

In our coalitional game, the set of players includes the subset
of available FCs and MC (i.e. A’ = {FC} um) and the function v is
defined for each coalition S or FC cluster FC® is given by

hes B
keS “yy
REy Rhy
Vm +Zke5 Y5

0 otherwise

x (Ns—N{) |s|>1

v(S) = (16)

where N{ is the initial number of subcarriers allocated for FC
subscribers transmission as the average number of subcarriers re-
quired per femtocells, which is given by:

N — Y jeire) Ry 1vs
5 |FC| x Bs

where Bg is the bandwidth per subcarrier. Femtocells in stand
alone mode are allowed to reuse this set of subcarriers. Note that
a coalition S is equivalent to the definition of cluster F* given in
Section 1.1. From now on, we will use S instead of the set F-.

The utility in (16) represents the resources gained by the coali-
tion and should be divided between the coalition members (i.e. FCs
and MC). The top coalition is the one that maximizes v(S) for the
macrocell and the set of FCs in the coalition S. The information
available at each decision point of the game is the set of candidate
FCs and their demand. We assume that each femtocell is able to
collect the needed information about the corresponding data rate
demand of nearby PU and neighboring FCs by means of the cogni-
tive pilot channel mechanism [38].

We use the same idea as the dynamic coalition formation pro-
posed in [39], where the payoff of each player in a characteristic
form is not defined. The characteristic function provides a worth
for the coalition, and each player claims a share of this worth. If
the claims can be met, each player gets it, otherwise, each player
gets the worth it would get if it were to form a single coalition.
We assume fair subcarrier allocation between the coalition mem-
bers. Therefore, the payoff of any player (MC and FCs) kS is

b x v(S)
e (18)

1=bwlS) k=m

(17)

¢I< (S) =

where b is a value between [0,1] that represents the portion of the
available subcarriers used by the femto-tier. The number of avail-

able subcarriers for public users can be determined as:
NV = (Ne — NY) (19)

The first step of the coalition formation process is to determine the
top-coalition that maximizes the sum of the PU data rates, guaran-
teeing their subscribers satisfaction and avoiding the starvation of
resource in the macrocell. It is assumed that the macrocell is the
major player and takes precedence over the other players (femto-
cells) because the wireless resources belong to the mobile opera-

tor. Therefore, public users served by FCs in coalitions can use the

R . . R . NPU
unused subcarriers in the macrocell, which is given as bTFiCsl

At each step (i.e. each time new public users arrive), the avail-
able actions for the femtocells in stand alone mode are to stay as
singleton coalition or to join any established coalition that maxi-
mizes its payoff without depriving the utilities of the coalition and
the coalition members. The available actions for the femtocells in
a coalition are either to stay or leave the current coalition. If the
average perceived interference per subcarrier is higher than the in-
terference threshold, then, the femtocell decides to leave the coali-
tion and acts in the stand-alone mode.

Within a coalition, the femtocell payoff corresponds to the extra
resources for their own subscribers based on the offloaded traffic
from the macrocell. Thus, the payoff received by FCs depends on
the sum of public user data rates (i.e. Zf u ozl.f Rif ). FC subscribers
can access the initial number of allocated subcarriers per femto-

cell st plus the remaining resources that public users did not use
in the coalition S, Ay x (b x NV —NPU ). The parameter A; con-
siders the data rate granted to the public user by femtocell f in the
coalition S and is given by:

D feS 2icPU O‘if Rif

It is important to notice that FCs choosing to stay in the closed ac-
cess mode can increase their throughput if their neighboring FCs
become members of a cluster due to the inter-cluster interference
reduction. This is owing to the fact that number of FCs sharing the
initial number of subcarriers allocated to the femto tier is reduced.
To mitigate the inter-cluster interference, we propose to perform
power control using two different maximum transmitted power
thresholds per FC in order to reach the target spectral efficiency
for the users. One threshold for users inside the FC coverage area,

Pl.fmax, and another threshold for users in the interfering area of the

(20)

femtocell, P,{max, as shown in Fig. 1.

4.1.3. Coalition formation algorithm
The proposed strategy aims to find the best partition of play-
ers, containing a top-coalition S* of femtocells and the macrocell
and several coalitions of femtocells (S;). Note that the top-coalition
is the one that maximizes the sum of achievable data rate of pub-
lic users in the network. This allow the model to determine the
bandwidth allocated to macro-tier and the femto-tier cluster. Top-
coalition S* may change over time when new public users arrive
or depart. The coalition formation is described in Algorithm 1.
The complexity of Algorithm 1 is evaluated by simulations in
Section 5.4 in terms of the running time required by the cluster-
ing scheme.

4.14. Cluster head selection

The cluster head is responsible for the clustering formation.
This means that the cluster head is responsible for searching fem-
tocells working in stand-alone mode and invite them to join the
cluster such that the inter-cluster interference can be reduced. If
the invitations are accepted, more resources from the macrocell



170 K. Rohoden et al./ Computer Networks 138 (2018) 164-176

Algorithm 1: Coalition formation algorithm.
begin
Initial State of Femtocell:
Each FC is a cluster, i.e. |FC| = |C|.
Each FC computes its payoff ¢;(C, 7y).
Neighbor Discovery:
for f < C do
L f collects RSSI of the neighboring FCs using measurement

reports from its active users.
Each FC f keeps a list of neighboring FCs, Neighbor!.
Coalition Formation
Step 1 - Base Station Selection
Run Algorithm 2
Step 2 - Coalition Formation
for each f € F** do
for each j e Neighbor! that are CH do
Coalition S; computes the its throughput gain with the
using Algorithm 3
If ¢7(S; U ) > ¢;(S;)S; sends the estimated throughput for
f being
a member of the coalition

. SU.S;
Sf <« max]-Rf
5;2 « S”} uf

FSCI (_FSﬂ\f

Step 3 - Top Coalition Selection
for each S; € Ty do
L Run Al’gonthm 3 (WWEF based resource allocation algorithm)

TC « maxjey (R”,J +RY)

FT _ NPU Vi
NS Nused S + NS

Step 4 - Cluster Head Selection
for each S; € my do
L CH < maxycs; |Neighborf N F5@|.

SU
S +N

used,

Step 5: Cluster based Resource Allocation
for each S; € Ty do
L Run Al’gorlthm 4 (PSO based resource allocation algorithm)
Step 6 - Interference Control per FC
for each S; € Ty do
for each f € S; do
f computes I; using (29)
If Ifr > Iinreshota (30)

f leaves the coalition S; (S; < S;\f
F9 —Fsay f

can be granted to the cluster. Therefore, our model selects the fem-
tocell with the highest number of neighbors outside of its coalition
as a cluster head, which is responsible of sending the invitations to
the nearby stand alone FCs. Moreover, the cluster head is also re-
sponsible of the resource allocation.

The required information exchange among the cluster head and
other femtocells can be done via the wired backhaul link. For
convenience, we assume that the wired backhaul communication
meets the tight demands for reliable and low latency communica-
tion to avoid a negative impact on the proposed framework. How-
ever, this issue can be investigated as a future work and is out of
the scope of this paper.

4.1.5. BS selection for public users

Public users can be close to several FCs that belong to differ-
ent clusters and our objective is to select the BS that can allocate
the highest data rate. Thus, the required information for this se-
lection is the data rate demands of public users and the link rate
conditions between the surrounding FCs and the MC. First, each
public user sends its data rate demand to each nearby FC that in
turn sends this information to its cluster head. Second, the cluster
head processes the WWF based resource allocation algorithm and
returns to FCs the estimated subcarriers allocation for the users
and then each FC returns the achievable data rate to the public

user. Finally, each public user sorts the possible data rates in de-
scending order and sends a request to the femtocell with the high-
est data rate. If the BS with the highest data rate has no available
capacity (in terms of number of connected users), the public user
sends the request to the next BS in its list. This procedure for BS
selection for public users is described formally in Algorithm 2.

Algorithm 2: BS selection for public users.

Data: PU Set of public users, FC Set of Femtocell, m represents
Macrocell,
User Locations (X;, Y;), FC Locations (X, Yy), Demands(D;)
Result: (A!) BS selection
begin
Sort PU in decreasing order by their weighted demand (D;);
for each i ¢ MS do
Determine the set of neighboring FCysr with higher link rate
than the macrocell.
if FCyser! = 0 then
Sort FCyser in decreasing order by: link rate, available
capacity, available resource in its cluster, available number
of FC to be connected to the cluster.
Assign user to the first femtocell f in the ordered list.
Olif ~1;
Increase the number of public users on FCs.
Nby <Nl +1;
Reduce the available capacity of femtocell f.
else
Assign user to the macrocell.
(X{" «~1;

4.1.6. WWEF based resource allocation per cluster

WWEF is an algorithm that fairly allocates bandwidth based on
users’ data rate demands [15]. In this case the users are sorted in
ascending order according to their data rate demands. The weights
used in the proposed WWF based algorithm are given by

D:
w; = l 7 (21)
2 pels) Lieqms) i Di

Then, pieces of bandwidth are allocated sequentially to the

users in several rounds until the available bandwidth is exhausted

or the last user data rate demand is satisfied. The WWF based re-
source allocation is presented in Algorithm 3. Since the PSO ap-

Algorithm 3: WWF algorithm per cluster.
Data: Bandwidth assigned to femto-tier (B?‘),

Set of users assigned to femtocell in cluster f e S (MSS)
Result: Data Rate and resources allocated per user ((Tf), (B!
begin
Sort MS¢ according to the bandwidth required divided by the total
required bandwidth;
while i € MS® do

MS> MS)

required , k—1 m i—1 f
Pl min [ b -1 BP - T b
i ’

wif ’ ZMS,f wf

for j=i— |MSS| do
while b; is not satisfied and By and Pf are not exhausted do
| bkt wlp
J it

J

p/ < min (SNRtthOPL,.f , min (P, P;eS));

| Calculate the data rate using Shannon Law’s Capaciy, Tf

proach takes longer computation time than the WWF approach,
we propose to apply the pre-processing of the offered data rate for
public users within a cluster using WWF algorithm. Then, once the
BS selection for the public users is finally made, the final resource
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allocation is carried out using the PSO based resource allocation,
which is described in Section 4.1.7. For the comparison purposes,
we also run simulations using this algorithm as the final resource
allocation within each cluster.

4.1.7. PSO based resource allocation per cluster

We propose the Particle Swarm Optimization technique for
solving the optimization problem, defined by Eqs. (10)-(15) pre-
sented in Section 3.2, since this technique has been proven to ob-
tain a satisfying near-optimal solution while speeding up the opti-
mization process.

PSO is a population-based search approach that requires infor-
mation sharing among the population members to enhance the
search process by using a combination of deterministic and prob-
abilistic rules. PSO algorithm uses two vectors that determine the
position and velocity of each particle n at each iteration k. These
two vectors are updated based on the memory gained by each par-
ticle. The position xﬁ“ and velocity vﬁ“ of a particle n at each
iteration k are updated as follows:

Xt — xk 4§k, (22)

U = vk + (P = x5) + cara (- x6). (23)
where §; is the time step value typically considered as unity [40],
plocal and pﬁl"b‘” are the best ever position of particle n and the best
global position of the entire swarm so far, and r; and r, represent
random numbers from interval [0,1]. Moreover, parameters w, ¢;
and ¢, are the configuration parameters that determine the PSO
convergence behavior. The first term of Eq. (23) corresponds to the
inertia of particle i which is used to control the exploration abili-
ties of the swarm. Large inertia values produce higher velocity up-
dates allowing the algorithm to explore the search space globally.
Conversely, small inertia values force the velocity to concentrate
in a local region of the search space. The second and third terms
of Eq. (23) are associated with cognitive knowledge that each par-
ticle has experienced and the social interactions among particles
respectively [41]. The convergence of PSO is guaranteed if the fol-
lowing two stability conditions are met:

0<(c1+c)<4 and

In order to apply the PSO technique to our optimization prob-
lem, we define vectors b and P to represent the location of each
particle n in our search space. These vectors represent the allo-
cated bandwidth and transmitted power per user, respectively. The
dimension of each vector is equal to the cardinality of the set mo-
bile users in the vicinity of cluster, i.e. |[MS®|. We use two different
velocity vectors (vp, vp) to update the particle location in each it-
eration and they are updated using Eq. (23).

PSO algorithm is formulated as an unconstrained optimizer. One
way to accommodate constraints is to augment the objective func-
tion with penalties proportional to the degree of constraint infeasi-
bility. The main concern with this method is that the quality of the
solution depends directly on the value of the specified scaling pa-
rameters. For that reason, we use a parameter-less scheme, where
penalties are based on the average of the objective function and
the level of violation of each constraint during each iteration [40].
Therefore, penalty coefficients are determined as

YgR

where f(x) is the average objective function, g(x) is the average
level of I, constraint violation over the current population and CP

cpr = (0] (24)

is the number of constraints [40]. Then, the fitness function is de-
fined by

f&.

if XX is feasible

*(x) — cp
Jreo= fO&) +) cpg(xy). otherwise (25)

=1
and g(x¥) is determined as
g(xy) = max (0, [g; (x)]))- (26)

Accordingly, the average of the fitness function for any population
is approximately equal to f(x) + | f(x)].

The PSO parameter-less scheme is used to solve minimization
problems and our objective is to maximize the cluster throughput.
Therefore, we need to convert our maximization problem into a
minimization problem. There are several techniques for such con-
version [42]. We use a simple one, in which the original objective
function defined by Eq. (10) is subtracted from a large number Q so
the objective function for our PSO based resource allocation (RA)
model is determined as follows:

fu®P)=Q— > 3 afbjlog(1+SINR) (27)

ie{MS} e{m,FC}

where Q is a large number (at least twice of the maximum
throughput that can be achieved in a cluster). The binary parame-
ter af is the user-base station association and is equal to 1 if bsp(i)
is equal to k and 0 otherwise as already described in Section 4.1.5.
Following the PSO parameter-less scheme, the fitness function of
our PSO based resource allocation model is defined by

fRA(va)v

* _ cpP
Jia®) = fra(B,P) + > " kig(b,P), otherwise (28)

=1

for feasible solutions

where constraints (11)-(15) are included in ZICL k;g(b,P) to penal-
ize unfeasible solutions. Algorithm 4 presents the PSO based re-

Algorithm 4: PSO based resource allocation algorithm.

Data: MS User Locations (x;, ¥;),
Set of FC member of the cluster (xf,yy),
Users Demands (D;),
BS selection per user (bs;),
bandwidth per cluster (Bc).
Result: Bandwidth and power allocation per user (b;, B).
begin
for each i ¢ MS do

bmax <« 1
: ;
PmX « min (PR, SINRT™ x (No + Ipp) x PL]);

Generate initial swarm with the particle positions and velocities
as follows;
P « pmin + 1y (PMaX _ Pmin);
Vp, < Ir3.bmaX;
Vp < Pmin + r4'(Pmax _ Pmin):
Evaluate Fitness Function;
Determine first global best of the swarm;
while k < Maxiteration do
Update Position;
Evaluate Fitness Function;
Determine best local for each particle;
Determine best global in the swarm and update the best
global;
Update velocity;

source allocation executed at the cluster head that knows the allo-
cated bandwidth per cluster and pre-fixed BS selection per user.
Our PSO based resource allocation algorithm executed by each
cluster head is presented in Algorithm 4.
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4.1.8. Interference control mechanism

Since the proposed solution is distributed, the interference re-
ceived by femtocells in a cluster cannot be estimated before the
resource allocation. Therefore, we propose an interference mitiga-
tion mechanism that allows FCs to leave its current coalition when
the interference levels given by

SfPSf

sk _ Jj
; ZZZPL{,

fe{Fe\k} je{MS\i} se{SC

keS (29)

are higher than the interference threshold denoted as Iiyeshold-
This interference threshold is estimated as the average interference
level received by the subscribers being served by femtocells when
all the femtocells work in the closed access mode:

aq X 2 3 ofr! (30)

fe FC} ie{MS} se{SC}

I[hreshold =

4.2. Benchmark models

In order to assess performance of our proposal, we use two
benchmark models. The first benchmark model (BC-WWF) is a cen-
tralized clustering approach using a WWF resource allocation al-
gorithm within each cluster. BC-WWF model corresponds to our
previous work, presented in [36]. This approach attempts to bal-
ance the traffic load of the public users among the clusters with-
out causing the bandwidth starvation at the macro-tier. The model
consists of three components: (1) a centralized BS selection pro-
cedure that ensures that the traffic load of public users is fairly
balanced among the FC clusters, (2) a WWF based resource allo-
cation within each cluster that maximizes the cluster throughput
and avoids co-tier interference, (3) a cluster formation algorithm
to mitigate the co-tier interference and to balance the number of
FC per cluster. This model tries to merge stand-alone FCs with the
cluster that has the highest available capacity in terms of avail-
able subcarriers guaranteeing QoS subscriber transmission without
exceeding the maximum number of FCs per cluster allowed in a
given period of time. The second benchmark model (WWEF-Dist)
is a modified version of the solution proposed in this paper and
it consists of our distributed clustering model combined with the
WWEF resource allocation algorithm, instead of the PSO based re-
source allocation model, within each cluster.

5. Simulation results

We consider a single hexagonal macrocell with 10 femtocells
and high density public users located near the femtocells. The hy-
brid access policy is adopted for FC if it is in a coalition; oth-
erwise it works in the closed access mode. For each FC, we set
two values of maximum transmit power, Pgt max and P,f , that are
used for users in the surrounding of the FC house or 1n51de the
FC house, respectively. Transmissions are affected by the distance
dependent path loss according to the 3GPP specifications [43] and
the external FC house wall loss attenuation of 3 dB. The number
of available subcarriers is 256 and each one has a bandwidth of
15 KHz. We consider the spectrum partitioning approach, in which
different sets of subcarriers are allocated to the macro-tier and the
femto-tier to avoid the cross-tier interference. All relevant network
and environment parameters are described in Table 4.

The simulations are executed for different number of public
users (increasing from 10 to 60 with 5 user increment) and with
10 FCs deployed within an area of 240 x 80m as illustrated in
Fig. 1. The public users are randomly located within FCs’ vicinity.

The proposed approach motivates FCs to cooperate and become
member of a cluster by means of the allocation of extra subcar-
riers. To show well this feature, we consider only one subscriber

Table 4
Parameter settings.

Network configuration

Name Description Value

Ns Number of subcarriers 256

plotal Transmitted power per MC 60 dBm
proml Transmitted power per FC 10dBm

T, Tf Macrocells and femtocell radius 500m, 20m
05, Om Attenuation factor of indoor and outdoor 3, 3.7

ym, Y5  Spectral efficiency for MC or FC (2,4),6

w; Wall loss penetration -3dB

fe Carrier frequency 2300 MHz
No Noise —174dBm/Hz
|SU| Number of subscribers per FC 1

|PU| Number of public users 5-60

FC Number of deployed femtocells 10

PSO parameters

Name Description Value

c1 Cognitive knowledge parameter 2.0

Cy Social interactions parameter 15

5 Inertia 0.85
——FC 2 ©—FC3 —8—-FC9

FC2 and FC3 form
the Coalition
8 FC S enters in
the Coalition
between
FC2 and FC3

Number of Subcarriers

4 O-0-0600000O000000000000C

o 1 2 3 4 S (<) 7
Time

Fig. 3. Subcarriers allocated for subscriber transmissions in FCs forming the top-
coalition.

per FC with random data rate demand (128 kbps to 1 Mbps) in the
following analysis. With more subscribers per FC, more resources
would be required to satisfy the subscriber data rate demands and
less public users can be connected to FCs, as it was shown in our
prior work [10].

5.1. Analysis of the proposed coalition formation

In this section, we illustrate how the number of FC subcarriers
is increased when FCs cooperate and form a top-coalition and sev-
eral other coalitions. First we focus on the top-coalition and its dy-
namic adaptation caused by new PUs arrivals. This dynamic adap-
tation is illustrated in Fig. 3 where the number of subcarriers allo-
cated to femtocells forming the top-coalition is shown. Initially, the
considered three femtocells, FCs, FC; and FCo, work in the stand-
alone mode and share the same subcarriers allocated to the femto-
tier, st . Note that the number of subcarriers allocated for FCs in
the stand-alone mode is lower than the number of subcarriers al-
located to FC, and FCq because the data rate demanded by FCs's

subscriber is lower than the average data rate demand DSUE

Fig. 3 shows the resulting top-coalition is formed by FC,, FC3
and FCq at time 5. Note that the top-coalition may change with
the arrivals of new PUs. In this particular scenario, a top coalition
was formed before at time 2 by FC; and FCg which can be ob-
served in Fig. 4(a) when the subscribers’ satisfaction increases to
100%. However, at time 3, FC, and FC; form the top-coalition that
maximizes the public users achievable data rate. In this case, FC,
receives extra-subcarriers for its subscriber transmission and FCs
keeps the same number of subcarriers because its subscriber sat-
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Fig. 4. Subscribers satisfaction in FCs belonging to coalition no. 2 and in stand-alone FCs.
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Fig. 5. Subcarriers satisfaction in FC belonging to the coalitions and stand-alone FC.

isfaction was already 100% as shown in Fig. 5(a). FC3’s subscriber
data rate is enhanced by the reduction of the co-tier interference
caused previously by FC,. At time 5, FCy joins the top-coalition and
is awarded with additional subcarriers for its subscriber transmis-
sion. Moreover, the subscriber satisfactions for femtocells FC; and
FCy are improved because of the extra-subcarriers obtained from
the macrocell and the reduction of the co-tier interference caused
previously by FCs. The total number of subcarriers allocated to the
final top-coalition for subscribers transmissions is 26.

Since our model is distributed, we analyze the subscriber sat-
isfactions when the coalitions add new femtocells. Fig. 4(a) and
(b) depicts the subscriber satisfactions for coalition 2 with fem-
tocells FC;, FCg, and FC; and for stand-alone FCs, respectively. We
denote the points where the top-coalition changes in both figures.
Fig. 4(b) shows that stand-alone femtocells are affected when the
changes occur in the coalitions. It can be observed that most of
the changes in coalitions can effectively enhance the subscribers
satisfaction when compared to their initial subscriber satisfactions,
even for the stand-alone FCs.

It can be noticed that the subscriber satisfactions are also af-
fected by the formation of other coalitions in the network. For
example, Fig. 4(a) shows that subscribers transmission in FCg is
severely affected when FC, and FC; form the top-coalition. To
avoid this problem, we propose to implement a splitting mecha-
nism for FCs that have joined any coalition. The idea is that each
member of a coalition evaluates its interference level. If the inter-
ference value is higher than the average value per FC in the coali-
tion, then, the FC chooses to stay in the stand-alone mode and con-
siders joining other coalitions.

Fig. 5(a) presents the subscribers satisfactions for the FCs in
coalition, where the mentioned above preference for leaving a
coalition is applied if a FC senses high interference levels in a given
period of time. In this figure, the legends are separated to indicate
femtocells in the same coalition. After period 5, we can see that
subscriber satisfaction is 100% for almost all FC except for FC,. Af-
ter period 5, the satisfaction of FC, decreases to 85%. This is ow-

PSO-Dist —£— CC-PSO =&—-WWF-Dist

30

Throughput (Mbps)

5 10 15 20 25 30 35 40 45 50 55 60

Number of Public Users

Fig. 6. Network throughput.

ing to the fact that other coalitions cause interference to the top-
coalition due to the resources sharing. However, this satisfaction
value is still higher than the ones obtained by the subscribers in
stand-alone mode FCs that are depicted in Fig. 5(b) or its initial
subscriber satisfaction (i.e. 30%).

In summary, the top-coalition C* is determined as the subset
of femtocells, S, and the macrocell that achieve the maximum sum
of data rate for public users without starving the MC resources.
Then, other FCs form coalitions using a portion of the allocated
bandwidth to the top-coalition while the FC subscriber satisfaction
is guaranteed and inter-cluster interference is minimized.

5.2. Network throughput

Here, we present a comparison between the proposed dis-
tributed clustering model, that uses the PSO based distributed re-
source allocation model, (PSO-Dist) and the WWF based resource
allocation algorithms (WWF-Dist) within each cluster. We also in-
clude the simulation results of our centralized clustering approach
(CC-PSO) [10]. Fig. 6 presents the overall network throughput us-
ing the three models. It can be observed that the centralized clus-
tering approach and PSO-Dist model give similar throughput val-
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Fig. 8. Average interference per subcarrier.

ues for more than 30 users in the network. For less than 30 users,
the WWEF-Dist and CC-PSO models present similar throughput val-
ues while PSO-Dist enhances the network throughput. As stated in
Section 4.1.3, a FC that perceives an interference higher than the
interference threshold can decide to leave its current coalition and
go back to work in the closed access mode. This can be seen in
Fig. 6, where some throughput fluctuations exist for the PSO-Dist
model. These fluctuations reflect the fact that a femtocell belongs
to a coalition temporarily but leaves it taking into account the re-
ceived interference level.

5.3. FC performance metrics analysis

Some femtocell performance metrics are analyzed in this sec-
tion. In particular the average throughput per type of user (i.e.
public user or subscriber) and the average interference per subcar-
rier are presented for both types of femtocells: the ones that form
coalitions and the stand-alone femtocells. Fig. 7(a) and (b) shows
the average throughput of FC subscribers and the public users be-
ing served by femtocells in coalition and in the stand-alone mode
(i.e. the closed access mode).

These results show that the FC subscribers in a coalition can
reach higher throughput than the subscribers served by stand-
alone FCs. This is due to two main features: (1) stand-alone FCs
work in the closed access mode and they do not get extra re-
sources from macrocell since they do not grant access to public
users and (2) the interference in stand-alone FCs is higher than
in FCs that form coalitions. The second feature is illustrated in
Fig. 8. In summary, the simulation results show that the proposed
approach finds the top-coalition while guaranteeing the minimum
level of FC subscriber satisfaction, which is determined by the sub-
scriber satisfaction in a femtocell working in the closed access
mode.

Table 5
Running time for different FC number and high
density of PU.

FC number PU number Clustering
time (s)
10 30 1.81
20 60 6.48
30 90 18.48
40 120 39.78
50 150 89.78
Table 6
Running time.
PU number  Time (s)
Clustering ~ Cluster based RAM
10 1.81 175
20 222 2.65
30 1.62 2.87
40 0 0

5.4. Complexity

Table 5 presents the running times for different number of fem-
tocells and nearby PUs. First and second column represent the
number of femtocells and number of public users close to their
vicinity. The third column corresponds to the time spent on the
clustering formation. We assume that one subscriber is located in-
side each FC and three public users are located in the FC vicinity,
which gives high density of the nearby PUs. We can see that the
running time increases as the number of FC increases.

Nevertheless, we propose a distributed clustering scheme,
which means that the model can select disjoint set of FCs in dif-
ferent areas and solve the problem for the top coalition in each
area. Then, the model selects the one that maximizes the public
users data rate in each respective sector among all the top coali-
tions. If we consider that each sector has 10 FC and that the clus-
tering problem per sector can be solved in parallel, then, the run-
ning time with high PU density is 1.81s.

For the case of one sector with 10 FCs, Table 6 presents the run-
ning times for different public users density. First column repre-
sents the number of public users, the second column corresponds
to the time spent on the clustering formation and the third col-
umn indicates the average running time of the model for resource
allocation within a cluster.

In the initial step, the clustering running time is measured for
the initial coalition formation when 10 public users arrive to the FC
vicinity, then, at the next step (i.e. 10 new PUs arrive), the running
time corresponds to the process of joining the stand alone femto-
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cells to the already established clusters from the previous step, and
so on. We can see that after 30 users the running time of the clus-
tering scheme and resource allocation algorithm becomes 0. This
means that for more than 30 public users close to FC vicinity, nei-
ther the clusters can increase their utility by admitting new fem-
tocells nor the FCs can get extra resources to increase their sub-
scriber satisfactions and the users can keep the allocated resources
from previous step. Finally, it can be observed that the running
time for the resource allocation algorithm is increased when more
users are assigned to each coalition.

6. Conclusions

We propose a game theoretical framework for clustering and
resource allocation in macro-femtocell networks. The proposed so-
lution consists of the FC coalition formation model aiming at max-
imization of the sum of public user data rate and the Particle
Swarm Optimization based resource allocation algorithm that is
executed locally by the cluster head within each cluster. For sim-
plicity, we select the cluster head as the femtocell with the highest
number of neighbors outside of its coalition. The proposed model
is able to determine the best serving BS and the bandwidth and
power allocation for each user taking into account its data rate de-
mand, location and FC proximity. Our solution was compared with
the centralized clustering model. The comparison showed that the
proposed approach presents similar values of network throughput
without reducing the subscribers satisfaction by means of reward-
ing FCs with extra resources for their subscriber transmission. In
the tested scenarios, the subscriber satisfaction is at least 85% for
the femtocells belonging to a coalition while for the stand-alone
FCs it is 60%. Moreover, the proposed solution reduces the inter-
cluster interference and allows efficient bandwidth usage. As fu-
ture work, we propose to investigate other evolutionary compu-
tational techniques for the resource allocation within a cluster to
reduce further the computational time, the evaluation of other
cluster head selection techniques, and the incorporation of inter-
cluster interference models.
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