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a b s t r a c t

The migration of wireless networking towards the 5G era is distinguished by the prolif-
eration of various Radio Access Technologies (RAT). As no existing technology can be sur-
rogated by another one, the coexistence of today wireless networks is the best solution
at hand when dealing with the incessantly growing user demand for bandwidth. Hence,
in this heterogeneous environment, users will be able to utilize services through diverse
RATs. RAT selection is crucial and must be designed astutely to avoid resource wastage.
In this paper, we consider the downlink of a heterogeneous network with two broadband
RATs: a primary RAT such as LTE, and a secondary RAT such as WiFi. We start by formu-
lating a centralized approach for the RAT selection as an optimization problem. Then, two
distributed approaches are proposed for adequate RAT selection: first, we put forward dis-
tributed heuristic algorithms based on the peak rate perceived by users from available
RATs. Second,we devise a distributed RAT selection schemeportrayed as a non-cooperative
game with a learning-based algorithm to reach the Nash Equilibriums of the RAT selection
game. Extensive simulation results show that the proposed distributed algorithms give ef-
ficient results compared to the centralized optimal approach. The analysis of the simulation
results enables to define pertinent use cases that delimit the scope of the proposed optimal
centralized and distributed approaches.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Every year, the demand in mobile broadband commu-
nications increases spectacularly. Practical solutions need
to be proposed to face this imminent thousand-fold traf-
fic augmentation. To address this challenge, ubiquitous
radio access will be offered by forthcoming 5G heteroge-
neous network deployments. On the one hand, the advent
of mmWave technology and carrier aggregation mecha-
nisms is inevitable to support higher capacity [1]. On the
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other hand, improved spectral efficiency and novel hetero-
geneous network deployments with astute resource shar-
ing are vital to meet the predicted traffic demands for the
next decade.

For increased efficiency, heterogeneous networks will
be self-organized. Operators will profit from the abun-
dance of diverse Radio Access Technologies (RATs) in the
same operating area and devise advanced Radio Resource
Management (RRM) schemes to take advantage of the
available system resources. Hence, RATs will need to be in-
tegrated, with any combination of 3G,WiFi [2], WiMAX [3]
and LTE [4]. As highlighted by the seminal paper [5], het-
erogeneous networks are undeniably presented as a major
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cornerstone of the upcoming 5G networks. The authors
particularly focus on the challenge of integrating differ-
ent RATs. Moreover, the Horizon 2020 [6] European frame-
work programme for research and innovation identifies
that future networks will need to become significantly
more heterogeneous and usemultiple RATs. This challenge
is tackled particularly by the METIS project that lays down
the foundations of 5G networks [7]. In such a heteroge-
neous network, when a new or a handover session arrives,
a decisionmust be astutely made as to which technology it
should be associated with. This is known as RAT Selection.
In such a context, amobile userwill be able to connect con-
currently to different RATs by enabling device support for
carrier aggregation.

The straightforward approach in apprehending the RAT
selection issue is to formulate the problem as centralized
optimization taskwhose objective is tomaximize through-
put or equivalently minimize delay. In order to derive the
expression of the delay, we use an analytical model whose
key feature lies in accounting for the effect of interference
as well as for the physical layer and channel characteris-
tics in an easy and straightforward manner. On the one
hand, the model takes into consideration frequency plan-
ning and scheduling aspects; and on the other hand, it pro-
vides tractable formulas of the end user mean delay.

While optimization models give an insight into the
upper bounds of achievable RAT selection gains, the im-
plementation of these centralized optimal mechanisms
are cost prohibitive in real systems. Indeed, RRM mecha-
nisms studied in the state-of-the-art build upon markedly
lower complexity distributed schemes. Consequently, the
present work is threefold: the first part addresses the RAT
selection issue as a centralized optimization problem. The
second part proposes simple but cost effective and fully
distributed heuristic algorithms. The third part resorts to
non-cooperative game theory to put forward a distributed
algorithm based on replication dynamics where each mo-
bile user selfishly strives to improve its own performances.

Results are validated through extensive simulations in
the practical setting of a geographical area covered by a
global LTE network acting as the primary RAT overlapping
with several local WiFi hotspots acting as the secondary
RAT. This typically corresponds to a WiFi offloading sce-
nario [8]. We begin by examining static scenarios chosen
randomly then assess the algorithms performances in a dy-
namic setting.

The paper is organized as follows. Related work is pre-
sented in Section 2. The system model is described in
Section 3 with adoptedmodels for network structure, traf-
fic, perceived rates, and cost function. The optimal central-
ized RAT selection scheme is formulated in Section 4 as a
non linear optimization problem. The heuristic distributed
approach is explained in Section 6. Furthermore, the RAT
selection policy performances are assessed in a realistic dy-
namic setting. The game theoretic distributed approach is
explained in Section 7 and a realistic distributed algorithm
based on replicator dynamics is explained in 7.1 to reach
the Nash equilibriums of the RAT selection game. Finally,
in Section 8, simulations were conducted in a dynamic set-
ting to compare all formulated approaches.We conclude in
Section 9.

2. Related work

The need to fully profit from the large number of cur-
rently available RATs is the main driver behind the grow-
ing relevance of heterogeneity for future 5G networks. The
subject is not only a hot topic for the scientific commu-
nity but also for the related standardization bodies that are
duly specifying procedures to support the interoperability
between heterogeneous networks. In fact, the IEEE 802.21
group has defined [9,10] a framework to enable seamless
handovers between RATs.

In the state-of-the-art, two approaches are proposed
to tackle the RAT selection problem. First, the centralized
approach where the network performs resource allocation
in a way to satisfy all mobile users. Second, the distributed
approach where mobile users strive to improve their
performances on their own.

2.1. Centralized approach

The centralized approach is studied in [11–17]. In
[11–13], a Semi-Markov Decision Process (SMDP) is pro-
posed to find the optimal RAT selection that maximizes
a long-term reward function. Besides load conditions and
user spatial distribution, the authors in [13] have also con-
sidered different service classes. Recently, the paper in [14]
proposes an optimal Joint Call Admission Control approach
for initial RAT selection for heterogeneous wireless net-
works composed of two co-located networks supporting
two different service classes. The framework of SMDP is
used to formulate the problem as a joint call admission
control and RAT selection problem thatmaximizes the sys-
tem capacity while selecting the RAT that consumes the
least amount of energy. AMarkovmodel for users’ network
selection in a heterogeneous network is introduced in [17]
that accounts for users’ mobility, the quality of service, and
the price charged by the operator for a given RAT.

Authors in [15] devise a utility-based resource man-
agement framework with multiple client classes distin-
guished by means of a risk-averse utility function. The
optimization problem was not solved; instead simple
heuristic algorithms were planned to approximate the op-
timal solution in a narrow set environment. In [16], various
wireless networking scenarios embracing diverse tech-
nologies and operators are modeled as an optimization
problem, using a utility function, able to modulate the
weight given to multiple merit parameters (connectivity,
preferred operator, handover, link quality), which reflect
the requirements of both the network and end-users.

2.2. Distributed approach

The distributed approach is tackled in [18,19]. In [18],
a measurement-based network selection technique that
estimates QoS information by bootstrap approximation
is proposed. Unnecessary handovers between RATs are
filtered using Bayesian estimation and cumulative sum
monitoring. In [19], a distributed RAT selection scheme
based on utility function and integer linear programming
is proposed, taking into account bandwidth, packet
loss, delay and energy information. Unfortunately, it is
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