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Abstract— The design of an efficient radio access selection
mechanism for 5G cellular networks is of paramount importance.
Several proposals exist in the literature, but up to now the
deployed systems are still using simple mechanisms mainly
related to the evaluation of the RSS to make a handover decision.
However, this is an inadequate solution for 5G networks. In this
paper, we describe a novel multi-criteria handover scheme, we
provide details on solutions for acquiring the necessary
contextual information and we describe the algorithm to select
the most appropriate RAT. Our solution is based on the use of
fuzzy logic controllers for combining diverse inputs (such as a
user’s mobility, the load of the candidate base stations etc.) The
efficiency of our mechanism is evaluated through appropriate
simulations. The results related to throughput, delay and the
number of the executed handovers clearly show the merits of our
proposal when compared to a well established LTE handover
algorithm.
Index Terms—Fuzzy Logic, LTE, RAT selection, handover

I. INTRODUCTION
During the past years a significant effort has been placed to
improve the selection mechanism for cellular networks that
support heterogeneous Radio Access Technologies (RATs)
([1]-[4]). However, up to now these proposals have not been
deployed in commercial cellular systems. The reason for this
is twofold. Firstly, it was not clear how a viable holistic
business case (e.g., for 3G systems and WiFi) could be
applied. Secondly, there were several technical issues (e.g.,
security, charging, seamless integration of technologies etc.)
that needed to be tackled before the adoption of integrated
solutions by the operators.
With the evolution of the 3GPP standards, several of the
obstacles are now being removed and the topic of RAT
selection mechanisms needs to be revisited. 5G systems
promise to support bandwidth-consuming terminals in ultra
dense environments and to meet their needs they require the
best exploitation of the available radio resources. In the near
future, any User Equipment (UE) will be able to camp, initiate
a session or handover to another macro/micro (e.g., LTE
eNBs), pico cells (e.g., Femto cells) or to a different RAT
(e.g., GSM, UMTS, HSPA, LTE, WiMAX, Wi-Fi).
3GPP has worked towards different RAT integration
solutions that depend upon whether the core network is a
UMTS Core network (I-WLAN – [5]) or an Enhanced Packet

Core (EPC) network ([7], [8]). In this paper we focus in the
latter category. The new standards, introduce trusted and nontrusted access networks mainly from the point of view of the
operator. Thus, they require additional security mechanisms,
they provide connections of the Policy and Charging Rules
Function (PCRF) to gateway functions and they define the
Access Network Discovery and Selection Function (ANDSF [9]). The ANDSF functionality enables the operator to store
policies for the discovery and selection of RATs in a server
and communicate them to UEs via push or pull methods.
These policies may also contain discovery information for WiFi hotspots.
For the interworking between 3GPP and non-3GPP
networks mobility of IP-Flows among them is defined.
Mobility maybe handled differently depending if the IP
address of UE is preserved (seamless) or not (non-seamless),
or if it is handling on per IP-flow or on a per UE basis.
Different mobility solutions take into consideration the use of
the GPRS Tunneling Protocol (GTP), Proxy Mobile IP (PMIP)
or Dual Stack Mobile IP (DSMIP). In all cases, the mobility
process is triggered by the UE and not by the network,
although efforts are underway to standardize network initiated
mobility. Furthermore, as described in [11], a number of
protocols (e.g., Local IP Access – LIPTA, Selected IP traffic
Offload - SIPTO, Multi-Access PDN Connectivity MAPCON, IP Flow Mobility -IFOM) are designed for flexible
traffic steering.
At the same time, the Wi-Fi Alliance has defined in the
context of Hotspot 2.0, the means to assist in the selection of
WiFi hotspots and address security issues that today are
complex and non-transparent to the users. Hotspot 2.0
provides the means to communicate to the UEs information
such as the load of access networks, the roaming partners
information, etc., without the need for the terminal to associate
itself to an AP.
The WLAN_NS working item of 3GPP ([12]) is working to
Enhance 3GPP solutions for WLAN and access network
selection based on Hotspot 2.0 and ensure that data, i.e.
Management Objects (MO) and policies provided via HotSpot
2.0 and ANDSF are consistent. This alignment of ANDSF and
HotSpot 2.0 provides an excellent basis for the
complementarity of ANDSF and Hotspot 2.0, as well a
number of multi-operator scenarios that can be supported. In
[13], a rather exhaustive list of possible scenarios is presented,
where cellular operators and wireless Internet service
providers can cooperate and allow UEs to roam among them.
It is envisaged that in 5G networks several small cells (i.e.,
micro-cells, pico-cells, femto-cells) will be available and the

connections of a UE may be handed-over to HeNBs ([14]),
while things can be even more complicated when integrated
Femto-WiFi solutions are also supported. An interesting
survey of operational scenarios and solutions can be found in
[15].
From the abovementioned analysis it is clear that current
standards and solutions enable the operators to deploy flexible
solutions where data flow can be handled, even on a per
session basis, using various RATs. Also, a lot of effort has
been spent to communicate an operator’s RAT selection
policies to UEs. These technical enablers pave the way for a
new generation of RAT selection mechanisms, which is
required for the realization of 5G networks. In this paper we
take advantage of these enablers to design and evaluate a new
mechanism that operates in LTE environments where WiFi
APs are also deployed by the operator or by Wireless Internet
Service Providers (WISPs). To the best of our knowledge the
use of these enablers and the specific information they provide
in 5G networks has not been previously examined in the
literature.
The rest of the paper is organized as follows. In section II
we briefly discuss related mechanisms that have been
proposed during the past years. We also explain why the
adoption of fuzzy logic to support the decision making process
was made. Section III presents the RAT selection mechanism
and provides the fuzzy logic rules we have designed. In
section IV, we provide simulation results and we evaluate our
mechanism based on comparisons with the standard LTE HO
mechanism. Finally, we conclude our paper in section V and
we provide ideas for possible extensions of our mechanism.
II. RELATED WORK
Over the last decade a plethora of mechanisms has been
developed for enabling the selection of the most appropriate
RAT ([1], [2], [4]). In principle, all mechanisms collect
information about a combination of parameters like the
monitored RSS, the available bandwidth, the mobility and the
power consumption of a terminal, the monetary cost from
using a wireless network, the security and the user
preferences. In [1], a significant number of papers is analyzed
and categorized in the following groups: RSS based, QoS
based, decision function based (e.g., utility functions, cost
functions, Multiple Attribute Decision Making –MADM
schemes), intelligence based (e.g., fuzzy logic, neural
networks schemes ) and context based schemes.
All categories have advantages and disadvantages. Overall,
fuzzy logic schemes are a good choice for the problem we
study. They have better performance compared to simple RSS
or QoS based schemes. Their behavior is better, compared to
decision function based schemes (e.g., MADM), when the
monitored parameters contain imprecise data. Also, fuzzy
logic mechanisms can be used as a supporting-tool for context
based schemes. Finally, today’s smartphones can easily
support fuzzy logic schemes based on their capabilities (e.g.,
processing power, memory etc.).
During the past decade, a significant number of fuzzy logic

based mechanisms can be found in the bibliography.
Indicatively, in [17] the authors propose a scheme that takes
into consideration the sensed RSS and the predicted RSS and
they combine it with the velocity of the UE to determine if a
handover is necessary or not. As a next step they use fuzzy
logic and combine as input the current RSS, the predicted RSS
and the available bandwidth, in an environment where UMTS
and WLANs are deployed, to get as output the most suitable
RAT.
In [18], the authors collect information about the available
bandwidth, the service delay, the charging information, and
the UE power consumption and assume the use of GPS to
adapt the monitoring rate of these data. Using fuzzy logic,
they manage to compute the best RAT for the UE. In [19], a
fuzzifier is provided with information related to the
bandwidth, the jitter the BER and the delay to decide if a
vertical handover is needed or not. Then, for the RAT
selection, the Analytic Hierarchy Process (AHP) is used to
evaluate the quality of each network and the cost of every
RAT.
To the best of our knowledge, there is no work related to 5G
cellular systems where macro cells will be present alongside
pico cells and WiFis. This is because existing fuzzy logic
related research proposals focus on UMTS and WLAN
networks. Also, previous papers do not describe how the
contextual information is being collected from the involved
components. This is crucial since the acquisition of multiple
parameters may place a heavy burden to the network
infrastructure. Finally, previous authors do not base their work
on a realistic business case thus, they have to take into
consideration too many or too few input parameters for their
mechanisms.
In the following section we describe our mechanism based
on a specific business case, we provide viable solutions on
how the contextual parameters can be collected without
affecting the network infrastructure and we focus on a typical
5G cellular system deployment.
III. THE RAT SELECTION MECHANISM
The proposed RAT selection mechanism aims at enabling the
UEs to identify the most suitable RAT to associate with in a
specific area (e.g., a shopping mall, a stadium, etc.) where a
cellular operator co-exists with WISPs with whom it has
roaming agreements as suggested in [13]. The mechanism is
applicable for users of 5G smartphones that support a number
of RATs. The UEs monitor contextual information about the
RSRQ, the load of all (H)eNBs and APs and their backhaul
load, the speed of the UEs and they are aware of the sensitivity
to latency for each application executed by a subscriber. Then,
using Fuzzy Logic Controllers (FLC) each UE evaluates
available RATs and identifies the most suitable one for every
application; afterwards it performs a session initiation or a per
flow-handover using existing 3GPP mechanism described in
the introductory section.

In the proposed scheme, the UEs collect information from a
local instance of ANDSF (Local ANDSF - L-ANDSF) as
suggested in [13] about the policies of the operator for
accessing WiFis in the area, as well as information from
Hotspot 2.0 protocols to evaluate the status of WiFi APs (e.g.,
number of users associated to the AP, the load of the backhaul
link of the AP etc.). We extend this concept by assuming that
the L-ANDSF may contain similar information (i.e., number
of associated users and load of the network link) for every
(H)eNB in the area. This requires appropriate logical

Medium or High) only when thresholds are violated so as to
minimize the required signaling exchange. The mobility
pattern of a UE can be monitored either from the
accelerometer of the smartphone, or as 3GPP suggests, from
the number of the cell relocation actions that have been
executed. Finally, the categorization of applications based on
their sensitivity to latency can be extracted by a UE
connection manager, from the well-known port numbers of the
applications.

Fig. 1. RAT selection algorithm

interfaces from the (H)eNBs to the ANDSF. These nodes can
update L-ANDSF in a coarse manner (e.g., Load is Low or

A. Description of the algorithm
In figure 1, we present the algorithm we designed for
selecting the most appropriate RAT per application/session.
The user initially defines, either on a per service basis (e.g.,
http traffic to be handled only by free WiFi) or collectively
(e.g., use always the RAT that minimize the energy
consumption), his preferences. Then, five triggering events
may occur namely: new information from Hotspot 2.0 is
received (e.g., a WiFI AP is now unloaded), new information
from the ANDSF (e.g., an HeNB is loaded) is received, a
significant change on the terminal status is noticed (e.g.,
battery level is falling below a certain threshold), a change on
the monitored RSS is observed, or the initiation of a new
service takes place. Apart from the RSS (i.e., LTE RSRQ
values) triggering event, all other events result in the
following steps. Firstly, the UE collects information about the
load of the candidate APs or (H)eNBs without requiring any
association with them. Then, it checks the RSS values from
these APs and (H)eNBs and also updates its own mobility
pattern information. After that, the UE evaluates for all the
active sessions the suitability of the available RATs and
executes the appropriate session establishment or handover
mechanism. If the handover fails, then the UE selects the next
AP on the suitability list. To take a decision, the UE uses a
fuzzy logic scheme that is presented in the next section.
Finally, note that the decision making scheme uses a typical
HO execution scheme if the degradation of the link quality is
happening very rapidly and there is no time to evaluate
different alternative APs.
B. Fuzzy logic modeling
The core decision-making mechanism
scheme is a set of FLCs. Fuzzy logic is
dealing with uncertainty cases, when the
estimated values. Furthermore, fuzzy logic
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undertakes the transformation (fuzzification) of the input
values (crisp values) to the degree that these values belong to a
specific state (e.g., low, high, etc.). Then, the inference system
correlates the inputs and the outputs using simple
“IF…THEN…” rules; each rule results to a certain degree for
every output. Thereinafter, the output degrees for all the rules
of the inference phase are being aggregated. The output of the
decision making process, comes from the defuzzification
procedure. This degree may be obtained using several
defuzzification methods; the most popular is the centroid
calculation, which returns the center of gravity of the degrees
of the aggregated outputs.
The proposed scheme uses three FLCs, each one for every
RAT type, i.e., LTE macro cell, femto cell or WiFi. Every
time that the algorithm is being triggered (i.e., initiation of a
handover or that of a new session admission control), all the
available (H)eNBs and APs are being evaluated. The inputs of
every fuzzy reasoner are the RSRQ, the service sensitivity to
latency, the load of the (H)eNB or AP, and the backhaul load
of the corresponding (H)eNB or AP, as well as the UE
mobility status (Figure 2). Each of the inputs is being fuzzified
to low, medium, and high membership functions (i.e., input
state degrees). All the inputs apart of the service sensitivity to
latency are being fuzzified using triangular and trapezoidal
membership functions for exploiting the fact that each state is
in general well defined, and has zero values for each state. On
the other hand, for the service sensitivity to latency, we have
used Gaussian input membership functions, for highlighting
the fact that all the states have non-zero values; in other
words, even for the services that are considered as non-latency
sensitive the user still has (loose) latency requirements.
The inputs are being combined in the inference system, by a
set of rules; at this case for every of the three fuzzy reasoners
(i.e., one for each case – eNBs, HeNBs, and WiFi APs) we
have defined 243 rules to cover all the potential input

Fig.2 Fuzzy Logic Controller for the extraction of the RAT suitability value.

of dimensionality by using generic input and output states.
Finally, the fuzzy logic is a tool for handling multi-variable
problems, where a joint correlation analysis of several inputs
is required [20].
Each FLC is being composed of the fuzzifier, the inference
system, and the defuzzifier (Figure 2). The fuzzifier

combinations. In real life deployments the rules may be
defined during the setup of the system, by experts (i.e., in this
case by equipment manufacturers. In the developed algorithm
the strategy of the rules is the following. The UE tends to
consider as good points of attachment the (H)eNBs/APs that
are being sensed with high RSRQ (good link quality), if they
are not heavy loaded, or their backhaul links are not loaded as

well and the UE is moving at a low sped. On the other hand,
regardless if a point of attachment is being sensed by the UE
with high RSRQ, if it is loaded (both access or backhaul link),
it is unattractive for high data rate services, because it will not
be able to deliver high QoS to the user. Pico cells are also
avoided if the UE is used by a fast moving pedestrian so as to
avoid a large number of unnecessary handovers.
Finally, the defuzzification process aggregates all the
outcomes of all the rules and ends up to a certain degree of the
output value, i.e., RAT suitability. The defuzzification process
is similar to the fuzzification one, using membership functions
for capturing the degree that the output belongs to a specific
state. In this case, Gaussian membership functions have been
used, for exploiting the smooth (i.e. the RAT suitability should
be related to the inputs in a smooth manner without non-linear
alterations) and non-zero (the decision maker needs to
conclude to a decision based on all inputs’ range) nature at all
points. At every decision occasion, all the potential association
points are being evaluated and sorted. The one with the
highest RAT suitability is being selected for starting the
procedure of the admission control or the handover; in case of
a rejection the second in the list is being selected for initiating
the same procedure, etc.
IV. SIMULATION RESULTS
We illustrate the performance of the proposed selection
mechanism using the open-source NS-3 discrete-event
network simulator. NS-3 incorporates an advanced LTE
module, which provides a considerable number of essential
features, as well as realistic models for radio propagation, LTE
schedulers, S1 & X2 interfaces, X2-based handover
algorithms etc. In order to properly implement our RAT
selection mechanism, we created a custom build of NS-3.19
release, including fuzzylite, a fuzzy logic control library
written in C++ and we deployed its fuzzy controllers inside
our NS-3 scenarios.
The scenario, which was simulated, presents a simplified
version of a shopping mall test case; two rows of femto cells
(assuming they are inside the mall’s shops) with a 20-meter
distance between them and a pedestrian corridor in the middle,
while at the same time macro cells (LTE eNBs) co-exist at a
distance of around 1km which is a typical range for an urban –
suburban location (Figure 3). In our simulation scenarios we
included 2 eNBs and 5 HeNBs. For simplicity’s sake no WiFi
APs were used in the scenario, as the large-small cell handling
evaluation of our mechanism was achieved by using LTE
macro and femto cells. It is furthermore assumed that inside
the mall area, several UEs are either static or moving at
pedestrian’s speeds, i.e. 0 – 1.5 m/s. These UEs –being
attached to the mall’s HeNBs- contribute as well in the
creation of the load that needs to be taken into account for
selecting the appropriate RAT from UE.
The results of the simulations of the proposed RAT
selection mechanism are juxtaposed to the NS-3’s LTE A2-

Fig.3Scenario high-level topology

A4-RSRQ handover algorithm. As its name implies, A2-A4RSRQ is triggered by LTE’s A2 or A4 events; Event A2
(serving cell’s RSRQ becomes worse than threshold) is
leveraged to indicate that the UE is experiencing poor signal
quality and may benefit from a handover, while A4 event
described the situation when a neighbor cell’s RSRQ becomes
better than a threshold.
The simulations were made using three moving UEs; one at
low pedestrian speed, one at medium, as well as one at high
pedestrian speed. In order to evaluate the performance of the
algorithms, we increased the load of two out of the five overall
HeNBs gradually, reaching from zero load to very high load.
The background traffic in all rest (H)eNBs causes them to be
in a medium load state during simulation time. By load, we are
referring to both Load and Backhaul Load –as they were
presented in the previous chapter-, which is calculated by the
number of the rest static UEs, associated to each (H)eNB, as
well as the number of bearers per UE. The table below
summarizes the simulation parameters:
eNB (macrocell)
Number of eNBs
Carrier frequency
(MHz)
Channel bandwidth
Transmit power

HeNB (femtocell)
2
Number of HeNBs
5
Downlink: 2120.0
Carrier frequency
Downlink: 2120.0
Uplink: 1930
Uplink: 1930
50 RBs
Channel bandwidth
15 RBs
35.0 dBm
Transmit power
23.0 dBm
Rest parameters
Simulation time
225 s
Simulation time unit
0.1 s
Test UEs Sensitivity to Latency
High (0.7/1.0)
UE mobility
UE 1: linear low velocity (0.4 m/s)
UE 2: linear medium velocity (0.8 m/s)
UE 3: linear high velocity (1.4 m/s)
Rest attached UEs: static close to the
associated (H)eNBs

Table 1. Simulation parameters overview

The KPIs, which are assessed, are the overall number of
handovers that took place, the average calculated throughput
as well as the average calculated delay for the three moving
UEs.

Figure 4. Overall handovers that took place during simulation

Fig. 4 illustrates the performance of the two algorithms in
terms of the overall number of handovers that took place from
the 3 UEs. Noticeably, the A2A4 RSRQ algorithm’s decisions
are not influenced neither by the higher mobility of the UEs,
nor by the increasing load of the HeNBs. On the contrary, the
proposed mechanism tends to minimize handovers in the
afore-mentioned cases. When the load is low, the number of
handovers are reduced by 53.8% -due to reduced number of
executed handovers of the high mobile UEs-, while when the
load increases, the overall handovers are reduced by 84.6%

femtocells is constantly decreasing, tending to retain the UE
from doing a handover to them. As a result, throughput and
delay performance are directly related to the handover
decisions presented earlier.
Similarly, the difference in the delay (measured as A2A4
RSRQ average packet delay minus the FL-based average
packet delay) remains positive in all scenarios, implying the
lower delay of the FL-based mechanism’s performance, up to
200 ms. Once more, as load increases radically, the FL-based

(a)

(b)

(c)

(d)

Figure 5: (a) Downlink Throughput, (b) Uplink Throughput, (c) Downlink Delay, (d) Uplink Delay

since the suitability factor of candidate (H)eNB is low.
Fig. 5 illustrates the performance of the algorithms with
regard to the calculated average throughput ((a),(b) and the
average delay ((c),(d)), both in the downlink and the uplink.
The FL-based RAT selection outperforms the A2A4 RSRQ in
terms of throughput; both in the downlink, as well as the
uplink case by an offset of 300 kbps roughly as load increases.
An interesting observation in the case of the proposed
mechanism’s performance is the increase of the throughput
when the load of the HeNBs is extremely high; this advantage
results from the fact that as load increases the suitability of the

mechanism tends to increase its performance since the UE
keeps its connection to medium loaded eNB, extending the
difference in the delay between the two algorithms.
V. CONCLUSIONS
In this paper we presented a new efficient mechanism for
RAT selection in 5G systems. Our solution is a realistic
proposal on how to acquire the necessary contextual
information without requiring significant extensions on the
network infrastructure. The use of fuzzy logic to assist us
guiding terminals into unloaded (H)eNBs or Wi-Fi APs for
static or low mobility users, improves the efficiency of the

overall system.
In our next steps we plan to design a solution that will assist
us fine-tune the monitoring rate of the specified parameters as
well as the development of a re-inforcement learning scheme
to help us define the most suitable thresholds in the
fuzzification process.
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