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Abstract The rapid spread of smart wireless devices and expansion of mobile
data traffic have increased the interest for efficient traffic offloading techniques
in next-generation communication technologies. Wi-Fi offloading uses ubiquitous
Wi-Fi technology in order to satisfy the ever increasing demand for mobile bandwidth and therefore is an appropriate methodology for mobile operators. As a
matter of fact, design and integration of an offloading technology inside mobile
network operators’ infrastructures is a challenging task due to convergence issues
between the The 3rd Generation Partnership Project (3GPP) and non-3GPP
networks. Therefore, a connectivity management platform is a key element for
integrated heterogeneous mobile network operators in order to enable smart and
effective offloading. In this paper, analysis, design and integration of a connectivity
management platform that uses a Multiple Attribute Decision Making (MADM)
algorithm for efficient Wi-Fi Offloading in heterogeneous wireless networks is preEngin Zeydan
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sented. In order to enhance the end-user’s quality-of-experience (QoE), we have
especially concentrated on the benefits that can be achieved by exploiting the
presence of integrated service provider platform. Hence, the proposed platform
can collect several User Equipment (UE) and network-based attributes via infrastructure and client Application Programming Interfaces (APIs) and decides on
the best network access technology (i.e. 3GPP and non-3GPP) to connect to for
requested users. We have also proposed multi-user extensions of the MADM algorithms for offloading. Through simulations and experiments, we provide details of
the comparisons of the proposed algorithms as well as the sensitivity analysis of
the MADM algorithm through an experimental set-up.
Keywords Wi-Fi Offload · Heterogeneous Networks · MADM · LTE

1 Introduction
In modern century, advancements in mobile communication technologies have
played an important role on peoples lives. Consequently, mobile devices and data
traffic have increased substantially in the past few years. Today according to recent
studies in [1], it is anticipated that traffic from wireless and mobile devices will
exceed traffic from wired devices by 2016. Hence, this increased interest for wireless data connectivity is likely to put a significant burden on network capacity of
Mobile Operators (MOs) in the near future. Some other related factors for this capacity bottleneck on mobile operators can be considered as unprecedented increase
in smart phone usage, the availability of flat-rate voice and data bundles, and increasing multimedia services and applications requiring higher bandwidth [2].
In order to manage this exponential mobile data traffic growth for mobile operators, different solutions have been studied in the literature [3] [4]. Some of the
existing solutions can be summarized as follows: Installing new base stations at
many sites and creating a dense network environment while enhancing network
coverage, upgrading existing networks infrastructures from current to next generations technologies (e.g. path taken by mobile operators towards LTE-Advanced
and 5G), acquiring new spectrum licences, or offloading some portions of mobile
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traffic through alternative routes such as via Wi-Fi networks. It should be noted
that cellular (3G/4G) and Wi-Fi connections are the main technologies that are
providing wireless internet access and services to users of service providers. However, proliferation of Wi-Fi enabled devices are continuing to soar and there is an
interest towards more utilization of them [5]. The increasing popularity of Wi-Fi
has also triggered another effect on mobile operators where most of the operators are driving forward with new plans of extensive utilization of Wi-Fi Access
Points (APs) inside their networks, which are termed as Carrier Wi-Fi APs [6].
Offloading a portion of the mobile data traffic to Wi-Fi networks has become a
promising solution to overcome the capacity bottleneck for mobile operators. Especially indoor Wi-Fi offloading can boost average user throughput by 300% and
the gain increases linearly proportional to the access point density as shown in [7].
Therefore, Wi-Fi offloading has certainly become a key technology to relieve the
pressure of data tsunami on cellular networks and is slowly gaining momentum for
mobile operators with the emergence of new innovative solutions especially in the
context of 5G wireless networks.
Wi-Fi networks have been shown to offload 65% of total mobile traffic and
save 55% battery power [8]. Hence, choosing Wi-Fi offloading solution has many
benefits compared to other solutions as it imposes fewer capital costs or operation
expenditure since deploying more Wi-Fi hot spots is significantly cheaper than
network upgrades and base station installments. Moreover, researches have shown
that 65% cellular base station power consumption can be saved through Wi-Fi
offloading [9]. However, it should also be noted that offloading mobile data traffic
to a Wi-Fi network, where available, is not an appropriate solution since Wi-Fi
networks can get easily congested as well.

1.1 Related Work
Many studies are conducted on Wi-Fi offloading which aim at getting more efficient
and successful offloading [3] [4] [9] [10] [11] [12]. Moreover, there are some other
studies where performance comparisons between usage of cellular (3G/4G) and
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Wi-Fi networks have been done [13], [14]. In order to maximize per-user throughput, the authors in [4] calculate a probabilistic offloading portion parameter and
informs the users to offload their traffic in proportion with this parameter. However, the study in [4] only focuses throughput maximization and does not consider
other related parameters such as device specific information. In [11], an optimization problem is formulated to select the users that will be offloaded from the
cellular to Wi-Fi networks in order to maximize energy efficiency. Simulations
in [11] show that the proposed offloading algorithm performs nearly the same as
the exhaustive search and greedy algorithms, but requires much lower computational complexity. In [13], authors showed that when the mobile client is moving,
the amount of download data in cellular networks (3G) is greater than Wi-Fi due
to high availability of cellular connections outside. However, since the upload rates
are kilobits per second in 3G, Wi-Fi networks outperformed 3G in uploading. The
authors in [12] have developed a quality-aware traffic offloading framework which
is implemented on Android devices. The mobile application is used to identify
neighbour devices and offload traffic to those nodes with better throughput. and
service quality. However, the focus of this approach has been mainly on developing
a mobile application that enables phones to offload their network tasks to neighboring phones with better service quality. In [14], it is shown that in some cases,
4G/Long Term Evolution (LTE) networks outperform Wi-Fi networks in terms of
throughput comparisons. Hence, these studies show that each access technology
can have different prominent features.
An energy efficient offloading model is proposed in [3] where the heterogeneous
network gathers information and decides which portion of generated per-user traffic should be transmitted in order to maximize the energy efficiency. According
to the proposed model, when each user offloads with calculated Wi-Fi offloading
ratio, 20% more energy-efficient Wi-Fi offloading is achieved. The authors in [15]
showed that Wi-Fi connection consumes the least energy compared to 3G and
LTE networks in both uplink and downlink. The papers in [16] [17] [18] and [19]
have analyzed energy consumption profiles of various mobile devices performing
handover operations as well some OS, driver, network interface card based energy
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consumption analysis. Considering the MADM algorithms, the paper in [18] has
analyzed the performance comparisons of different MADM algorithms (including
Grey relational analysis (GRA), multiplicative exponent weighting (MEW), simple additive weighting (SAW), and Total Order Preference By Similarity to the
Ideal Solution (TOPSIS)) for multimedia streaming over a heterogeneous wireless
environment in terms of energy-quality trade-offs. The authors have shown that
MEW gives a better quality-energy trade-off. However, these papers have specifically focused on optimizing the performance based on energy consumption point
of view.
In [20], mobile data offloading problem is investigated through third-party WiFi AP for a cellular mobile system. A data offloading scheme is proposed and
shown to be near-optimal when the number of users becomes large. To decrease
the burden on the cellular network’s base station, threshold-based distributed data
offloading scheme is also proposed. Once the threshold is properly chosen, this
scheme can perform very well according to the mathematical observations and the
relevant simulations. However, the study in [20] does not consider MADM techniques but focuses on data offloading through third party Wi-Fi APs. In order to
have an efficient offloading, another issue that is also considered in the literature is
the number of Wi-Fi APs that needs to be deployed inside a MO’s infrastructure.
In order to obtain more efficient offloading, minimizing number of APs for obtaining same average per-user throughput is analyzed through mathematical modeling
in [9].
There exists several studies on the application of MADM algorithms to network selection in heterogeneous networks. The study in [21] focuses on potential
enhancements of TOPSIS algorithm [22] to mitigate ranking anomaly by introducing iterations, but no multi-user extension is proposed. TOPSIS, as being a major
MADM technique, gives great advantages compared to other related techniques
such as Analytic Hierarchy Process (AHP), elimination and choice translating
priority (ELECTRE) [23]. Different modifications of TOPSIS algorithms such as
extended TOPSIS [23] for group decision making, enhanced-TOPSIS [24] for eliminating the risk of reversal phenomenon or iterative TOPSIS [25] for removing the
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bottom ranked candidate network are also performed. However, those techniques
approach the problem of TOPSIS based solution for specific purposes or different
angles of optimizations (e.g. in combination with other MADM methods [24], for
aggregation purposes [23] and for ranking abnormalities [25]). A relevant study
in [26] proposes combining different MADM techniques to create a hybrid approach to mitigate ranking anomaly for single user. A simulation comparison of
different MADM methods under different number of alternatives, criteria and distributions are performed in [27]. In [28, 29], AHP method and TOPSIS algorithm
are combined to determine weights of the criteria and the ranking for a single
user. Another study for MADM utilization in heterogeneous networks focuses on
criteria normalization for single user [30]. The study in [31] develops a new MADM
algorithm based on a game theoretic approach for multi-interface radio devices for
single user.
In order to get better connectivity in wireless networks, a new concept called
Always Best Connected (ABC) is proposed in [32] that allows best connectivity for mobile devices. Several different attributes are used for best connectivity
such as service type, available bandwidth, network conditions, security, monetary
costs and user preferences and performances of different methods including SAW,
MEW, TOPSIS, ELECTRE, GRA, and weighted Markov chain (WMC) is illustrated with numerical simulations. The authors in [33] have also compared various
MADM approaches where they have shown similar performances of TOPSIS, SAW
and GRA approaches for handoff decisions in wireless networks through numerical
simulations. In a recent study in [34], survey and comparison of several MADM
techniques are provided with a conclusive remark that there is no MADM algorithm which represent the most appropriate method for all traffic classes and
scenarios.
From the standardization point of view, standardization bodies such as 3GPP
has also been studying and proposing various data offloading techniques. Some of
the mechanisms studied are Local IP Access (LIPA), Selected IP Traffic Offload
(SIPTO) [35] and IP Flow Mobility (IFOM) [36] as well as Access Network Dis-
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covery and Selection Function (ANDSF) for managing offloading between 3GPP
and non-3GPP access networks (such as Wi-Fi) [37].
In order to work and evaluate vertical handover process in heterogeneous networks, as clearly shown in the related studies provided above, MADM algorithms
have been shown to be a successful path. In our previous manuscript of [38], we
have proposed a connectivity management platform that runs a multiple attribute
decision making algorithm where a decision on the best access network connection
is selected. This paper is an extension of the studies of our previous analysis in [38],
where extensive simulations with extension of multi-user scenarios of the proposed
algorithms as well as experimental set-up results are evaluated to validate the
performance of the developed Wi-Fi offloading platform.

1.2 Motivation and Main Contributions
Although there have been quite many mobile data offloading designs and studies in
the literature, applying simple principles of MADM methods and their multi-user
extended versions for intelligent access network selection that takes into account
the operators’ system utilization requirements as well as integration issues have not
been studied exclusively via an experimental set-up. Moreover, as of our knowledge,
currently there is no connectivity management platform in state-of-the art (that
can be managed either by third parties or by mobile operator’s themselves) for
heterogeneous networks that exploits the benefits of MADM algorithms and is
integrated with a MO’s infrastructure.
The studies of this paper are built on the fact that simply offloading mobile
cellular data traffic to a Wi-Fi network, where available, is not an appropriate solution since Wi-Fi networks can get easily congested as well. This paper focuses on
integrating a MADM algorithm within the mobile operator network and developing a centralized connectivity management platform for better QoE management
of mobile users. In order to select the best network connection, both user-based
and network-based information are collected and processed in the developed platform. Due to its ease of implementation, TOPSIS algorithm is selected as the basis
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MADM algorithm. In this context, two different extensions to TOPSIS algorithm
are developed to include multi-user capability and the proposed algorithms are
compared via simulation studies.
The rest of this paper is organized as follows. First, MADM algorithms are
explained in detail in Section 2. The deployment scenario and the proposed connectivity management platform’s analysis, implementation and integration aspects
is discussed in Section 3. The performance of the platform and proposed algorithms
are presented in Section 4 and finally conclusions are given in Section 5.

2 MADM Algorithms
In this section, we will describe three different algorithms in order to perform
decision between various access network technologies namely TOPSIS Algorithm
and its multi-user extension versions Standart Multi-User TOPSIS (ST) algorithm
and Capacity-Aware Multi-User TOPSIS (CAT) algorithm. ST algorithm is the
iterative utilization of the TOPSIS algorithm, whereas CAT algorithm is a novel
multi-user iterative extension which introduces an instantaneous network utilization attribute.

2.1 TOPSIS Algorithm
TOPSIS algorithm consists of easy implementation steps [22]. In the first step
of the algorithm, a decision matrix A = [aij ]p×m is created, where m refers to
size of the multiple attribute set S = {s1 , s2 , ..., sm } consisting of elements such
as link quality, average latency of the target network for the given application,
user preferences (cost, security), backhaul capacity, etc., and p refers to size of the
multiple decision set E = {e1 , e2 , ..., ep } which consists of candidate networks such
as LTE, Wireless Local Area Network (WLAN), or femtocell technologies for a
given user. Note that all the attributes are transformed to have positive impact
with increasing value if necessary in our analysis.
In the second step, a normalized decision matrix R = [rij ]p×m is formed as:
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In the third step, a weighted normalized decision matrix V = [vij ]p×m is
created by multiplying each column of the matrix R by a corresponding weight
wi as:

vi = wi · ri
where



ri = r1i,...,rpi

T



, vi = v1i,...,vpi

and

m
X

T

, for i = 1, 2, .., m

wi = 1.

i=1

In the fourth step, the positive V+ and negative V− solution points are formed
as:

n

+
V+ = v1+ , v2+ , ..., vm
= max vij |j ∈ {1, 2, ..., m}



o

i

−
V− = v1− , v2− , ..., vm



n
o
= min vij |j ∈ {1, 2, ..., m}
i

In the fifth step, the Euclidean distance Si+ of each multiple decision point from
the positive point V+ and the Euclidean distance Si− of each multiple decision
point from the negative point V+ are calculated as:

v
uX
u p
2
+
vij − vj+ , i = 1, 2, .., p
Si = t
j=1

Si−

v
uX
u p
2
=t
vij − vj− , i = 1, 2, .., p.
j=1

In the next step, the relative similarity of the alternatives from the positive
and negative point is calculated as:

Ci =

Si−
, i = 1, 2, ..., p.
Si− + Si+
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Then, the final solution e∗ (the best network to connect) is selected as:

e∗ = ei∗ where i∗ = arg max Ci , i = 1, 2, ..., p.
i

2.2 Standard Multi-User TOPSIS (ST) Algorithm
ST method considers users individual benefits which is a simple extension of TOPSIS algorithm applied for multi-user scenarios. The algorithm details are explained
in the following.
Input: Set of networks (multiple decision set) E, and the TOPSIS matrix of user
n, An , 1 ≤ n ≤ N , where N denotes total number of users.
e
Output: Single-user channel utilization vector CUe = [CU1e , ..., CUN
], e ∈ E.

Step 1: Run TOPSIS algorithm for An 1 ≤ n ≤ N , simultaneously and select the
optimal decision points e∗ for all users.
Step 2: Update the channel utilization vector CUe by summing the channel
utilization demands of each user on the selected decision point.

2.3 Capacity Aware Multi-User TOPSIS (CAT) Algorithm
In order to obtain certain benefits for access network selection and resource allocation problem between multiple users, we propose Capacity aware iterative
multi-user TOPSIS algorithm for multi-user scenarios. In the capacity aware approach, a new network-based attribute vector û = [û1 , ..., ûp ] is inserted to the
TOPSIS matrix of all users and the decision is calculated sequentially in a centralized platform as users arrive, thus optimizing the total system benefit as well.
The network-based attribute ûi denotes the remaining available capacity in the
corresponding decision point ei and calculated by,

ei
ûi = CUTH
−

N
X

CUnei , 1 ≤ i ≤ p

n=1

where

ei
CUTH

represents the capacity threshold of ei .
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Input: Set of networks (multiple decision set) E, and the extended TOPSIS matrix
n

of nth arriving user n, Â = [An , ûT ], 1 ≤ n ≤ N .
e
Output: Single-user channel utilization vector CUe = [CU1e , ..., CUN
], e ∈ E.

Step 1: Set CUe = 0, j = 0 (j ≤ N represents the number of arrived users and
the loop number)
Step 2: When a new user arrives, set j = j + 1
j

Step 3: Run TOPSIS algorithm for Â and select the optimal decision point e∗
Step 4: Update the channel utilization vector CUe by
∗

CUje = channel demand of user j
.
Step 5: Recalculate network-based attribute vector û
Step 6: If j = N , stop, else goto Step 2.

3 Analysis, Implementation and Integration Aspects of SHARING
platform
In this section, the implementation as well as the integration details of the SHARING

1

platform into the cellular (3G/4G) and Wi-Fi service provider’s network

infrastructure is presented. Basically, the SHARING platform can work in two different operational units. First, it can be used inside an integrated Wi-Fi and LTE
operators platform, where one operator is responsible for both Wi-Fi and LTE
infrastructure and services offered throughout them. Second, it can work jointly
with an independent Wi-Fi and LTE operator where those two service providers
are communicating with SHARING platform in order to perform smart offloading
decisions for their subscribers. In this paper’s implementation aspect, it is assumed
that the SHARING platform is deployed by an operator proposing both Wi-Fi and
LTE integrated services. The following subsections cover the use case scenarios,
1

The name Self-organized Heterogeneous Advanced RadIo Networks Generation (SHAR-

ING) is the abbreviation of EU EUREKA CELTIC-PLUS project where the proposed platform
is developed.
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requirements, implementation and integration details for both the core and the
access parts of the integrated Wi-Fi/LTE networks in order to be able to operate
jointly with SHARING platform.
First, the use case and scenario of the system is detailed. Then system requirements for the integration aspects of the SHARING platform into cellular and
WLAN provider’s networks are described. Third, whole architecture and implementation details of the proposed SHARING platform. Then, the integration and
operational aspects are investigated in detail. Lastly, we detail the used attributes
and operational steps of the platform.

3.1 Use Case and Scenario
The typical scenario consists of 3GPP access networks along with Wi-Fi access
points in tight-coupled heterogeneous network architecture. In this scenario, mobile
network operator, which is the main decision maker of the scenario, selects the
best access network (if necessary) when a UE’s and network’s measured attributes
change. In this scenario, mobile network operator selects the access networks by
considering the network related and UE related criteria.
A sample user distribution map under multiple wireless technology coverage is
given in Figure 1. These users in the shaded region have the high potential of handover and have to make a smart decision to select the best access point. Therefore,
the method runs on the scenarios based on the users that are concentrated on this
region. The scenario can be extended to include different radio access coverage
schemes such as femto-cells and device-to-device.

3.2 System Requirements
The general requirements of the integration aspects of SHARING platform into
cellular network can be divided into two different groups:
– LTE/WLAN Access and Core Network Requirements: Mainly, the following functions need to be developed for a new system integrated with LTE/WLAN core
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Fig. 1: Sample User Distribution Map illustrating users in multiple coverage zones

and radio access network: First, periodic informing of SHARING server about
the topological information of the LTE/WLAN network such as information
about the users connected to each of the cells/APs and their connected cell
identification IDs (CELL-IDs)/AP media access control (MAC) address need
to be performed. Second, updating the network’s status, e.g. parameters such
as network backhaul metrics, capacity, CELL-ID/AP MAC address status, etc.
need to be sent periodically to the SHARING platform. In most cases, after
the authentication and authorization process of a user device is established,
the device can perform connection to the Access Point Name (APN) that has
been registered by MO.
– UE Requirements: The requirements of the UE behaviour with relation to LTE
and WLAN is as follows: On the UE side, the unique identifier (i.e. International Mobile Subscriber Identity (IMSI), International Mobile Station Equipment Identity (IMEI) or Mobile Station International Subscriber Directory
Number (MSISDN)) as well as device related parameters (e.g. device battery
level, roaming/non-roaming status, phone-model, etc) of the UEs connected to
each cell needs to be acquired by the SHARING platform. This information can
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be provided to the SHARING platform by the SHARING application running
at the client side. Using cellular operator’s information, SHARING platform in
coordination with Mobility Management Entity (MME) at the LTE core side,
can correlate and map each user’s location and other related information with
the appropriate UE that uses SHARING application. After all related information about user device is received by the SHARING platform, the connectivity
decision of mobile devices into appropriate radio access network (either WLAN
or LTE network) can be performed accordingly using a MADM algorithm.

3.3 Client-Server architecture
The SHARING platform architecture is provided in Figure 3. There are five main
components of SHARING platform: SHARING client, RESTful API, SHARING server, service provider’s LTE and WLAN infrastructure networks.
In LTE core network infrastructure, there exists Packet Data Network Gateway
(P-GW), Serving Gateway (S-GW) for data plane functionality, MME for control
plane functionality and Home Subscriber Server (HSS) for user authentication into
LTE network. In WLAN core network infrastructure, there exists WLAN gateway
for tunneling into WLAN core network, Gateway GPRS Support Node (GGSN) for
Internet Protocol (IP) packet services and Authentication, Authorization and Accounting (AAA) server for authentication, authorization and accounting of WLAN
users. Note that in Figure 3, traditional infrastructure of both service providers
(WLAN and Cellular) are highlighted in yellow and no new entities (or modifications) are needed (or performed) inside these legacy gateways of infrastructure
providers.
SHARING Client: The SHARING client is implemented as an application on
mobile terminals supporting Android operating systems (OSs) (It can also be
extended for other clients supporting various OSs such as IOS as well). The User
Interface of the SHARING client is illustrated in Fig. 2 where the SHARING
client performs both client related parameter transmission to SHARING server as
in Fig. 2(a) as well as the necessary connection changes instructed by SHARING
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(b)

Fig. 2: SHARING Client Application’s User Interface (a) LTE connection details
(b) An example of Connection change from LTE to AP A

server as in Fig. 2(b). More details about the software design of the SHARING
Client application for Wi-Fi offloading as well the descriptions of the main modules
of the SHARING application can be found in our previous work of [38].
SHARING Server: In this platform, SHARING server is connected to UEs and
core networks of two service providers via Client API and RESTful Infrastructure API, respectively. Through these APIs, SHARING server receives attribute
values presented in Section 3.5 that are later going to be used for appropriate
access network selection. SHARING Server can be located inside or outside of the
premises of service providers. The only restriction is that it has to be reachable
from both service providers (i.e. from WLAN and Cellular providers’ network)
when a hand-off between cellular Base Station (BS) of cellular service provider
and wireless AP of WLAN service provider occurs. The SHARING server can also
be located inside a cloud service provider such as an Amazon web instance [39]
to enable easy access to/from all entities of heterogeneous network depending on
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Fig. 3: Architecture of SHARING Platform.

the agreements between cellular and WLAN service provider. SHARING server
runs an application which runs a MADM method called TOPSIS algorithm in
order to perform smart offloading decisions. Inside the SHARING server, for the
management console and decision making input of MADM algorithm, there exists
a server database where all the infrastructure and client related information are
stored.

3.4 Integration with Service Provider’s Networks: Interfaces with Infrastructure
Providers and Clients
In order to activate SHARING enabled Wi-Fi offloading functionality within the
LTE and WLAN networks of service providers, new applications/elements deployed outside of the existing infrastructure need be introduced. Moreover, these
new applications need to interact with the rest of the core services that LTE and
WLAN network can provide e.g. services provided by AAA, HSS and Operation,

Quality-Aware Wi-Fi Offload: Analysis, Design and Integration Perspectives

17

Administration and Management (OAM) systems within a LTE operator. Additionally, the communication between the SHARING platform and LTE-WLAN
core network need to be managed by these new elements. The general architecture of the interaction between the LTE and WLAN operator’s and SHARING
platform is shown in Figure 3.
Basically, SHARING server has three APIs as shown in Figure 3. Through one
of the interfaces, called Client API, a representational state transfer (REST)based web service interface, SHARING server transmits/receives client related
parameters in Table 1(a) and Table 1(b) from SHARING client through Hypertext
Transfer Protocol (HTTP) web service connection. Depending on the implementation choice, client API at SHARING client can be implemented as an application
on UEs supporting various OSs (e.g. Android or IOS). This SHARING client application scans the wireless APs and cellular connections (3G/4G) surrounding itself
and sends AP and cellular network related attributes to the SHARING server as
a request. Client API is also used to by SHARING server in order to respond its
access network connection (Cellular or WLAN) decision to the SHARING client.
SHARING client application receives instructions from SHARING server and performs connectivity related functionalities such as executing network state changes
(shutdown of wireless module, connection to another AP or cellular network, etc.).
The applications’ scanning module may run periodically with an adjustable scanning period of Tclient seconds depending on the considered optimization scenario
or via a manual button (named as “panic” button) in main fragment of the application. Note that depending on the high/low mobility of users, the scanning
period can be increased/decreased for obtaining better power savings at the client
side and lower computations at the server side.
Second REST-based web service interface is called RESTful Infrastructure
API or RESTful API in short. The RESTful API can obtain offline (statistical
and long term measurements) as well as real-time observable data from operators’
infrastructures. Based on agreements between service providers and SHARING
platform owner that provide Wi-Fi offloading service, the RESTful API can
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Table 1: Client API (a) Parameters sent to SHARING server from SHARING
client. (b) Parameters sent to SHARING client from SHARING server based on
connection decision.
(a)
(b)
WLAN

eNodeB

User

BSSID

RSSI

RoamingStatus

SecurityCapabilities

LAC

PhoneModel

LTE

Frequency

CELL-ID

IMEI

RSSI

IMSI

SSID

BatteryLevel

Password

LinkSpeed

ConnectionType

PhoneNumber

WLAN

CELL-ID

BSSID

ConnectionType

ConnectionType
SSID
Password

obtain network related parameters as shown in Table 2(a) from both WLAN and
LTE service providers.

Table 2: (a) RESTful API: Parameters that are sent by RESTful API block into
SHARING server. (b) Registration API: Parameters that can be added/modified
by management console on SHARING server.
(b)

(a)
WLAN

LTE

WLAN

NumberOfConnectedUsers

NumberOfConnectedUsers

BSSID

BackhaulCapacity

BackhaulCapacity

SecurityCapabilities

AverageLatency

AverageLatency

ConnectionType

BackhaulStatus (on/off)

BackhaulStatus (on/off)

SSID

RemainingCapacity (AP)

RemainingCapacity (LTE)

Password

Inside RESTful API block, there exists entities such as Infrastructure
API, Infrastructure API Client Application, SSH Client Application,
Database Loader App and a Not Only SQL (NoSQL) DATABASE as
shown in Figure 3. The purpose of RESTful API is to ensure that a communication link between the SHARING server and the LTE/WLAN core elements be
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established. It is also used to obtain network status and topology information
from the NoSQL DATABASE and post it periodically into the SHARING server’s
database. These requests can be adjusted to be periodically performed within a
configurable period, Tinf .
One of the components of RESTful API is “Infrastructure API Client Application” where it is used to get network related information from NoSQL DATABASE
post it into the database of SHARING server. The other component “Infrastructure API” is used to open up the web services to “Infrastructure API Client Application” (see e.g. [40] for possible implementation using Flask (A Python based
Micro-framework)). Note also that depending on the design choice “Infrastructure API Client Application” can also be located inside SHARING server. The
LTE and WLAN network related information is stored in NoSQL DATABASE,
as a unique table for each information type, e.g. one table for TOPOLOGY information and another table for NETWORK STATISTICS information. NoSQL
DATABASE stores all the necessary information regarding the network as well as
client related parameters such as backhaul metrics, remaining capacity, connected
users to each cell, network status information, user identity information (MSISDN,
IMSI, IMEI), etc.
“SSH Client Application” and “Database Loader App” post the LTE and
WLAN infrastructure related parameters from MME and WLAN Gateway respectively into the NoSQL DATABASE in a periodic manner. Through these applications, the unique identities, cell and AP-based latest location information of
active users connected to each cell or AP can be retrieved directly from the LTE
Core network element, MME or WLAN Core network element, WLAN Gateway
respectively. Later, this information is pushed into the NoSQL DATABASE to be
further retrieved by “RESTful API”. For implementation of “RESTful API”, the
available methods through the RESTful API on MO’s premises are as follows:

– Informing on the topological information: The topological information of the
LTE/WLAN network site where the SHARING platform based Wi-Fi offloading is going to be enabled for SHARING clients is provided periodically by
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LTE/WLAN network into the SHARING server through NoSQL DATABASE
and RESTful API. As a matter of fact, there can be mainly two ways of providing this topological information (in order to get the list of each connected users
at each requested cell and AP site) to SHARING server: First is by providing
it to the SHARING platform from LTE/WLAN operator side and second is
by polling the LTE/WLAN Core network status information periodically by
SHARING server. For example, through REQU EST T OP O IN F O method
implemented inside RESTful API, the list of recent active users with their
unique identities such as MSISDN, IMSI connected to the requested CELLID/MAC address of AP is provided in real time or near real-time. This information can be obtained from MO’s LTE core network element, MME or from
MO’s WLAN core network element, WLAN Gateway. For instance, the API
request for cellular network information can have the following format (GET):
http : //HOST IP : HOST P ORT /M O/topology/CELL ID.
The response to this kind of request includes the information with unique
identities of users (i.e. MSISDN, IMSI) connected to each requested CELL-ID,
etc.
– Updating the network’s status: In order to provide SHARING server with the
required information that will perform the appropriate connectivity decision
between the different access network technologies, the status and other related
parameters of the LTE/WLAN networks at NoSQL DATABASE need to updated as well. The LTE/WLAN networks can provide SHARING server about
the number of connected users to each evolved Node-Bs (eNodeBs) and APs
so that the connectivity decision process is appropriately updated according to
the network and client based parameters. For example, through REQU EST
N ET W ORK ST AT U S method implemented inside RESTful API, network
status information such as UP/DOWN status of backhaul connectivity, number of connected users for the requested CELL-ID, backhaul latency, remaining
capacity, etc. can be provided to the SHARING server. For instance, the API
request for cellular network information can have the following format (GET):
http : //HOST IP : HOST P ORT /M O/netstats/CELL ID.
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The response format to this kind of request can be in similar format to
REQU EST T OP O IN F O and includes information such as number of connected users to each CELL-ID, etc.
The third REST-based web interface is named Registration API. Through
Registration API on the management console, operators or third parties running
the SHARING platform can register the APs’ credentials as shown in Table 2(b)
into the Registration Database. After each AP’s credentials are saved, the SHARING server sends this information together with the AP decision into the SHARING client so that the client can connect to the requested AP using these credentials. Note that the information collected from Registration API is stored in
SHARING database (e.g. a NoSQL database) in addition to the information collected from RESTful and Client APIs.
Finally, it should be noted that in order to support network related parameters of Table 2(a) for our proposed SHARING platform, legacy gateways such as
MME, WLAN Gateways used inside service providers don’t need to be modified
since they are mainly used for extracting network related parameters that is already tracked by network operators for various purposes such as legal intercept,
billing and data warehouse applications. The only additional block introduced by
the SHARING platform for collecting network related parameters from network
operator’s infrastructure is the introduced RESTful API block.

3.4.1 Analysis of scalability and background traffic of SHARING platform
One of the main practical concern that need to be addressed in the proposed
architecture of Figure 3 is the scalability issues due to centralized computations
performed at SHARING server. There can be various solutions to this scalability
problem. First of all, based on the decision of the operator, TOPSIS algorithm can
also be implemented to run locally at client side rather than at server side. Running TOPSIS locally yields inferior performance (due to non-existence of network
related parameters of Table 2(a) connecting to a network that has strong Received
Signal Strength Indicator (RSSI) may seem feasible, but connection quality will
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deteriorate if connected AP or eNodeB has higher number of connected users),
but faster and more scalable decision making process can be accomplished compared to running it on the server side. This points out the fact that there exists
a trade-off between performance and optimal decision making process of the proposed architecture. Second, in order to avoid any performance bottlenecks that
can be introduced via a centralized server that collects all the information from all
users and network infrastructure in our proposed architecture, the operation in big
regions such as cities can be divided into AN small areas (each has few APs and
eNodeBs with a smaller portions of users) as shown in Figure 4. For scalability
of SHARING server, a load balancer can be utilized in front of SM SHARING
servers inside the premises of MOs in order to operate Wi-Fi Offloading service
on each area.
Another dimension of concern is that optimal offloading decision necessitates
the existence of additional background traffic between SHARING client and server
as well as between SHARING server and network infrastructure providers. This
can introduce additional latency as well as inferior throughput at UEs. Therefore,
there is a trade-off between the performance advantage introduced by SHARING platform due to better connectivity management at UEs and the additional
overhead introduced by the SHARING platform due to updates required for network and client related parameters. However, it should be noted that the scanning
period for SHARING client in Client API, Tclient as well as update period for
RESTful APIs, Tinf are adjustable based on the needs of SHARING platform
and the performance advantages it can introduce to MOs. For example, in our
experimental set-up, the JavaScript Object Notation (JSON) data content that
is sent by SHARING client is around 3 KBytes when 5 WiFi APs and one eNodeB exists in the vicinity of the SHARING client (note also that this number
will change depending on the number of surrounding APs broadcasting in the
vicinity). Assuming that Tclient = 10 sec. for a SHARING client, additional background traffic generated (payload size before sending over the network) is around
0.3 KB/sec/user for uplink. The background traffic parameters sent by SHARING
client is shown in Table 1(a). Additionally, in response to this request, the server
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Fig. 4: SHARING platform using scalable SHARING server architecture that uses
load balancer in front of SHARING servers.

sends the parameters shown in Table 1(b) which corresponds to approximately
100 Bytes. Hence, this background traffic (payload size before sending over the
network) corresponds to approximately 0.01 KB/sec/user for downlink. From the
above discussion of experimental analysis, it should be noted that the amount of
background traffic generated by SHARING platform is not significant. Moreover,
this traffic can be compressed before sending to/from SHARING server for further
possible latency/throughput optimizations of generated background traffic.
It should also be note that today’s smartphone devices have multiple wireless
interfaces and usually stay in active state when screen is on. The amount of energy
consumption due to existence of additional background traffic generated in our
application for appropriately selected Tclient is low compared to other mobile
applications [41]. For energy savings, the SHARING client application can either
be turned off when screen is off or higher scanning period of Tclient can be selected.
Additionally, the scanning period (or update frequency) can be adaptively adjusted
based on the mobility condition of UEs.
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3.5 Attributes and Operational Steps
Implementation of the MADM algorithms described in Section 2 assumes the
availability of one registered 3GPP cellular network and at least one known WiFi network (or another radio access technology) on the UE. TOPSIS algorithm is
implemented in the SHARING server where the attributes are collected. Algorithm
complexity is O(mp) per UE. The attributes that will be used in this work are listed
below. Note also that the weights of the attributes can be dynamically altered by
the mobile operators based on their quality of experience requirements.

– RSSI (s1 , weight: w1 )
– Average Latency (s2 , weight:w2 )
– Battery Level (s3 , weight:w3 )
– Number of Connected Users (s4 , weight:w4 )
– Backhaul Capacity (s5 , weight:w5 )
– Remaining Capacity (s6 , weight:w6 )
– Roaming Status (s7 , weight:w7 )

The step-by-step operation of the SHARING platform is provided as follows.

1. The SHARING client application runs in UE.
2. Operator registers AP credentials through Registration API to SHARING
server.
3. The UE enters a heterogeneous wireless network access area where there are
at least one Wi-Fi AP and one 3GPP base station access.
4. The user experiences a bad connection, e.g a changing connection trigger occurs
when they walk towards a cellular dead zone.
5. The SHARING client application sends network connection information (e.g.
RSSI) and mobile phone status (e.g. battery level) to the SHARING Server
via Client API.
6. Wi-Fi core network and cellular core network attributes are sent to the SHARING Server periodically via RESTful API.
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7. Based on the collected network and UE attributes, SHARING Server decides
on the best access network connection using the MADM algorithm (TOPSIS
in our case) and sends the decision to the SHARING client via Client API.
8. Based on the decision sent by SHARING server, SHARING client connects the
UE to the selected access network.

4 Performance Evaluations
Offloading platforms are designed to overcome capacity problems in dense heterogeneous networks. In this context, in order to evaluate the performances of
the proposed algorithms as well as the proposed SHARING platform, we have
performed both simulations and experimental studies.

4.1 Experimental Results
In this section, two different experimental results are presented. In the first one,
network selection experiment for a mobile SHARING Client is performed. In the
second one, experiments to analyze the sensitivity of attribute weights for a static
SHARING client are performed. The experimental set-up is provided in Figure 5.
In the experimental set-up there is one WLAN AP A, one eNodeB, one mobile
phone running a SHARING client application and one personal computer (PC)
to configure the SHARING server deployed at Amazon Web Services [39]. In our
experimental setting, SHARING client updates are set as Tclient = 10 seconds and
infrastructure updates are set to Tinf = 15 seconds.
4.1.1 Network Selection Experiment
The SHARING platform ensures that the UE is connected to the best available network based on the observed attributes. In order to provide a simplified
demonstration of the performance, two attributes, RSSI (s1 ) and number of connected users (s4 ), are set as the most important attributes, i.e. w1 ≈ 0.5 and
w4 ≈ 0.5. The candidate network set consists of two wireless networks, i.e. p = 2
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(a) WLAN AP A, SHARING client (b) eNodeB antenna on the ceiling for
and PC

LTE connection.

Fig. 5: Experimental demo set-up

and E = {WLAN, LTE}. Both candidate networks are previously registered to the
SHARING server by Registration API. SHARING client is moved back and forth
between different distances to WLAN AP A and eNodeB and the total number of
connected users is varied to simulate a dynamic heterogeneous network environment. Note that the network selection results for 3G and WLAN were previously
presented in [38].
The values of observed attributes, RSSI (s1 ) and number of connected users
(s4 ), and output of the experiment which is the selected network are presented
in Figure 6. The experiment covers around 450 seconds of real-time observations
and ST algorithm is used in the SHARING server. Initially, there are 6 users
connected to eNodeB, 3 users connected to WLAN AP and the RSSI values for
the LTE network are higher. Based on this initial setting, the SHARING server
decides for SHARING client to connect to WLAN network at the beginning due to
lower number of connected users although LTE network has higher RSSI values.
During the experiment, around time 470, number of users connected to eNodeB
drops to 4, and the SHARING server selects LTE as the best available network,
thus the UE switches to LTE. Later on, around time 545, RSSI value of WLAN
AP suddenly surpasses that of LTE, and SHARING client is requested to switch
to WLAN. Then, around time 665, the number of users connected to WLAN AP
experiences a sudden increase, and SHARING client switches to LTE. Then, until
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Fig. 6: Network Selection Experiment Results

the end of the experiment, the UE stays connected to LTE despite larger RSSI
values of WLAN, since s4 becomes the dominant factor in this region.

4.1.2 Sensitivity Analysis Experiment
For the sensitivity analysis experiment, the experimental set-up is similar to the
experiment performed in Section 4.1.1 as given in Figure 5. However, on the contrary to the network selection experiment, the SHARING client is now static during realization of the experiment in order to test the sensitivity of the attribute
weight w4 , i.e. the weight of the number of connected users attribute as given in
Section 3.5. We performed two types of experiments for the sensitivity analysis.
In the first type, the SHARING client stands static close to WLAN AP A and far
away from the eNodeB and initially SHARING client is attached to WLAN AP A.
Whereas in the second type, the SHARING client stands static closer to eNodeB
and initially SHARING client is attached to eNodeB. The data collection for the
experiments ran for 72 hours and during the experiments ST algorithm is again
used.
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In Figure 7, the experiment of first type is given, where the average RSSI
values of WLAN AP A and eNodeB are represented with dotted blue and red
lines, respectively. In this set-up, since initially SHARING client is attached to
WLAN AP A, we want to identify the sensitivity of increasing connected users to
WLAN AP A before it switches to eNodeB for different values of w4 weight values.
In this type of experiment, number of connected users to eNodeB is 5 and number
of connected users to WLAN AP A is varied from 1 to 100 inside SHARING server.
For our experiments the value of w4 are varied from 0.1 to 1.0 with 0.1 increments,
while other attributes are assigned equal values after subtracting w4 from 1.
Figure 7 shows average number of users at WLAN AP A before SHARING
client switches to eNodeB as the attribute weight of number of users increases
LT E
(the solid black line, represented by NW
LAN ). As observed from the results in
LT E
Figure 7, the increase in w4 results in lower NW
LAN . For example, when w4 = 0.1,
LT E
LT E
NW
LAN becomes 83 and when w4 = 0.9, NW LAN = 6.2. The results in Figure 7

also illustrate that when w4 is greater than 0.6, as the number users at WLAN AP
A becomes marginally higher than eNodeB (which is fixed to 5), SHARING client
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hands-off from WLAN AP A to eNodeB. This means that for w4 < 0.5, number of
users connected to WLAN AP A has to be significantly larger than the number of
users connected to eNodeB for SHARING client to perform hand-off. In addition,
when w4 < 0.5, in some cases of the experiment, SHARING client did not switch
to eNodeB even if the number of connected users in WLAN AP A became very
large, since the experiment results present only the cases when there is a hand-off.
Note also that, this is the main reason behind the fall in the value of the average
RSSI of WLAN AP A for w4 < 0.5 since the number of handovers only occurs
in cases when WLAN AP A RSSI level becomes lower. This result also indicates
that when RSSI difference between the access technologies is large the balancing
value for w4 should be held between 0.5 and 0.6.
In Figure 8, the experiment of second type is given. In this set-up, as opposed
to the first type, initially SHARING client is attached to eNodeB and we want to
identify the sensitivity of increasing connected users to eNodeB before it switches
to WLAN AP for different values of weight values w4 . In this type of experiment,
number of connected users to WLAN AP A is 5 and number of connected users
to eNodeB is varied from 1 to 100.
Figure 8 shows average number of users at eNodeB before SHARING client
switches to WLAN AP A as the attribute weights of number of users increase
W LAN
). As observed from the results in
(the solid black line, represented by NLT
E
W LAN
. Note that as the value of w4
Figure 8, the increase in w4 results in lower NLT
E
W LAN
increases from 0.2 to 0.8, the number of users before handover NLT
) decreases
E

from 11 to 6. However, in this type of experiment the RSSI values of eNodeB and
WLAN AP A are closer and RSSI of WLAN AP A is generally only 6 dBm lower
that that of eNodeB. In this case, when w4 is greater than 0.3, as the number of
users at eNodeB becomes marginally higher than WLAN AP (which is fixed to 5),
SHARING client hands off from eNodeB to WLAN AP A. For w4 < 0.3 number
of users connected to eNodeB has to be larger than the number of users connected
to WLAN AP A for SHARING client to perform hand-off. However, contrary to
W LAN
the first type of experiment NLT
is lower due to lower RSSI difference. This
E
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result also indicates that when RSSI values of the access technologies are close,
the balancing value for w4 can be chosen between 0.2 and 0.3.
It is important to note that the reference values for w4 obtained via these
experiments can be used by operators to adapt the offloading platform into their
specific operational requirements. In fact, there is an observed trade-off where
as the w4 value increases, the capacity of users for eNodeB and WLAN AP A
decreases, whereas when w4 value is too low, the performance optimization does
not count this attribute which may yield sub-optimal results.

4.2 Simulation Results
For simulations, we chose a 10K capacity stadium scenario with several Wi-Fi and
eNodeB APs deployed. Out of the 10K potential users in the stadium, 100 of them
are selected randomly to represent the offloading users. A sample user distribution
for 100 SHARING platform users in a 10K capacity stadium is provided in Figure 9. The assumed locations of 8 Wi-Fi APs and 2 eNodeB APs are also depicted
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Fig. 9: A sample of SHARING platform user’s distribution and locations of APs
and eNodeBs for stadium scenario.

in Figure 9. The locations of APs are chosen heuristically and can be modified
based on requirements. In order to obtain stable and reliable simulation results,
500 independent simulation runs with random topologies are conducted.
In this simulation scenario, the SHARING plaform users demand to download
streaming video from 360p to 1080p with bit rates adapted from those of the
worldwide video streaming service, YouTube [42]. The platform users can download
the content either from the closest Wi-Fi AP or the closest LTE eNodeB.
The attributes for the TOPSIS algorithm are chosen as the ones that are
most related with video transmission. First attribute is received signal strength
which affects the maximum bit rate that the user can download the content. For
simulations, the received signal strength is calculated by free space propagation
principles based on the distance between the transmitter and receiver. The second
attribute is the video bit rate (i.e., throughput) calculated based on a mapping
table using the received signal strength. Another attribute is the latency which
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Table 3: Attribute weights for simulations

Attributes

Weight

Received Signal Strength

0.3

Throughput

0.3

Latency

0.1

Remaining Capacity

0.3

Table 4: User distributions, total bandwidth demands and user satisfactions for
CAT and ST methods under heavy and normal load distributions.
Users
# of
Users

Type of
MADM

Total Bandwidth Demand
Distribution
(Mbps / % of capacity)
(avg.%)

User
Satisfaction

3GPP

WLAN

3GPP

WLAN

(%)

50

CAT

37.34%

62.66%

114.2 / 76.13%

153.3 / 53.25%

99.80%

(Normal)

ST

80.82%

19.18%

237.6 / 158.40%

60.5 / 21.01%

67.50%

100

CAT

36.87%

63.13%

227.2 / 151.50%

310.4 / 107.80%

73.31%

(Heavy)

ST

80.33%

19.67%

474.9 / 316.90%

120.7 / 41.92%

40.47%

is assumed to be constant for a given access technology. The last attribute is the
remaining capacity in the access node that affects only the CAT algorithm and is
ignored in ST. For all simulations, the attribute weights given in Table 3 are used
in order to obtain a balanced offloading result. The latency attribute is assigned
the lowest weight due to low sensitivity of delay in the target scenario.
The simulation results are presented mainly based on two different performance
metrics. First one is the total bandwidth demand of the SHARING platform users
from the access nodes based on their individual video bit rates. If the total bandwidth demand is above 100% of the available capacity in the results, this directly
implies that the network is congested and some users cannot receive the video
properly. The other performance metric is the subjective user satisfaction metric.
The SHARING platform users are assumed to be satisfied if they can download
the content with the bit rate determined based on the received signal strength.
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Due to higher demand compared to available capacity in the access nodes, some
users will become unsatisfied.
The simulation results are given in Table 4 which depicts the user distribution,
resulting total bandwidth demands and user satisfaction rate when ST and CAT
algorithms are utilized for 50 and 100 SHARING platform users. When the number
of users is 50, the load is considered to be normal since the total bandwidth demand
is below available capacity. However when the number of users is increased to
100, the bandwidth demand exceeds the available capacity, thus the load becomes
heavy. It is assumed that capacity of 75Mbps per each eNodeB AP and 36 Mbps
per each Wi-Fi AP is reserved (available) for SHARING platform users. The rest
of the capacity is assumed to be utilized by other mobile users in the stadium.
In the results of Table 4, all users are assigned either to a Wi-Fi AP or an LTE
eNodeB.
As observed from the results, the CAT algorithm, compared to ST, yields
improved balance between 3GPP and WLAN utilizations and significantly better
user satisfaction (above 30%) owing to the multi-user sequential TOPSIS algorithm
extension. The total bandwidth demand column in Mbps in Table 4 reflects the
traffic to be offloaded between 3GPP and WLAN. The ST algorithm over-utilizes
the 3GPP network due to higher RSSI, which in turn deviates the user satisfaction
ratio. Moreover, CAT algorithm yields better balanced offloading between eNodeB
and Wi-Fi APs under heavy load conditions. Therefore, the results clearly indicate the superiority of CAT algorithm owing to the utilization of network-based
information.

5 Conclusions and Future Work
In this paper, we have presented a connectivity management platform for mobile
operators which enables smart offloading decisions to service provider’s users. The
analysis, design and integration aspects as well as definitions for interfaces with
infrastructure providers have been discussed. The proposed platform is designed
as a client-server architecture where the mobile operator deploys a centralized con-
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nectivity management server called SHARING server which is running a MADM
algorithm called TOPSIS. The best connectivity decisions computed by the SHARING server are fed back into the UE running the SHARING client application for
enhanced user connectivity experience. Multi-user extension of TOPSIS algorithms
are also proposed. A simplified demonstration of the performance of the platform
as well as simulation results of the proposed multi-user extensions of TOPSIS algorithms are provided where the results demonstrate system level optimization.
Experimental evaluations for the sensitivity of the weights of the MADM algorithm
provides guide for operators on adapting Wi-Fi offloading platforms into their network infrastructures. As a future work, considering that the service providers are
providing their user’s private data (such as MSISDN and location information) into
SHARING platform, security and privacy concerns about the provided data can be
investigated thoroughly if more than one operator uses the SHARING platform.
Moreover, energy consumption behaviour of the SHARING platform can also be
analyzed by considering energy consumption as an additional metric in studied
MADM methods.
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