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Context-Aware and Priority-Based User Association and Resource Allocation in
Heterogeneous Wireless Networks

Mohamad Zalghout!, Ayman Khalil', Matthieu Crussiére?, Samih Abdul-Nabi', Jean-Francois Hélard>

Abstract

Heterogeneous wireless networks (HWNs) are usually characterized by the integration of cellular networks and wireless local
area networks (WLANSs) to meet user requirements and enhance system capacity. This paper proposes, a user association and
downlink resource allocation algorithm in HWN's with users having different priorities. The propoesed solution' employs contextual
information related to the preferences of the users, their requested data rate, and the characteristics of networks. The user preference
is translated through a profit function that is based on the received signal quality and the power consumption at mobile terminals
(MTs). Accordingly, an optimization problem is formulated to maximize the overall user satisfaction for each priority level. The
formulated problem throws firm restrictions to prevent low-priority users from allocating resources utilized by other users with
higher priorities. We then propose a novel heuristic approach with polynomial-time,eomplexity to approximate the formulated
problem. Furthermore, the system architecture is discussed and a new solution management strategy is proposed to limit the
complexity of the algorithm. Simulation results show that the proposed approfimationymethod maintains the nearest performance

to the optimal solution.

Keywords: Power consumption, IEEE 802.21 MIH, blocking proébability, binary linear programming

optimization, user-centric profit

1. Introduction

With the recent widespread deployment of the fourth gener=
ation (4G) wireless communication systems, the fifth genera-
tion (5G) mobile and wireless communication technologies are
emerging into research fields. It is indicated thatithe expansion
of the wireless data traffic requirements exceeds the capacity
growth rate of new wireless access technologies [ 1]./Since the
efficiency of wireless links is approaching its,theoretical lim-
its, and the amount of requested data rate is severely increas-
ing, next-generation mobile wireleéss networks are moving to-
ward heterogeneous architectures usually referred to as hetero-
geneous wireless networks(HWNSs), [1]. In HWNSs, users have
the right to connect to different types of radio access technolo-
gies like long-term evolution (LTE) base stations (BSs) or Wi-
Fi access points (APs). Such,architecture increases the capacity
of the system by'reducing_ the number of users competing for
resources at BSs, and supplying those users with better chances
to be associated to networks with good channel conditions.

To aceess the Internet through HWNSs, current mobile ter-
minals (MTs) are equipped with multiple wireless access net-
work interfaces. One type of terminals widely used nowadays is
that with multiple data interfaces but can benefit from a single
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interface at a time, usually referred to as a multi-mode termi-
nal. By contrast, multi-homed terminals use multiple interfaces
to share the load requested by a single MT. However, a real-
istic implementation for the multi-homing scenario is still far
from deployment and imposes extra complexity on the system.
Therefore, the multi-mode terminals are considered. Upon us-
ing multi-mode terminals, transferring an ongoing active con-
nection to a new network is probably desired. The transfer in
connection could be due to the user mobility, network conges-
tion, user equipment status, efc. The process of transferring an
active connection between networks is called handover (HO).
If the networks that are participating in the HO are of differ-
ent access technologies, e.g. handoff from an LTE BS to Wi-Fi
AP, the connection transfer is usually referred to as vertical HO
(VHO) [2].

In fact, combining and integrating different types of access
technologies in HWNs provides flexible choices for the user
to associate with his most preferred available network. In gen-
eral, users prefer to be associated with the network that provides
lower power consumption, better signal quality, better quality
of service (QoS), security, efc. Consequently, HWNs are usu-
ally accompanied with the concept of always best connected
(ABC) [3], which is the process of being connected to the best
available network at all times. However, the ABC concept is
usually taken from the user perspective to rank candidate net-
works and connect to the best one. Usually, ABC-based net-
work selection algorithms do not consider the limited resources
of the networks and the effect of the HO algorithm on the sys-
tem. Therefore, it is essential in HWNs to pave the way for an
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optimized context-aware ABC scheme that considers both user
and network requirements.

1.1. Related Works and Motivations

Extensive research has explored the network selection issue
in HWNs. Some studies focus only on one parameter to take
HO decisions. In [4] for instance, the HO algorithm selects the
network with the highest available bandwidth. In [5], to maxi-
mize the MT battery lifetime, the HO algorithm selects the net-
work that requires the lowest power consumption among can-
didate networks. Other studies consider multiple parameters to
rank available networks and select the best one. Usually, each
parameter is associated to a weight that indicates its importance
among other parameters. The weight of each parameter is set
according to the user preferences. Weighted cost function is
used in [6], [7], and [8] to rank candidate networks according
to the monetary cost, MT power consumption, and QoS-related
parameters. However, all previous studies do not consider a
system-wide resource allocation and user association solution.
Instead, they are designed to satisfy the needs of each user in-
dividually.

From a system perspective, several studies with different ob-
jectives focus on user association and resource allocation in
HWNSs. For example, in [9], the proposed solution increases the
overall user-centric utility that is based on the per-user through-
put. Increasing the per-user throughput has been also used in
[10] and [11] as a mean to increase the system throughput.
However, the studies [9], [10], and [11] do not consider the
amount of data rate requested by each user. In fact, increasing
the per-user throughput does not always contribute better sat-
isfaction for users. For example, voice over Internet protocol
(VoIP) applications usually request a fixed amount-of'data rate;
increasing the data rate above this amount doesot necessarily
enhance the performance of the application,

The amount of data rate requested by each user is considered
within the optimization functions formulated in/studies [12]
and [13]. However, the objective i§ to. minimize the amount
of time required to satisfy each.user traffic. demands without
considering user-centric welfare. Moreover, the system model
and the formulated problems'in [12] and [13] do not follow the
specific-access-technology. resource allocation constraints. In-
stead, time and frequeney resources are assumed to be infinitely
divisible. In practice, taking LTE as an example, resources are
discrete, and a single resource unit could not be shared between
various MTs simultaneously.

The studies [14] and [15] have explored the problem of op-
timizing. the user=eentric satisfaction while considering user-
demand diversity: However, their proposed optimization func-
tion and System model do not follow the specific-access-
technology/Constraints. Instead, a generalized problem formu-
lation is proposed. Furthermore, the optimization problem in
[14] do not consider the user preferences.

On the other hand, all previous papers do not take into con-
sideration different user priorities when making decisions. It
is common that users in communication systems have different
priorities. For example, in mobile networks, users experienc-
ing low long-term transmission rate, or users demanding high

QoS, are given higher priority [16]. Moreover, future mobile
networks should prioritize the service of emergency applica-
tions over the ordinary ones. The authors of [17] have proposed
that upon congestion in public safety networks (PSNs) users
handoff to LTE system. To ensure reliable service for those
users, they are given higher priority among ordinary commer-
cial users. In [18], authors have introduced the concept of de-
graded utility to deal with different user priorities; additional
bandwidth is released to high priority users by~degrading the
low priority traffic. The authors of [16] have’formulated an op-
timization problem to associate users with.different priorities in
heterogeneous networks. However, thestudies [16] and [18] do
not consider specific user-related parameters, and the adopted
system model is not realistic. Moreoyer, both studies do not
propose a firm mechanism to/prevent low-priority users from
allocating resources that could\beutilized by users with high
priority.

Usually, for the multi-mode MTs, user association is formu-
lated as a binary matchingyproblem. The user association vari-
able is restricted toshave'a binary value that indicates whether
or not a MT is associated'to a specific network. However, such
problems .are known for having an NP-complete complexity
which makes the solution intractable. A popular approach used
to oyercome, this issue is to relax the binary association vari-
able into continuous. Then, the solution of the relaxed prob-
lem, which usually has a polynomial-time complexity, is used
to get'the final association decision. In [10], a simple rounding
approach is used to convert the fractional association variables
into boolean. In [11], the MT connects to the network with
the highest fractional association value. However, both solu-
tions are not suitable for the case where MTs request a specific
amount of data rate; both approaches could lead to a congested
network where the number of available resources is not suffi-
cient to supply each MT with its requested data rate. Moreover,
relaxing the binary constraint threatens the optimality of the so-
lution.

Following the goals of the ABC concept that aims at enhanc-
ing user satisfaction and considering user preferences, and mo-
tivated by the system-wide and priority-based solutions, this
paper aims at providing an optimized and priority-based user
association and resource allocation scheme to maximize user
satisfaction in HWNs. Moreover, this paper explores the het-
erogeneity of users with different demands and preferences.

1.2. Contributions and Organization

In this paper, we discuss the user association and downlink
resource allocation problem in HWNs. MTs in our context
have different service priorities, or service levels (SLs), such
that MTs with highest priority should experience the best ser-
vice. In order to be served, each MT should be supplied with
its requested data rate, otherwise the MT terminates its ongoing
session. Typically, users with high priority should encounter
the minimal attainable blockage. In this paper, we optimize the
ABC scheme that considers the preferences of users, their pri-
orities, their requested data rates, and the network constraints.

In that perspective, we first formulate a novel binary linear
programming (BLP) problem that ensures lower blockage and



better service for high-priority users. The formulated problem
exploits different context information that could be user-centric
(power consumption, signal quality, and preferences), service-
centric (the amount of requested data rate), and network-centric
(number of available resources, geographical location, trans-
mission range, efc.). The formulated problem throws firm
restrictions to prevent low-priority users from allocating re-
sources that could be utilized by other users with higher prior-
ities. Specifically, the algorithm aims at maximizing, for each
SL, the user-centric gain which is based on the received signal
quality and instantaneous power consumption at the MT. Major
contribution in this paper is the description of a novel-heuristic
approach to approximate the formulated optimization problem.
We compare the performance of our solution to the approach
based on relaxing the binary association variable. However, un-
like [10] and [11], where both relaxation-based solutions do not
account for the data rate requested by MTs, we propose a suit-
able solution to convert fractional values into binary while sup-
plying each MT with its requested data rate. We also compare
the proposed approach to a simple greedy heuristic solution.

Moreover, we discuss the system architecture that is based
on the IEEE 802.21 standard. The system is managed by a cen-
tralized entity that is responsible for allocating resources and
associating users. In addition, a novel solution management
strategy is proposed to minimize the number of times the opti-
mization function is processed without affecting the optimality
of the solution.

To sum it up, the contributions proposed in this paper could
be summarized in the following three main points:

e The formulated optimization problem and the proposed
solution management strategy considers users haying dif=
ferent priorities.

e The formulated problem also considers_user,data rate
requirements and the network resource’allocation con-
straints.

e A novel solution to approximate the formulated binary op-
timization problem is propesed and compared to the stan-
dard relaxation-based solution.

The rest of this paper is ofganized as follows. In Section 2,
the system model is presented:”In Section 3, the optimization
problem is formulated, the relaxation-based approach is dis-
cussed, and the new approximation-based solution is proposed.
In Section 4, the system architecture is discussed and the novel
solution management strategy is introduced. Section 5 provides
performancesevaluation through simulations. Finally, Section 6
concludes,this paper.

2. System Model

In this paper, we focus on the downlink resource allocation
in a heterogeneous wireless system. The system consists of
LTE BSs and Wi-Fi APs with overlapping coverage areas. The
set of MTs located within the system is symbolized by M =
{1,2, ..., M}. The network sets corresponding to mobile BSs and

Wi-Fi APs are denoted by Ngs = {1,2,...,G} and Ngp = {G +
1,..., N} respectively. The total network set is denoted by N =
NasUNap = {1,2,..., N}, where NgsNNap = &. Throughout
this paper, "network" n indicates that n belongs to set N, "AP" n
is equivalent to n € Ngp, and "BS" n is equivalent to n € Ngg.
Moreover, MT m in general indicates that m belongs to set M
unless it is needed to be stated otherwise. Note that most of the
used variables are defined in Table 1. The available mobile BSs
and Wi-Fi APs selected by a given MT are those.for which this
MT is located in their coverage area. Therefore; we assume that
each network #n has a circular coverage area with radius R,,, and
dn denotes the distance between the AP or BS n and MT m.
The set of all available SLs is denoted by K = {1, 2, ..., K}. The
data rate in kbps requested by MT mis denoted by Q,,. Since
the priority of a MT at a givensmoment is determined according
to the SL, a MT is assigned a single"SL £ at a given moment.
The SL of MT m is denoted by /.~ For simplicity, higher SL
indicates higher priority. We define a set 6; containing all MTs
with SL & such that@y={m.eM : I, = k}.

2.1. Resource Allocation'in LTE

We consider the downlink of an LTE BS. The total bandwidth
in BS »n is\divided into C, sub-channels. Each sub-channel is
made up of twelve sub-carriers that are grouped into a resource
block (RB) whose total bandwidth is BffB kHz. Following simi-
larapproach as in [19], the positive channel power gain between
MT m-and BS n is denoted by H,,,. In fact, H,,, encompasses
thereffects of path loss, log-normal shadowing, and antenna
gains as large scale fading component (denoted by G,,,), and
the multi-path Rayleigh fading as small scale fading component
(denoted by F,,,). In [20], F,,, is modeled as an independent
exponentially distributed random variable with a unit variance
because the envelope of the signal in Rayleigh fading environ-
ment is assumed to follow a Rayleigh distribution. Therefore,
based on [20], authors in [19] and [21] assume that F,,, fluctu-
ates fast enough so that a MT can average it out in its channel
measurements. Thus, the long-term signal-to-interference noise
ratio (SINR) that is measured by MT m from BS n on a RB is
[19]:

PVleVl
DieNgs\n PiGmi + BRENy

SINR,,, = €))
where P, and P; denote the transmission power on a RB by BSs
n and i respectively, Ny the thermal noise spectral power, and
Ngs \ n the set of all BSs except BS n. It is assumed that the al-
located power for each sub-channel is predefined. For example,
equal power allocation (EPA) could be considered [22]. There-
fore, MT m can measure the channel gain for all BSs. Hence,
the long-term spectral efficiency in kbps/Hz between MT m and
BSnonaRBis[19]:

7mn = logz(l + SINRmn) (2)

where the achievable data rate in kbps on a RB could be calcu-
lated by multiplying ,,, by the bandwidth of a RB (BRE) and
the time duration, then divided by the scheduling interval [19]
[23]. Accordingly, we assume that that the transmission time,



or scheduling interval, is divided into Tfs discrete time frac-
tions, where each RB spanning the interval of one time fraction
is identified as a scheduling block (SB). Hence, the total num-
ber of SBs at BS nis U, = C, T3, and u,,, denotes the number
of SBs that is allocated to MT m if it is connected to BS n. Thus,
the long-term achievable data rate (kbps) of MT m in BS n is:

MH‘IVIBRB mn

T'mn = #S’y 3
While allocating resources, it is more convenient to consider
the long-term achievable data rate instead of the instantaneous
one, otherwise, the resource allocation algorithm might run
upon any degradation in the instantaneous SINR. Moreover, in
this paper, the resource allocation algorithm considers the data
rate requested by each MT. The data rate requested by MTs
could vary dramatically. For example, a MT running a file
download application requests data rate much larger than an-
other MT running a VoIP call. Therefore, it is not convenient to
allocate a whole RB to MTs requesting low data rate. Hence,
the presented system model is adopted. It is beneficial to high-
light here that the relative RSS is more inclined towards provid-
ing connectivity to the MTs, while the SINR is directly related

to the amount of data rate that could be supplied to each MT.

2.2. Resource Allocation in Wi-Fi

In Wi-Fi APs, as in [24], we consider an enhanced ver-
sion of distributed coordination function (DCF) [25] with
a reservation-based medium access control (MAC) protocol.
MTs can completely avoid collisions by acknowledging, their
back-off timer value within the MAC header. Thus, it can be
simply seen as if MTs access the AP in a time division multiple
access (TDMA) manner. The resource allocation’in Wi-Fi APs
is also seen as TDMA in [26]. Each MT can occupy the whole
bandwidth of AP n, denoted by B,, in its/allocateditime slot.
The total number of time slots during a scheduling duration is
T4P, and t,,, denotes the number of tifne slotsithat is allocated
to MT m if it is connected to AP #%. Therefore, the data rate
(kbps) that is supplied to MT mif it is connected to AP n is:

rot
v, b
mnbmn
T = (€]
AP
T

where 1% = B,y is the total’achievable data rate (kbps) in
AP n, y,., is the spectral efficiency (kbps/Hz) between MT m
and AP n. The channelPmodel used in [26] for Wi-Fi APs is
adopted; ¥, = log,(1/+ %) where P, denotes the transmis-
sion power of AP.nf o the noise power, and g,,, the channel
gain between"MT m and AP n encompassing the effects of path
loss and antenna gains. It is assumed that APs operate on non-
overlappingchannels so that no interference exists among APs.
In addition, since WLANS operate in an unlicensed band, APs
do not interfere with BSs. Full power transmission in each time
slot is assumed.

2.3. User-Centric Attributes

In this section, we present two user-centric attributes that are
chosen to calculate the context-aware profit contributed upon

associating MTs to networks. Both attributes have been consid-
ered in the literature as essential network selection parameters.

2.3.1. Signal quality

The signal quality is usually considered as an important at-
tribute for making HO decisions in HWNs. However, it is diffi-
cult to compare the quality of the signal among different wire-
less access technologies because they have various maximum
transmission power and receiver power thresholds. To over-
come this issue, Shen et al. have proposedia signal quality
formula in [27] that is applicable in different types of wireless
technologies. The proposed formula is:

_ Pmn_P;h

- szx ) P’tih (5)

Smn

where P represents the eceiver power threshold in network n,
P7%* the maximum transmitted signal power, and P,,, the actual
signal power received-by MT m. Shen et al. have managed to
reduce their proposed-formula to:

log(dmn)

~ log(R,) ©

Smn = 1
Notesthat-network n is unreachable by MT m if d,,, > R,,.

2:3.2. InStantaneous power consumption

MT power consumption is usually seen as an important user-
centric attribute. Therefore, it is considered within the profit
function. To estimate the instantaneous power consumed by
MT m while receiving data from network n, the model empiri-
cally derived in [28] is used:

DPCimn = Qplyp + Yy @)

where pc,,, is the power consumed by MT m while receiving
data from network n, r,, the downlink data rate in kbps, «,
(mW/kbps) and ¢, (mW) are constants related to the wireless
access technology of network 7.

3. Optimization

3.1. Profit Function

In the proposed solution, users prefer to be served by a net-
work with low instantaneous power consumption and high re-
ceived signal quality. Consequently, a user-centric weighted
profit function is defined to combine these two attributes. The
weight of each attribute reflects its importance among other at-
tributes in the profit function. These weights are set according
to the user preferences. The weights of the signal quality and
instantaneous power consumption for MT m are symbolized by
ws, and wh respectively. Both weights are subject to the fol-
lowing constraint:

wi, +wh =1 (8)

Note that, both attributes (s,, and pc,,) have different
measurement units. Thus, in order to be combined within
the weighted profit function, a normalization step is required.



Table 1
Variable Definitions

| Variable || Definition
K, M, N Total number of SLs, MTs, and networks
K, M, N || Sets of available SLs, MTs, and networks
R, Circular coverage radius of network n
L Service level of MT m
I Capacity of network n
Bunn Weight of MT m in network n
@t Weight of MTs with SL > k in network 7
S Quality of the signal received by MT m from
network n
DCimn Power consumed by MT m while receiving
data from network n
O Set of all MTs with SL k&
ws, wh' || Preference weights for MT m related to the sig-
nal quality and power consumption
Spns PCoy || Normalized s,,, and pc,,
Sonn Profit contributed upon associating MT m to
network n
U, Total number of SBs in BS n
Upn Number of SBs that are allocated to MT m if it
is connected to BS n
[ Number of time slots allocated to MT m if it is
connected to AP n
Onm Data rate requested by MT m
Fn The data rate that is supplied to MT m if it is
connected to network n
riet The total data rate achievable by MT nr with
APn
B¥® B, Bandwidth of a RB and the total bandwidth of
an AP respectively
Vinn Spectral efficiency between the BS ot AP/n and
MT m
C, Total number of sub-channels'in BS n
Ti? Total number of time/slots within one schedul-
ing interval in AP#
T5S Total number of time slots within one schedul-
ing intervalin BS »

While normalizing, it.ds essential'to differentiate between up-
ward and downward attributes; attributes of which their higher
value is preferable are called upward attributes; conversely,
downward attributes are'those we aim at decreasing their value.
It is obvious that the signal quality is considered as an upward
attribute while the.instantaneous power consumption as a down-
ward one. Therefore, based on [6], the normalized forms of the
signal quality and instantaneous power consumption, respec-

tively denoted by s, and pc,,,, are:
T = ——— ©)
max (Su)
mebg,neN
— 1/pc
Pl = —— =7 (17}% 5 (10)
mebg,neN mn

Note that increasing the value of ,,, depends on increasing the

value of s,,, while pc,,, can be increased by decreasing pc,.
Moreover, each attribute is normalized to the global maximum,

i.e. max , instead of the local one (max) because the profit
mebg,neN neN

function will be deployed in a global optimization problem.

The normalized profit function does not differentiate between
MTs with unequal data rate requirements. Since the context of
this paper considers MTs with different requested data rates,
the profit function is multiplied by the amount of data rate re-
quested by the MT to reflect the real profit contributed by each
MT. Moreover, a MT m could connect to’ network n only if
R, > d,;,. Thus, a unit step function is defined as:

1, Aif R, 2.dyn,
0, otherwise.

UR, = dpn) = { (11)

Hence, the overall profit of MT ' inmetwork 7 is:
fmn = U(Rn - dmn) . (an’S\mn + anr[;cmn) . Qm (12)

Note that £ can besséenas the normalized profit of a MT, or
the profit per kbps, which is the real profit contributed without
multiplying by the requested data rate.

3.1.L._Profit-function-based network selection algorithm

In this section, we discuss the trivial profit-function-based
network selection algorithm. Basically, the MT ranks candi-
date networks based on the profit function derived in Eq. (12).
Normally, the MT targets the network with the highest profit
value. Then, the MT estimates the number of resources that
should be given by the target network in order to supply the
MT with the requested data rate. If the targeted network have
sufficient resources to serve the MT, the association between
the MT and target network is established. Otherwise, the MT
targets the network with the next higher rank, and so on, until
the MT is associated to a network. The mechanism of estimat-
ing the number of requested resources is discussed throughout
this paper, and the priority-aware profit-function-based network
selection algorithm is discussed in Section 4.2.

3.1.2. Profit function characteristics

In this section, we highlight the characteristics of the profit
function and its performance upon variating the weights w;, and
wh’. Therefore, three cases of the profit function are considered:

o Signal-quality-based profit function: w$, = 1 and wi; = 0.

e Power-consumption-based profit function: wj, = 0 and
pc
wy,, = 1.

o Equal-weight-based profit function: wé, = 0.5 and w}, =
0.5.

The performance of the profit function is evaluated in a sce-
nario where each MT requests a specific number of resources,
and each network has a limited amount of resources. Accord-
ingly, we study the behavior of the profit-function-based net-
work selection algorithm upon increasing the number of MTs
in a heterogeneous wireless system that is based on Wi-Fi APs
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Figure 1: Average signal quality for different profit function cases. Based on
Eq. (32).

and LTE BSs. Since we are only interested in showing the be-
haviour of the profit function, detailed simulation parameters
are not discussed. However, they are slightly different than the
parameters presented in Section 5.1 to ensure that MTs does not
experience any blockage.

It is important to illustrate first that MTs aiming at only en-
hancing the signal quality, i.e. wS, = 1 and w}, = 0, tends to
attach to LTE BSs due to their long transmission range property.
For example, when the number of MTs is 35, i.e. networks are
not fully congested yet, 60% of the users aiming at only enhanc<
ing the signal quality are associated to LTE BSs. On the other
hand, MTs aiming at only enhancing the power consumption,
i.e. w$, = 0and wh = 1, tends to associate to Wi-Fi APs due to
their low power consumption property. It is noted that when the
number of MTs is 35, 65% of MTs aiming at only enhancing
the power consumption are connected to Wi-Fi APs.

It is shown in Fig. 1 that the signal<quality-based profit
function maintains the highest signal quality; followed by the
equal-weight-based profit function. /The power<consumption-
based profit function scores the lowest signal quality because
ws, = 0. So, MTs tend to select‘Wi-Fi APs to save power, caus-
ing lower signal quality. Asthe number of MTs increases from
35 to 100, the average signal quality is decreased by only 2.1%
for the signal-quality-based/profit function, while the power-
consumption-based /profit function decreases the average sig-
nal quality by 6%. Increasing the number of MTs reduces the
opportunity that MTs connect to their best available network.
Therefore, the average signal quality decreases in general.

Since MTs follewing the signal-quality-based profit function
tends to associate with LTE BSs, their average power consump-
tion is high as shown in Fig. 2 because LTE networks requests
higher powet consumption.

On the other hand, MTs with the power-consumption-based
perspective tends to associate with Wi-Fi APs due to the low
power consumption property. Those MTs maintain the low-
est power consumption. As the number of MTs increases,
Wi-Fi APs become congested. Therefore, the average power
consumption increases because MTs have less probability to
be associated with their top-ranked network. It is remarkable
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Figure 2: Average power consamption for different profit function cases.
Based on Eq.(31).

that when the number of MTs is 40, the power-consumption-
based profit function scores 34% less average power consump-
tion than the signal-quality-based profit function. Therefore,
the profit function, responds explicitly to the variation of the
weights in order to meet user preferences.

3.2.40ptimization Problem

We aim at formulating an optimization problem to maxi-
mize. the total profit for each SL. The problem should throw
firm restrictions to prevent low-priority users from allocating
resources that could be utilized by other users with higher pri-
orities. A single network association should be ensured, as well
as supplying the connected MT with data rate that is at least
equal to its requested data rate threshold. Therefore, a set of
M x N boolean user association variables x,,, are defined such
that:

_ | 1, if MT m is associated to network n, (13)
Amn = 0, otherwise.
Thus, the formulated problem is:
Plimax 3" 3" funtm (14a)
ke meby ne N
UmnXmn g Un - UinXin
> 2.2, (L4
VkeK, ne Ngs
TnXmn g T;?P - tinXin
2 2,2, (140
VkeK, ne Nap
Z rmnxmn 2 Z memn Vm e M (14d)
neN neN
D <1 Vm e M (14e)
neN
Xmn € {0, 1} Vme M,Yne N (14f)
U € N* Ym e M,¥n € Ngs (14g)
tyn € NT Yme M,Vn € Nap (14h)



Constraint (14b) ensures that the capacity of LTE BSs is not
exceeded and the resources allocated to high-priority MTs are
not violated. Similarly, constraint (14c) guarantees the same
aspects in Wi-Fi APs. Constraints (14e) and (14f) assure that a
MT will be associated with a single network, or not connected
at all (upon congestion). Constraint (14d) guarantees that the
data rate received by a MT is at least equal to its requested data
rate threshold. However, we are obliged to multiply both sides
of the inequality by x,,, because upon congestion, some MTs
will not be served. Constraint (14g) ensures that a single SB
(LTE) is not assigned to multiple MTs simultaneously. Simi-
larly, constraint (14h) guarantees that a single time slot in an
AP is not allocated for multiple MTs at the same time. Note
that MTs are distributed in different SL sets 6, and constraints
(14b) and (14c) ensure that the resources allocated for MTs
with SLs higher than k, i.e. MTs € 6; such that j > k, are not
given to MTs with SL k, i.e. MTs € 6;. Therefore, it is prefer-
able to show the maximization form in terms of all SLs and all
MTs in SL sets instead of directly maximizing for all MTs, i.e.
"Max Ypex imeo, Zmen' 0Stead of "max 3 oy, 4" This
plays a role in clarifying the characteristics of the formulated
problem.

3.3. Problem Simplification

The formulated problem (P1) aims at finding three sets of
variables:

e The boolean association variables (x;,,).

e The number of SBs allocated for each MT m connécted to
BS n (uyn).

e The number of time slots allocated for each MT m con-
nected to AP n (t,,,).

In the following, the number of resources that should be allo-
cated by each network in order to supply the MT with its re-
quested data rate (if the MT is associated to the network) is
calculated. Hence, u,,, or t,,, can be seen as the weight of MT
m in network n. Thus, the optimization problem now aims at
finding only the boolean dassoc¢iation variables x,,,. Therefore,
based on constraint (14d), we calculate the number of resources
that should be allocated by each network to supply MTs with
their minimum requested data rate, i.e. r,, = Q, Ym € M.
Hence, based on (3), and-according to the approach adopted by
[19] and [29], the minimum number of resources that should be
allocated to MTwm if4t is connected to BS n is:

_QuTH
B ﬁB‘ymn

Vne Ngs (15)

umn

Similarly, and based on (4) for Wi-Fi APs:

_ T’

mn tot
T'imn

VneNap (16)

In fact, both (15) and (16) can be seen as the weights of MTs in
networks. Thus, B,,, € N* is introduced to indicate the weight

of MT m in network n € N such that:

BS
[—Q'"T” -‘ VYn € Ngs

B Y
ﬁmn = 17
0, TAP
[ Len -‘ Vn € Nap

o1
T

The ceiling ([.]) of values in (15) and (16) is taken to preserve
the integral constraints (14g) and (14h). Similarly, ¢, denotes
the capacity of network n € N such that:

_ U, VnENz;S

Therefore, based on (17) and (18), Plcould be reformulated as:

P2max D NN fun (19a)
kel meby ne N
ﬂlnnxmn g {n = ﬁinxin
> 2,2, sk
VkeK,neN
me,, <1 Yme M (19¢)
neN
X € {0, 1} VYme M,Yne N (19d)

Actually P2 could be further simplified by fixing the value
> Lk > ico, BinXin in constraint (19b). To do so, a new variable
@k is introduced to express the number of resources that are
allocated to MTs with SL > k in network n, i.e. the total weight

of MTs with SL > k. Thus:

ifk=K

* 0
kT _
T = { Z:j>k Ziee,-ﬁirzxin lf k<K (20)

Note that @™ depends on the association results of MTs with
SL > k. Hence, if the association decision for MTs with SL > k
is found, w’,‘; can be considered as a constant value for MTs
with SL k. Therefore, P2 is distributed to K problems which
will be solved sequentially according to the decreased order of
priority, i.e. K, K —1,...,1. Thus, the user association and
resource allocation problem for MTs with SL k is:

P3: max Z Z fonnXimn

meb, neN

(21a)

s. t. Zﬁmnxm,, <G - w',f Vne N

me6y

(21b)
Z X <1 VYm € 6
neN

21¢)
Xmn € {0, 1} Vme 6,,Yne N (21d)

The formulated problem P3 consists of finding an optimal set of
association variables from a finite set of objects. In such prob-
lems, exhaustive search is not feasible for even a small-sized



systems. Therefore, solving the problem is not straightforward.
P3 operates on the domain of optimization problems where the
set of feasible solutions is discrete, and in which the target is to
find the best solution. Hence, the complexity of finding the opti-
mal solution is O(N'%!) where |.| denotes the cardinality of a set.
All the discussed complexities are listed in Table 4. The vari-
ables in P3 are restricted to have binary values and the objective
function and constraints are linear, thus it is considered as BLP.
Therefore, classical approaches used to solve continuous opti-
mization problems could not be deployed to solve problem P3.

In fact, BLP, usually referred to as 0-1 integer linear pro-
gramming problem, is one of the Karp’s 21 NP-complete prob-
lems [30]. One class of algorithms used to solve BLPs are vari-
ants of the branch and bound method. To evaluate the optimal
solution based on the branch and bound algorithm, the GNU
linear programming kit (GLPK) is used. GLPK is intended to
solve integer and linear programming optimization problems.
However, as the number of variables grows largely, the opti-
mal solution becomes intractable. Therefore, in this paper, a
solution with polynomial-time complexity is proposed to ap-
proximate problem P3. Note that the linearity of the problem is
explicitly discussed in the next section.

3.4. Relaxation of the Binary Constraint

In this section, the continuous relaxation approach is consid-
ered to deal with the binary constraint (21d). Accordingly, the
binary association constraint (21d) is relaxed to a continuous.
Thus, each MT is now allowed to access multiple networks'si-
multaneously, i.e. multi-homing. Then, a new methodology.is
proposed in Algorithm 1 to preserve constraint (21d):by con-
sidering only boolean association results. Relaking the binary
constraint permits solving the optimization problemyusing stan-
dard mathematical methods that can solvedinearprograms. The
relaxed problem is:

P4: max Z Z SonXmn

meb, neN

(22a)

s. t. Z,Bm,,xm,, < = wf: Yne N

meoy

(22b)
Z X <1 Ym € 6,
neN'

(22¢)
0<xum <1 Yme G,¥Yne N (22d)

where the inequalities (22b), (22¢), and (22d) specify a convex
polytope over which the profit function is to be optimized. It
is essential to present the methodology of expressing problem
P4 in the standard form of a linear program. Since the binary
constraint is relaxed, constraint (22d) could be replaced now by
Xmn = 0 because the set of constraints (22¢) ensure that x,,, <
1 Vm, n. Hence, problem P4 could be expressed in the standard

canonical form of a linear program such that:

max ch
s.t. Ax<b (23)
x>0

where:

o ¢ € R%N i5 a vector that contains all the profit values f,,,
and (+)" is the matrix transpose.

e x € RI%N i5 a vector that contains/all the user’association
variables x,,,.

o A € RUKHNXWIN and p e RN are respectively a matrix
and a vector of coeflicients related to constraints (22b) and
(22¢); A contains thexcoefficients at the left side of the
inequalities in the constraints, and b the constants on the
right side.

For example, let usteéonsider a heterogeneous wireless system
with three MTs of SL.k.placed within the overlapped coverage
range of two,networks, then:

CT=[fl1 o o f3z]’

x:[x“ X2 X211 X2 X3) X32],

|6kIN
Buu 0 B 0 B O]y } (22b) & - W'fi
0 Bz 0 pn 0 PB» b — @
A=]1 1 0 0 0 01+ ,b = 1
o 0 1 1 0 0 (220) 1
0 0 0 0 1 1]I6 1
(24)

Note that problem P4 can be seen now as a standard linear pro-
gramming problem. Expressing problem P4 in the form shown
in (23) also serves as a proof of linearity for problems P3 and
P4.

The number of variables in the standard linear program P4 is
|6k|IN. In practice, the simplex method performs very well when
used to solve this linear program even for a large number of
variables. However, its worst-case computational complexity
is exponential [31]. Other methods with polynomial-time com-
plexity have been proposed to solve standard linear programs.
The interior-point methods are preferred among them; the theo-
retical computational complexity is O(|6 > N>L), where L is the
length of the binary coding of the input data [31]. The fact that
the complexity depends on L implies that the time required to
solve the problem increases with the required accuracy of the
computations.

Solving problem P4 results in three sets of MTs classified
according to their association status:

. S’f : set of associated MTs with boolean association values.

. S’;: set of associated MTs with fractional association val-
ues.

. Sg‘ : set of unassociated MTs.



Algorithm 1: Relaxation-based solution

Output: Association variables for all MTs in 6
1.1: foreach n € N do

12 | Gi=6-os
1.3: end
1.4: G_k =0
1.5: while 6, # ¢ do
1.6: Solve problem P4 Vm € 6 and according to ¢,;
1.7: S’f ={me M: 3, ylxmil =1}
18 | SEi={me M: Y, xm =0}
Lo | Ski=6 -8 -85
1.10: if |S5| = ¢ then
1.11: Save the association values Ym € S’l‘ U S{;;
1.12: O = ¢;
1.13: else
1.14: Save the association values Ym € S’{;
1.15: O = 6 — Sk
1.16: foreach n € N do
1.17: G=8n— Zmesf BranXn’
1.18: end
1.19: end
1.20: end

Since in our context, a MT could be associated with a single
network while receiving its requested data rate, a new approach
is used to assign MTs to appropriate networks and empty the
set S’;. Algorithm 1 shows our proposed method.

Algorithm 1 keeps solving the relaxed problem P4 for,all
MTs in St U S84 until [S5| = 0, i.e. all the results of problemn
P4 are binary. Every time the optimization problem is solved,
the association values of MTs in S’; are saved, the number of
free resources in each network is updated (lines,i.16-118), and
MTs in S’l‘ are not considered within the optimization function
anymore (line 1.15).

3.5. The Proposed Approximation=based Solution

After taking a closer look atiproblem P3, we notice that it is
similar to the generalized assignment problem (GAP) [32]. In-
fact, Martello and Tothy,who have significant contributions in
the domain of GAP, knapsack, and bin-packing problems, have
proposed a heuristic/algorithm to approximate GAP based on
an orderingiof the MTs [32]. There, the "desirability" of assign-
ing MT m,t6 network n is measured according to a desirability
factor Q5 The possible factors that could be considered as a
desirability measure are discussed in Section 3.5.1. For each
MT, the difference between the highest and the second highest
value of Q,,,, is computed, and MTs are then assigned in the de-
creasing order of this difference. That is, each MT is assigned
to its best network according to the following criteria:

max min(Q,, — Q) (25)

n  n#ns

or in other words:
min Q,,, — Qy
n#nr

where (26)

ns = argmax Q,,,
n

The computational experiments conducted by Martello and
Toth have shown that good results are obtained using this al-
gorithm. However, their proposed algorithm./does not exactly
suit problem P3 for two reasons:

e The algorithm is designed to soly¢ GAP while constraint
(21c)isreplaced by 3, . Xmn = 1. Thatis, all MTs should
be associated to networks. While uponrcongestion, some
MTs would not be able torassociate to’any network. Then,
the algorithm would fail to appreximate problem P3.

o The algorithm assumes that all networks are reachable by
all MTs. Therefore, it does not differentiate between MTs
reachable by a single network and others reachable by
multiple networks.

Thus, we modify their proposed algorithm to adapt problem P3
as showniin Algorithm 2.

At first, all association variables for MTs in 6 are set to 0.
Algorithm 2 iteratively considers all the unassociated MTs, and
determines.the MT m* having the maximum difference between
the highest and the second highest Q,,, (n € F,, where F,, is
defined in line 2.9). MT m" is then assigned to the network for
which Q,,-, is maximum, i.e. network n*. It is this property of
the algorithm which leads to significant results when tested; the
algorithm considers the second maximum €,,, instead of focus-
ing only on the first maximum. Moreover, after taking each as-
sociation decision, the algorithm re-evaluates, for each MT, the
maximum difference between the highest and the second high-
est €,,,,, and associates MTs based on these new results. Thus,
a semi-global view on the available networks and their profit is
maintained while taking association decisions. In addition, the
algorithm prefers to first associate MTs with only one available
network, i.e. |F,,|] = 1. We add the if block in lines 2.16-2.20
to associate the MT with highest Q,,,, among other MTs with a
single available network. Initially, the original algorithm asso-
ciates any MT with a single available network without taking
into consideration the value of Q,,,. This aspect of the algo-
rithm plays a vital role in decreasing the blocking probability.

Algorithm 2 can be implemented efficiently by initially sort-
ing in decreased order, for each MT m, the values Q,,,, (n € N).
This requires O(N log N) for a single MT. Thus for all MTs
m € 6 it requires O(|6¢|N log N). The sorting step makes imme-
diately available, at each iteration in the inner loop, the pointers
to the maximum and the second maximum £2,,,. Hence, the
main while loop performs the O(|6|) associations within a total
of O(|6[?) iterations; whenever a MT is assigned, the decrease
in Z,- makes it necessary to update the pointers. Since, however,
the above maxima can only decrease during execution, a total
of O(|6|?) operations is required for these checks and updates.
Thus, we conclude that the overall complexity of Algorithm 2
is O(|6]? + |6¢|N log N).



Algorithm 2: Approximation algorithm

Algorithm 3: Greedy algorithm

2.1: U =6,
2.2: foreachn € N do

2.3: ‘ G =4 — m”,‘;;

2.4: end

2.5: while U # ¢ do

2.6: c* = —o0;

2.7: d* = —oo;

2.8: foreach m € U do

2.9: Fp = {nEN:fmn iOAﬁmn S§r1};
2.10: if F,, = ¢ then
2.11: | U=U-{m};
2.12: else
2.13: nr = argmax,{Q, 1 n € Fp};
2.14: if |F,,|=1 then
2.15: d := +oo;
2.16: if ¢ < Q,,,, then
2.17: c* = Qs
2.18: n* = ns;
2.19: m' =m;
2.20: end
2.21: else
2.22: d = Qun — maxy{Qy, - n € Fpl;
2.23: if d > d* then
2.24: d'=d,
2.25: n* = ns,
2.26: m' =m;
2.27: end
2.28: end
2.29: end
2.30: end
2.31: if d # —co then
2.32: X = 15
2.33: U=U—-{m"};
2.34: é’n» = _{n* —,8,,,*,,*;
2.35: end
2.36: end

3.5.1. Efficiency factor

Problem P3 aims at maximizing the profit in the system.
Therefore, Martello'and Toth have proposed in [32] to use the
profit (f;,,) or v‘:;?ﬁ]:t as desirability factor in Algorithm 2. Since
problem P3 deals with MTs having different data rate require-
ments, i.e. different weights, the “’:;?S:t is suitable as desirability
factor for this problem. However, considering the weight of
MTs, which can.be seen as the number of requested resources,
is not straightforward because access technologies have differ-
ent types and amounts of resources. As a matter of fact, the
amount of bandwidth that should be supplied by a network to a
MT is related to the channel conditions between the MT and the
network, and to the amount of data rate requested by the MT.
Moreover, the bandwidth (in Hz) is a limited resource in all
communication systems. Therefore, the amount of bandwidth
requested by a MT from a network could be considered as a
weight. The amount of bandwidth requested by MT m from BS
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Qutput: Association variables for all MTs in 6;

3.1: foreachn € N do
3.2 ‘ Gni=4n — wl,{,+;
3.3: end
34: X :={Q :me€ O A fn #0};
3.5: while X # ¢ do
3.6: mr = argmax,,(X);
3.7: nr = argmax, (X);
3.8: if 3 [ Xun] = 0 then
3.9: if B < (7 then
3.10: Xy = 15
3.11: S = Lw _ﬁmln/;
3.12: else
313 | X = 0
3.14: end
3.15: else
3.16: | X =05
3.17: end
3.18: X=X<{Quwl;
3.19: end
nis Bﬁ;;;""’, and from AP n is B;ﬁ",i". Hence, the efficiency ey,

is introduced to denote the proﬁ”t per weight (requested band-
width) contributed to the system upon associating MT m to net-
work 7 such that:

S
BBty | TS

VYn € Ngs

€mn =

27
Fu

—m . Ype€
By (tun/ TAT) Nap

The normalized profit (%) could be also used as desirabil-

ity factor, but it does not consider the number of requested
resources. Although the normalized profit reflects the actual
profit contributed upon associating a MT, however, the chan-
nel quality between the MT and the BS or AP is not consid-
ered. Therefore, the efficiency is chosen as a main desirability
factor. The difference between using the efficiency (e;,) and
the normalized profit (%) as desirability factors is discussed in
Section 5.3.5.

3.5.2. Simple greedy solution

To explore the importance of assigning MTs based on the
criteria proposed in (25), or (26), we would like to compare the
performance of Algorithm 2 to a simpler greedy heuristic solu-
tion that orders MTs based on their direct maximum desirability
value only, i.e. g}g})\({ Q... Therefore, we consider the greedy so-

lution shown in Algorithm 3. All the desirability values €, are
sorted in decreasing order in set X. In each iteration, the unas-
sociated MT with the highest desirability measure, i.e. MT mv,
is associated if its target network ns has sufficient resources.
Sorting the desirability values in X in descending order
makes the pointer for the maximum value immediately avail-
able in each iteration. Since the number of variables is |6;|N,
then the sorting complexity is O(|6x|N log|6x|N). Hence, the



Handover Information
Entity -~ ~ ~~_ Server
(MIHF) MIHF)

’ N
/ N\
/ \
| |
\ b B /
\ Q° Q° /
y
.. MT MT -
~ (MIHF) (MIHF)

Figure 3: IEEE 802.21-based heterogeneous wireless system with a
centralized HOE responsible for making user association and resource
allocation decesions.

algorithm’s complexity is O(|6|N + |6x|N log |6;|N), because it
requires |6 |N iterations to iterate all the variables.

4. System Architecture and Solution Management Strategy

When an active connection is handed off between networks
that are of the same access technology, the HO can usually be
executed within that access technology itself. For example,
a VoIP call over Wi-Fi can be handed over between APs us-
ing Wi-Fi standards such as 802.11f and 802.11r. However, if
it is required to perform HO between two networks of differ-
ent access technologies, e.g. from Wi-Fi AP to LTE BS, then
an external protocol is required to manage the HO. In 2008,
IEEE has published a new standard which is the 8§02.21.media-
independent HO (MIH) [33] to enable seamless HO between
networks of same or different types. MIH can communicate
with several network protocols to facilitate the HO procedures.
Those protocols include the session initiation protocol (SIP)
for signaling and mobile IP protocol for mobility management.
The standard is intended for HWNs integrating both 802 and
non-802 access technologies.

4.1. System Architecture

In this paper, we rely<on a/centralized HO entity (HOE) to
manage user association and, allocate the downlink resources
of HWNs. To fulfill its purpose, the HOE is empowered with
the 802.21 MIHxcapabilities. The IEEE 802.21 standard de-
fines an MIH/framework that is intended to optimize the HO
process in HWNs. The standard equips ordinary network en-
tities, shown in"Fig: 3, with MIH functionalities (MIHF) to
facilitate\the HO-decision, coordinate user association, and al-
locate network resources. Moreover, the MIH standard sup-
plies a common platform for exchanging contextual informa-
tion which could be classified into user-centric, service-centric,
and network-centric context. User-centric, as mentioned ear-
lier, determines the user preferences, power consumption, and
signal quality. The service-centric is related to the number of
resources requested by each MT. The network-centric context
is based on the instantaneously available resources at networks,
their geographical location, type, and characteristics.
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Figure 4: Communication interfaces between different IEEE 802.21 MIH
layers and entities (local or remote) through MIH SAPs.

The IEEE 802.21 also defines the information server (IS) as
an MIH entity with a local’database that contains static and dy-
namic information about users and networks. According to the
standard several regional ISs might exist.

The MIHF allows._aghigher layer in network entities, re-
ferred to as MIH User (Fig. 4), to interact with the lower link
layer while(the aceess‘technology of the latter is completely
abstracted. The communication interface between remote MI-
HFs, i.e. MIHFs'on remote entities, or between the MIHF and
other layers'in the same (local) entity, is based on a number
of defined service primitives that are grouped in service access
points (SAPs). Fig. 4 shows the interaction between different
entities and layers according to the following SAPs:

o MIH_SAP: media-independent SAP that allows commu-
nication between the MIHF layer and the higher-layer
MIH User. It also provides an interface for MIH Users
to control and monitor different links regardless of their
access technology.

o MIH_LINK_SAP: media-dependent SAP that acts as an
interface between the local MIHF and the lower link layer.

e MIH_NET_SAP: media-dependent SAP that provides
transport services over the data plane enabling message
exchange between remote MIHFs. For instance, this SAP
is used to exchange messages between MTs, HOE, and IS.

The proposed centralized HOE maintains a global view on
the system and communicates with different entities through the
MIH protocol. The HOE consists of MIH User, decision mod-
ule, and MIHF (Fig. 4). The decision module is responsible for
taking user association and resource allocation decisions. These
decisions are based on information collected from the system.
Specifically, the local MIHF on the HOE communicates with
the remote MIHFs of networks, ISs, and MTs. The decision
module requests those information from MIHF using the MIH
User. The abstraction of the MIH User layer and the media-
independent SAPs allows the same procedures (functions) to
run on different access technologies. Thus, any future technol-
ogy could be supported by the MIH protocol after defining its
media-dependent SAPs.

MIHF encompasses different types of services to assist the
HO process and exchange messages between different entities.



Those services are of three types:

e Media-independent event service (MIES): detects and re-
ports changes in the physical, data link, and logical link
layers. For example, it can report that the spectral effi-
ciency has degraded below a certain threshold. Events can
be reported to local and/or remote MIH Users.

e Media-independent command service (MICS): provides a
set of commands to control the link layer state. Com-
mands can be invoked by local or remote MIH Users.
For instance, "INITIATE_HO" is a command in which the
MIHF of the HOE provides to the MT’s MIHF. This com-
mand includes the ID, or SSID, of an alternative BS or AP
that the MT could use. Moreover, it could be used to set
spectral efficiency thresholds.

e Media-independent information service (MIIS): provides
a framework for MIH entities to collect static and dynamic
information useful for making HO decisions. Information
can be related to MT’s requested data rate and QoS, geo-
graphic location of networks and MTs, link layer address,
the capacity of networks, efc.

4.2. Solution Management Strategy

In this section, we discuss the proposed solution manage-
ment strategy where a MT with low priority is not allowed to
utilize resources allocated for MTs with higher priorities. The
solution management strategy tries to minimize the number of
times the optimization function is processed without affecting
the optimality of the algorithm. Moreover, the aspects that\trig=
ger the resource allocation and user association algorithm are
discussed. Mainly, the solution management strategy tries to
decrease the number of MTs that are involved within the opti-
mization problem (P3). The resource allocation andyuser asso-
ciation algorithm is triggered when one of the following scenar-
ios occurs:

e The current serving network.s-not able to supply a certain
MT with its requested datarate.

e A new connection isdnitiated.

e A MT with an“active cennection is about to leave the
boundaries of its serving network.

However, it is/mot always required to run the optimization func-
tion. For instance, if a new connection is initiated, the MT could
evaluate.its candidate networks, and try to connect to the best
one. If the target network has sufficient resources to serve the
newly admitted connection, the MT will connect without hav-
ing to run the optimization function. On the other hand, the
target network might not be able to serve the MT unless it dis-
sociates some MTs with lower SL. In this case, lets assume that
the newly admitted MT has a SL of 3, it might be enough to dis-
sociate some MTs of SL 1, i.e. run the optimization function for
MTs with SL 1, without having to encompass MTs with other
SLs within the optimization problem. The fact that we have dis-
tributed problem P2 into K problems P3, each for a specific SL,
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Step:(1) 9=0,Xmn =0 V1
Ay ={n € N:dpy < Ry}
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neEh,

Optimized
version?

Figure 5: The proposed algorithm that determines the association values of
MT m when it experience one of the scenarios that trigger the resource
allocation and MT association algorithm.

enables applying such strategy without violating the optimality
of the solution.

MT m undergoes the procedures shown in Fig. 5 upon expe-
riencing any of the scenarios that trigger the resource allocation
and user association algorithm. The flow chart outputs the as-
sociation variables x,,, for MT m, and an integer value g where
all MTs with SLs < g undergo the same procedures (shown
in Fig. 5), as well as some or all MTs with SL g. The opti-
mized version of the solution (Fig. 5-step 8) indicates using
one of the methods proposed to solve or approximate problem
P3. When the optimized version of the solution is deployed, the
algorithm in Fig. 5 finds the minimal number of SLs that will
undergo the optimization problem P3. On the contrary, if the
optimized version is not deployed, the algorithm describes the
profit-function-based solution for the problem.

The algorithm in Fig. 5 is detailed as follows: Step I is an
initialization step where integer g and association variables X,
(n € N) are set to zero. A,, denotes the set of all networks for
which MT m is within their coverage range. In step 2, the al-
gorithm chooses the network n having the highest profit. The
algorithm tests in step 3 if the unallocated bandwidth resources
of the selected network are sufficient to serve MT m. If that is
the case, x,,, is immediately set to 1 (step 7), which indicates
the association of MT m to network n. Conversely, if the num-
ber of requested resources is more than the unallocated ones,
the algorithm proceeds to the next step. The association value



Xmn could be immediately determined in step 4. If the number
of resources that are not allocated to MTs with SLs > [,, is suf-
ficient to serve MT m, then this MT will be surely associated to
network n. However, the algorithm enters an iterative process
in step 5 and step 6 to determine the SL(s) of MTs that might
be detached from the selected network. Of course, it is prefer-
able to detach MTs of the lowest SL first. Hence, g increases
by each iteration. On the other hand, in step 4, if the number
of resources that are not allocated to MTs with SLs > /,, is less
than the number of resources requested by MT m, and if the
optimized version of the solution is not deployed (step §), then
the algorithm tries to associate MT m to the next top-ranked
network (i.e. the network with second highest profit in A,;). To
do so, the selected network is removed from the list of avail-
able networks in step 11. Step 12 tests if the cardinality of the
available networks set is equal to 0, which indicates that the al-
gorithm has already tried to associate MT m to all its reachable
networks. If so, MT m will not be served as indicated in step
13. Otherwise, the algorithm tries to associate MT m to its next
top-ranked network.

On the other hand, upon congestion, the optimized version
of the solution allows MT m to use resources allocated for MTs
with SLs < [,,. In the profit-function-based solution, MT m
is not allowed to allocate resources utilized by MTs with SL
= l,,. The idea here is to maximize the profit of MTs with SLs
< I, by efliciently utilizing the resources. Step 9 mainly tests if
the number of resources that are not allocated to MTs with SLs
> 1, is sufficient to serve MT m. In this case, the optimization
problem P3 is sequentially processed, in the decreasing order
of SL, for each SL < [, (step 10).

4.3. User Priority Assignment

Throughout this paper, we have discussed“the user associa-
tion and resource allocation problem in HWNs'with users hav-
ing different priorities. However, the aspects that should be con-
sidered upon assigning user priorities are not discussed. There-
fore, two general scenarios are presented.

The first scenario is based on‘a seryice level agreement (SLA)
that could be signed betweefi~the user and the system operator.
The system operator provides several SLs, each having a differ-
ent pricing plan. Of coeurse, it is expected that the best SL will
have the most expensive pricing plan. Users are assigned to
SLs according toitheir selected pricing scheme and the amount
of money they are willing to pay in order to experience better
service. The lowest SL is assigned for users who are not willing
to pay extra moneysin order to experience better service.

The second'seenario is related to the communication strategy
in emergency situations. Usually, in emergency or disastrous
situations, a'small number of BSs or APs remain active, and the
PSNs suffer from extreme congestion. Therefore, the hetero-
geneous wireless system that is based on the remaining active
BSs and APs becomes an essential alternative to PSNs. Hence,
in order to prioritize the data traffic of medical, security, and
emergency users, those users should be assigned to different
SLs according to their priority. Normally, ordinary commercial
users are assigned to the lowest SL in this case.
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Several other dynamic scenarios could be also considered in
order to assign user priorities. For example, users could be cat-
egorized according to their MT’s battery status. In order to en-
sure that MTs in the most critical battery status category are as-
sociated to the access technology that requests the lowest power
consumption, those MTs are assigned the highest priority, and
their corresponding power consumption weight (wh ) is set to
one.

Note that it is beyond the scope of this paper to discuss
the advantages/disadvantages or the performance of each sce-
nario. Instead, the problem formulated and solved in this pa-
per could be applied in any scenario having different user pri-
orities. Moreover, the formulatedproblem could be flexibly
reconfigured to meet operator’s objectives,” For example, if
it is requested to ensure that MTs with lowest SL are not al-
ways blocked upon extremée congestion, a specific number of
resources in each network could bereserved for MTs with low-
est SL. This can be configured in/problem P3, and subsequently
problem P4, by deductingiin constraint (21b) the number of re-
sources that shouldsbe reserved for MTs with lowest priority
in network n.” In other.words, assuming that the number of
resources that should be reserved in network n for MTs with
lowest ptiorityis denoted by D,,, then, "7, — @ " in constraint

(21b).is replaced by "¢, — w’f - D,"if k # 1 (k = 1 indicates
the lowest SL).

5. Performance Evaluation

In Section 3.2 we have formulated a novel user association
and resource allocation problem that aims at optimizing the
user-centric experience in HWNs. The novelty of the formu-
lated problem is two-folded; Firstly, it considers the data rate
requirements of each user and the technology-specific resource
allocation constraints of the networks. Secondly, the formu-
lated problem considers the case where users have different pri-
orities. The optimal solution of the formulated problem has
an exponential complexity. Therefore, a solution with tolera-
ble complexity and near-optimal performance should be pro-
posed. Similar problems in the literature are solved follow-
ing the continuous-relaxation techniques. The main contribu-
tion in the paper is the proposition of new solution with low
complexity to approximate the optimal solution (Section 3.5).
The relaxation-based solution discussed in Section 3.4 is imple-
mented to study the effect of the continuous-relaxation method-
ology and to compare its performance to the optimal solution
and to the approximation-based solution. Finally, a simple
greedy solution is proposed in Section 3.5.2 to argue whether
the approximation-based solution provides remarkable perfor-
mance advantages when compared to a simpler solution.

In this section, we compare the performance of the different
solutions discussed in Section 3 to solve, or approximate, prob-
lem P3. Moreover, the performance of the profit-function-based
solution (Section 4.2) is evaluated. Specifically, we study, for
each SL, the effect of increasing the number of active MTs on
the average values of profit function, user satisfaction, signal
quality, and instantaneous power consumption, in addition to
the percentage of the blocked (unserved) data rate.



Figure 6: HWN made of LTE BSs and Wi-Fi APs. The dashed area is the
service area where we focus the simulation.

The discussed solutions are evaluated through a Java lan-
guage implementation and the linear program solver GLPK (for
the branch and bound algorithm). A dedicated Java-based sim-
ulator is developed based on the system model presented in Sec-
tion 2 to conduct the performance evaluations and comparisons.

5.1. Simulation Parameters

The simulation environment consists of two overlapping LTE
BSs and four Wi-Fi APs within the service area (SA) (dashed
area in Fig. 6). Focusing on the SA allows us to test all the
cases without having to simulate a very large number of net-
works. That is, we can test the case when MTs are placed near
the boundaries of the cell, and when some MTs are in a sin-
gle or multiple networks coverage area. Each MT is assumed
to handle only one session. The characteristics of both access
technologies related to power consumption [28] and coverage
range [34] are listed in Table 2.

The number of available RBs at each BS is C,, = 75 and
the transmission power per RB is P, = 26 dBm. The band-
width of one RB is BF? = 180 kHz and the noise power at'all
the receivers in LTE is set to —111.45 dBm [19], .which corre-
sponds to the thermal noise at room temperature’and bandwidth
of 180 kHz. The path loss between the LTE*BS ‘and a'MT is
modeled as L(d,,,) = 34 + 40log,o(dy,) [19)~ A scheduling
interval of 1 second is considered in the-simulations [19] and
Tfs = 1000 in LTE BSs. Hence, thé duration of one time slot
is 1 millisecond which is the duration of one transmission time
interval (TTI) in the LTE standard.’ Concerning Wi-Fi APs, a
total bandwidth B,, = 1000 KHz is considered for each AP, with
a total transmission power of 23 dBm. The path loss model is
38.2 4+ 301og,y(d ) and-the noise/power at the MT is —90 dBm
[24]. The scheduling interval is also 1 second and it is divided
to 10000 time slots: "MTs are randomly distributed within the
SA. It is assued that, for each MT, w#, and w}, takes any ran-
dom value in[0.1,0.9] such that wé, + wl;, = 1.

The simulationrof each algorithm is repeated for 10* itera-
tions in aMonte,Carlo manner. In each iteration, the number of
MTs increases from 30 to 138 one MT at a time. Thus, the
system-wide optimization problem is processed 138-30=108
times in each iteration, where each system-wide decision is
taken upon adding a new MT to the system. Moreover, in each
iteration, the location of Wi-Fi APs and MTs changes randomly
within the SA, and the initial seed of the random number gen-
erator also changes. Hence, each simulated algorithm is pro-
cessed 108 * 10* times, each time with different variables (num-
ber of MTs, MTs’ preferences, and location of MTs and APs).
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Table 2
Network Characteristics

[ [ Ra(m) [ a,(mW/kbps) | ¢/,(mW) |

LTE 500 0.05197 1288.04
Wi-Fi 200 0.13701 132.86
Table 3

Multiple Data Rates (kbps) for Different Applications

Voi 1 Codec G.729 G.726 G.711
olce ca Datarate 32 56 87
. Quality | Normal Good HD
Video call |5 e rate T 300 500 1200
. Speed Slow | Medium | Fast
File download | o e 150 700 | 1000

Therefore, simulated algorithms have been extensively tested in
a dynamic environment in order to make sure that the collected
simulation results are-reliable./Hence, the general conclusions
drawn out in this‘papetriconcerning the best solution of prob-
lem P3 should not be affected by the mobility model adopted
by MTs.

Each-active MT randomly selects one of the data rates listed
in Table 3.\The service provider provides three different SLs
(K"=23). The number of MTs subscribing to each SL is the
same, i.e, 0| = |6;] = |63]. Since the time required to find
the optimal solution based on the branch and bound algorithm
inCreases exponentially as the number of MTs increases, the
bandwidth of APs is small to limit the number of simulated
MTs.

5.2. Evaluation Metrics

The following metrics are used to evaluate the proposed solu-
tions: average profit, average satisfaction, average signal qual-
ity, average instantaneous power consumption, and blocking
percentage. The satisfaction of MT m when associated with
network 7 is:

Sonn
Pmn = = (28)
fmn’
where 7’ is the index of the network for which MT m achieves

the highest profit.
In fact, studying the average value of an attribute is not
straightforward in a scenario where MTs request different

amounts of data rate. For example, the average profit per user,

. Zonety, Linen JmnXn . . .
i.e. === could be increased through increasing the

profit of MTs with low data rate requirements on the expense
of other MTs. Thus, to avert deceptive results, the average profit
per requested data rate is studied according to the following for-

mula:
Zmeek ZneN fmnxmn

Limeo, Om

Similarly, the average satisfaction per requested data rate is
studied according to the following formula:

(29)

Zmegk ZnEN Pmn Qm-xmn
Zme(-)k Qm

(30)



Since p,,, represents a normalized value, it is multiplied by Q,,
in the above formula.

For the signal quality and power consumption, the average
values per served data rate are considered because there is no
mean to calculate these values for the blocked data rates. For
example, setting O for the power consumption of blocked data
rate will decrease the average consumed power and contribute
misleading results. Therefore, for power consumption, the av-
erage value per served kbps, in mW/kbps, is:

ZmEHk ZneN PCmnXmn

Zme(-)k ZneN OmXmn

Since the value of the signal quality is not related to the re-
quested data rate, it is multiplied by Q,, to reflect the actual
signal quality per served data rate. Thus the average relative
received signal quality per served data rate is:

(€Y

Zmeé?k DneN SmnQmXmn

Zméﬁk ZneN memn

(32)

5.3. Simulation Results

As we have mentioned before, we will study the performance
of the profit-function-based solution (Section 4.2), the optimal
solution based on the branch and bound algorithm (Section 3.3),
the relaxation-based solution (Algorithm 1), the approximation-
based solution (Algorithm 2), and the greedy solution (Algo-
rithm 3). It is indispensable to note that for the greedy and
approximation-based solutions, the efficiency is considered as
a desirability factor, i.e. Q,,, = e, except for Sectiony5.3.5
where the difference between using the efficiency and normal-
ized profit is discussed.

5.3.1. Multiple service levels

First, concerning the effect of providing different SLs, it is
obvious from Fig. 7 and Fig. 8 that the proposed scheme main-
tains better profit and satisfaction for high-priority users. For
example, as the number of MTs reaches 138, the average satis-
faction is approximately 0.99, 0.6, and 0.23 for MTs with SLs
3, 2, and 1 respectively (Fig. 8). Therefore, a remarkable in-
crease in satisfaction is maintained upon subscribing to higher
SL. The same aspect is,observed for the signal quality (Fig. 9)
and instantaneous power consumption (Fig. 10). Moreover,
Fig. 11 shows that while some MTs with SL 1 are not served,
MTs with SLs/3 and 2:de.not experience any blockage.

5.3.2. General behavior of algorithms

In generaly, increasing the number of MTs in the system
strengthens’the’competition to acquire the limited resources of
networks. Therefore, the opportunity that MTs connect to their
preferred network decreases. Consequently, MTs experience
degraded service illustrated by the decrease in profit and satis-
faction as shown in Fig. 7 and Fig. 8 respectively. It is im-
portant to note that the average profit is 0.55 when the number
of MTs is 30 because the profit function normalizes attributes
through dividing them by the global maximum, i.e. max, which

m,n

will only lead to a profit value of 1 when a single MT exists in
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Figure 7: Average profit per requested.data rate (according to Eq. (29)).
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Figure 8: Average satisfaction per requested data rate (according to Eq. (30)).

the system. However, this behavior does not impact the user sat-
isfaction. In order to increase the overall profit, the optimization
problem P3 finds the best set of association values for all MTs.
Thus, the main performance of the optimization problem and its
different solutions could be studied through the profit, and con-
sequently through the satisfaction because it is directly related
to the profit. It is shown in Fig. 7 and Fig. 8 that the proposed
approximation-based solution and the relaxation-based solution
maintain performance near the optimal solution for MTs with
SL 3. The greedy solution, although it tends to approach the
optimal solution, performs near the profit-function-based solu-
tion which has the worst performance. Therefore, the proposed
approximation-based solution efficiently approximates the op-
timal solution, and could overwhelm the relaxation-based so-
Iution. Concerning MTs with SL 2, as the number of MTs in-
creases, the relaxation-based, approximation-based, and greedy
solutions perform near the optimal solution, and far away from
the profit-function-based solution. It is remarkable that the pro-
posed approximation-based solution maintains the nearest per-
formance to the optimal one (Fig. 7 and Fig. 8).

Optimal resource allocation for high-priority MTs causes ef-
ficient resource utilization in networks. Hence, the chance that
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Figure 9: Average relative recieved signal strength per served data rate
(according to Eq. (32)).

MTs with low priority associate to their preferred network de-
creases. For example, Wi-Fi APs are usually preferred for their
low power consumption feature; efficient resource utilization in
these APs lowers the number of unallocated resources, which
in turns lowers the chance that MTs with low priority asso-
ciate to these APs. Consequently, upon adopting the optimal
solution, MTs with SL 1 experience service near the profit-
function-based solution. This is recognized in Fig. 7 and
Fig. 8 where the optimal solution starts approaching the profit-
function-based solution as the number of MTs increases beyond
80.

As a matter of fact, the profit function depends on therleca-
tion of the MT, the requested data rate, the normalized values
of the signal quality and power consumption, and_the weights
ws, and wh, which are different between MTs« Therefore, it
is normal not to notice the same behavior of the satisfaction
curve (Fig. 8) reflected in the curves of the, signal quality
and power consumption (Fig. 9 and Fig. (10 respectively).
However, the satisfaction could refléct a general behavior of
the compared solutions in terms_of signal quality and power
consumption. For example, Fig.9 and Fig. 10 show that the
proposed approximation-based solution maintains near-optimal
performance for MTs with SL. 3. “This is illustrated through
high signal quality and\low instantaneous power consumption.
Moreover, the degraded service of the optimal solution for MTs
with SL 1 in Fig.9 and Fig. 10 is a result for the same reason
discussed befote for thewprofit and satisfaction of those MTs.

Considering the difference between the highest and the sec-
ond highest available desirability value (line 2.22 in Algo-
rithm 2), ‘and maintaining a semi-global view on the sys-
tem explain the significant results contributed by the proposed
approximation-based solution.

5.3.3. Blocking percentage evaluation

In order to fully understand the behavior of the proposed so-
lutions, the percentage of blocked data rate should be studied.
According to the proposed solution, the HOE has the privi-
lege to reassign resources used by low-priority MTs to MTs
with higher priorities. Therefore, MTs with SLs 3 and 2 do
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Figure 10: Average power consumption per served data rate (according to Eq.

(31).

not suffer from any.blockage throughout the simulation. Con-
cerning MTs with SL 15, Fig. 11 illustrates that the optimal so-
lution achieves'the lowest data rate blockage. The proposed
approximation-based solution maintains lower blocking per-
centage than the relaxation-based, greedy and profit-function-
based solutions. For instance, the profit-function-based solution
suffers from 16% blockage when the number of MTs reaches
138. The greedy solution lowers down this percentage to 9,
followed by the relaxation-based and approximation-based so-
Iutions that score 8.1% and 7.8% respectively, while the opti-
mal solution scores about 7.2%. Therefore, as can be seen in
Fig. 11, the proposed approximation-based solution achieves
and maintains the lowest blocking percentage among the tested
approaches, except for the optimal one of course. Such result
is considered as a major improvement since users subscribing
to the lowest SL would be mainly concerned about having a
service, without paying much attention to the performance.
Since the efficiency e,,, factor accounts for the channel con-
ditions, then considering e,,, as a desirability factor plays a vital
role in decreasing the data rate blocking percentage for both the
greedy and the approximation-based solutions. Moreover, the
proposed approximation-based solution achieves low blocking
percentage for prioritizing those MTs with a single available
network, i.e. |F,,| = 1 in Algorithm 2, among other MTs.

5.3.4. Complexity-performance trade off

We are interested in comparing the performance of our
proposed approximation-based solution to the optimal perfor-
mance that could be achieved upon following the continuous
relaxation approach, i.e. Algorithm 1. In addition, we are inter-
ested in studying the impact of the continuous relaxation on the
performance of the algorithm.

The complexity of Algorithm 1, i.e. the relaxation-based so-
lution, could not be determined because it is impossible to ana-
lytically determine the number of times the linear program will
be solved while emptying S’;. Note that a relaxation-based so-
lution with determined complexity could be proposed by simply
solving problem P4 once, and converting the fractional associ-
ation values into boolean using some heuristic. However, the
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Figure 11: Percentage of the blocked data rate for MTs with SL 1.

Table 4
Solution Complexity

Complexity
P3 O(NT)
Solving P4 O(6:’N°L)
Algorithm 2 | O(16i + |6¢IN log N)
Algorithm 3 | O(|6«|N + |6x|N log |6x|N)

performance of such solution will not be better than that of Al-
gorithm 1 which is considered as the optimal solution based
on the continuous relaxation methodology. Moreover, the com=
plexity of such solution will be higher than that of solving.the
relaxed problem P4, i.e. O(|6;?N3L), due to the additional
heuristic step.

Anyways, the complexity of the relaxation-based solution
could be expressed in terms of the cube of the number of MTs
in each SL multiplied to the cube of the number of networks.
Where as, the complexity of the optimal.solution based on the
branch and bound algorithm is the highest among all the pro-
posed solutions because it is exponential.

On the other hand, the complexity of/the approximation-
based solution (Algorithm 2)~is mainly related to the square of
the number of MTSs in each SL..So, it is obvious that the com-
plexity of Algorithm 2:is less than that of solving the relaxed
problem P4. The greedy solution has the lowest complexity
because it is mainly related to the number of MTs in each SL
multiplied to the numberof networks. Table 4 lists all the dis-
cussed complexities sorted according to their decreasing order.

Simulation resultS discussed earlier show that relaxing the
binary constraint-causes degradation in the performance when
compared'to the optimal solution. Even the approximation-
based solution, which has a complexity lower than that of solv-
ing the relaxed problem P4, could perform similar (Fig. 7),
and sometimes better (Fig. 11) than the relaxation-based so-
lution. Although the approximation-based solution requires
higher complexity than the greedy one, but the former has
shown more robustness mainly in terms of the data rate block-
age and the performance of MTs with SL 3. Therefore, the
approximation-based solution demonstrates a remarkable trade
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Figure 13: Percentage of the blocked data rate for MTs with SL 1. Comparing
the difference between using the efficiency and normalized profit as
desirability factor.

off between the complexity on one side and the performance on
the other side.

5.3.5. Efficiency factor verses normalized profit

The difference in satisfaction between using the normalized
profit, i.e. ’%, and the efficiency in the approximation-based
and greedy solutions is shown in Fig. 12. In fact, associating
a MT to the network with the highest efficiency does not guar-
antee the highest profit. Instead, it guarantees the highest profit
per single allocated bandwidth unit, i.e. 1 Hz. Therefore, it
is normal to notice in Fig. 12 that using the normalized profit
instead of the efficiency in the approximation-based solution
contributes higher profit for MTs with SL 3. Actually, the ef-
fect of using the efficiency is enlarged because it is considered
twice in Algorithm 2 where the difference between the high-
est and the second highest efficiency is used to take a decision.
However, as the number of MTs increases, adopting the effi-
ciency as desirability factor contributes higher profit as shown
in Fig. 12 for SLs 2 and 1 because accounting for the requested



bandwidth upon congestion is essential. Moreover, using the
efficiency lowers the blocking percentage significantly for both
the greedy and the approximation-based solutions as shown in
Fig. 13. Hence, the efficiency is chosen as the main desirability
measure.

6. Conclusion

In this paper, we have proposed a solution for the priority-
based user association and downlink resource allocation prob-
lem in a heterogeneous wireless system. The proposed solution
considers the user preferences and the data rate requested by
each user. First, we have formulated an optimization problem
and then simplified it. The formulated problem prevents MTs
with low priority from utilizing resources of high-priority MTs.
For the simplified problem, we discussed the relaxation-based
and greedy solutions, and proposed a novel approximation-
based solution. We also proposed a solution management strat-
egy to reduce the number of SLs that the optimization func-
tion will process. Simulation results encourage users to sub-
scribe to the highest priority where they experience the best
service. Concerning the proposed solutions, simulation results
show that the proposed approximation-based solution maintains
performance near the optimal one. Therefore, operators are en-
couraged to adopt the proposed approximation-based solution
to maintain better service for users, and to increase their eco-
nomical profit through reducing the data rate blockage.

This paper sheds the light on the importance of exploring
user demands and preferences within HWNs. Moreover, the
formulated problem and proposed solutions pave the way, for
an optimized ABC scheme.
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