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Abstract—This work considers the problem of user associa-
tion to small-cell base stations (SBSs) in a heterogeneous and
small-cell network (HetSNet). Two optimization problems are
investigated, which are maximizing the set of associated users
to the SBSs (the unweighted problem) and maximizing the set
of weighted associated users to the SBSs (the weighted prob-
lem), under signal-to-interference-plus-noise ratio constraints.
Both problems are formulated as linear integer programs. The
weighted problem is known to be NP-hard and, in this paper, the
unweighted problem is proved to be NP-hard as well. Therefore,
this paper develops two heuristic polynomial-time algorithms
to solve both problems. The computational complexity of the
proposed algorithms is evaluated and is shown to be far more
efficient than the complexity of the optimal brute-force (BF)
algorithm. Moreover, the paper benchmarks the performance of
the proposed algorithms against the BF algorithm, the branch-
and-bound CPLEX-based algorithm and state-of-the-art algo-
rithms, through numerical simulations. The results demonstrate
the close-to-optimal performance of the proposed algorithms.
They also show that the weighted problem can be solved to
provide solutions that are fair between users or to balance the
load among SBSs.

Index Terms—User-BS association, HetSNets, Heuristic algo-
rithm, Brute-force, Branch-and-bound, NP-hard, Fairness.

I. INTRODUCTION
A. Motivation and Research questions

In the last decade, mobile cellular networks have become
popular among data users, which has led to a demand for
increased capacity. In addition, cellular networks are becoming
the main provider of voice and data services with high mobility
even though the wireless local area networks (WLANs) can
provide higher and less expensive data rates with relatively re-
stricted mobility [1]. In order for cellular networks to be com-
petitive with WLANS, resources must be adequately allocated
to provide higher performance and better satisfy the users. To
this end, small-cell base stations (SBSs) are introduced to form
heterogeneous and small-cell network (HetSNet) [2]. SBSs can
provide increase in capacity at low capital expenditure [2].
They have low-power and small-range, and are characterized
by their unplanned and plug-and-play features [2], [3]. Despite
the gains, the dense deployment of SBSs raises many chal-
lenges in HetSNets as the number of SBSs in such networks
can exceed the number of users [4]. Such densely deployment
of SBSs has made the user-BS association a key challenge.
Furthermore, HetSNets are interference-limited and hence the
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co-channel interference among SBSs and between SBSs and
macro-cell BSs (MBSs) is a critical issue, which needs to
be better managed. It is clear that the user-BS association
directly affects the interference. However, the basic user-BS
association, which pairs the users to the SBSs that has the
strongest signal has a low overall throughput because of a
poor management of the interference [5]. In this paper, we
are interested in finding a user-BS association that increases
the number of associated users in one time-slot, such that the
signal-to-interference-plus-noise ratio (SINR) of the associated
users is guaranteed.

B. Related works

Related work can be broadly divided into two groups.
Works on distributed or centralized solutions of the user-BS
association problem in HetSNets [6—16] and works on the
link activation problem [?], [17], [18]. The link activation
problem can be formulated as: given a set of wireless links
and their corresponding weights, how to maximize the size of
the weighted set of activated links in one time-slot such that
the per-link SINR constraint is satisfied [17].

On the one hand, in [6], the authors study the resource
allocation in HetSNets as a joint optimization problem of chan-
nel allocation, user-BS association, beam-forming and power
control. It is solved using an iterative heuristic algorithm based
on convex approximations. The work shows that the relaxation
of the combinatorial problem to a continuous one is optimal.
However, the proof lacks of generality as it depends on the
problem formulation. Moreover, the proposed algorithm has
high complexity. In [7], the joint power allocation and user-
BS association is modeled as a combinatorial optimization
problem and solved optimally based on Bender’s decompo-
sition. Heuristic algorithms are also proposed. However, both
proposed optimal method and heuristic algorithm have high
complexity. The work in [8] studies the user-BS association
problem for fairness and load balancing (see [14—16] for more
papers on fairness and load balancing). It solves the user-
BS association problem by relaxation and rounding techniques
which remove the combinatorial nature of the problem. Ref-
erence [9] solves the user-BS association problem based on a
pricing scheme. The authors propose a dual coordinate descent
method to solve the problem. They extend the problem to the
multiple-input-multiple-output case and optimize the beam-
forming variables. The optimization model is very similar to
the one in [8]. The main difference with our work is that there
are SINR constraints. In [8], [9], multiple users have to be
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associated with one BS and all BSs have to be associated in the
end of the association scheme which makes the optimization
problem simpler. In [10] the joint problem of power control
and user-BS association is studied and modeled as a max-
min fairness problem. First, the authors study the problem of
maximizing the minimum SINR subject to power constraints
and the association between the users and the SBSs. Second,
they consider the additional constraints of one-to-one matching
and of a minimum SINR guarantee. The first problem is
shown to be NP-hard and the authors propose a two-stage
fixed-point algorithm to solve it. The one-to-one matching
problem is shown to be polynomial-time solvable and the
authors propose an auction-based algorithm to solve it. In the
one-to-one matching problem, the critical assumption made is
that the number of users is equal to the number of SBSs and
all of them have to be associated (there is no maximization
of the number of users) and therefore the authors reduce the
problem to an assignment problem. (We discuss the main
differences of the user-BS association problem considered in
this work and the classical one-tone matching problem in
Section IV.) Other interesting works are [11], [12], and [13]
where the user-BS association problem is solved jointly either
with interference coordination or resource allocation or power
control, respectively.

On the other hand, the seminal work of Goussevskaia
et al. [17] shows that the link activation problem, one-slot
scheduling, is NP-hard. Note that there is some similarity
between [17] and our work. In fact, our problem is somehow
equivalent to the one-slot scheduling where the links are not
established yet and they have no weights. Anyhow, in [17],
the NP-hardness of the unweighted one-slot scheduling is not
investigated. Moreover, it is important to note that the NP-
hardness of the weighted problem does not imply the NP-
hardness of the unweighted one [19]. In [?], [18], approxima-
tion algorithms and game theoretic distributed solutions are
provided in order to solve the joint problem of unweighted
one-slot scheduling and power allocation under geometric
SINR constraints.

To the best of our knowledge, there is no NP-hardness
studies of the user-BS association problem in the case of fixed
transmit power where the objective is to maximize the set
of associated users subject to the SINR constraints. Previous
work have focused on simplified assumptions using relaxation
techniques which remove the combinatorial nature of the user-
BS association problem. Also, the interference constraints are
often greatly simplified using graph-based models instead of
SINR constraints. Moreover, they do not study the fairness
and/or load balancing of the user-BS association problem
which is an important aspect in wireless communications.
Consequently, in this paper, we study the user-BS association
problem under SINR constraints in HetSNets and we prove
that it is an NP-hard problem and we also study the fairness
and load balancing. The system performance metrics are
throughput and fairness/load balancing. Throughput is defined
as the number of users that are successfully associated to the
SBSs and fairness is measured by the number of times a user
is associated to the SBSs.

C. Contributions

This paper investigates two problems of unweighted and
weighted user-BS association in an open access HetSNet. We
define the unweighted (resp. the weighted) problem as follows:
given a set of small-cell users (SUs) and a macro-cell user
(MU), a set of SBSs, one MBS, a QoS lower bound and
channel gains between every pair of user-BS (resp. a weight
for every SU or SBS), the question is to find a set of one-to-
one association between the SUs and the SBSs with maximum
cardinality (resp. with maximum weighted cardinality) such
that the SINR of the SUs and of the MU are greater than the
QoS lower bound.

The main contributions of this paper are as follow:

1) We prove that the unweighted user-BS association prob-
lem is NP-hard.

2) We develop efficient heuristic algorithms to solve both
unweighted and weighted user-BS association problems.

3) We compare the developed algorithms against the brute-
force (BF) optimal algorithm, the branch-and-bound
(B&B) CPLEX-based algorithm, a standard user-BS
association algorithm called max-SINR [5], [9] and a
benchmark algorithm recently proposed in [10].

4) We evaluate the time complexity of the proposed al-
gorithms and the complexity of the BF algorithm. The
complexity of the proposed algorithms is shown to be
polynomial in time.

D. Organization

The rest of the paper is organized as follows. Section II
discusses the system model. The problem is formulated in
Section III. Section IV provides the proof of the NP-hardness
of the unweighted user-BS association problem. Next, Sec-
tion V presents the BF and the B&B CPLEX-based optimal
solutions. Section VI presents heuristic algorithms for the user-
BS association for both unweighted and weighted problems,
and analyzes the complexity of the algorithms. Section VII
provides simulation results to compare the algorithms and
Section VIII concludes the paper.

II. SYSTEM MODEL

This paper considers the down-link transmission where all
BSs transmit over a common frequency band, i.e., frequency
reuse one is assumed. The network comprises a MBS, a macro-
cell user (MU), several SBSs, and several small-cell users
(SUs). We denote by K el {I,---, K} the set of SUs and
by N e {l,---, N} the set of SBSs. For brevity, a SU and
a SBS are denoted by k and n, respectively. The MBS and
the MU are denoted by the index 0. The MBS is located in
the center of the cell which is modeled as a circle of radius
R. SBSs, MU, and SUs are randomly located in this cell
following independent two dimensional uniform distributions.
An example of the system model is given in Fig. 1.

The wireless channel model includes path loss and Rayleigh
fading. The channel between k and n is represented by

Ckn & hin+/(do/drn)%, where « is the path loss coefficient,
dyn is the distance between k and n, dj is a reference distance
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Fig. 1. System Model

at which the reference path loss is calculated (the reader
can find more details in [20]), and hy, is the small-scale
fading modeled as a zero-mean, complex Gaussian random
variable with unit variance. Throughout the rest of the paper,
we denote the channel gain by gi, “ |2, n|2. In this paper,
each transceiver is equipped with a single antenna and one SU
can be associated with one and only one SBS.

For the mathematical formulation of the user-BS association
problem, the binary variable xi, is defined as follows, for all
k € K and for all n € N

« V1 if k is associated to n
Xkn = .
0 otherwise.
The association vector X, which represents
the user-BS  association soluti%m, is defined as
x = [Xlla . -.,XlN"'XKl,..-,XKN] € {0, 13XV, Note that

one SU can be associated with at most one SBS and one SBS
can be associated with at most one SU and hence we have
the following one-to-one association constraint on the vector
X! Y recXkn < 1 and ), o\ xkn, < 1. This one-to-one
assumption is reasonable since we assume that transmissions
between SBSs and SUs occur during single time-slot, over
a common frequency and with single-input-single-output
(SISO) network. This paper considers that when a SU is
associated to a SBS in a given time-slot, it means that the
SBS transmits to this SU in this time-slot. In this context,
transmission and association can be used interchangeably.

If an SBS is able to transmit to more than one SU in the
same time slot (for example, multi-antenna SBS), the proposed
algorithms can be adapted by treating the SBS as multiple ones
having the same channel characteristics.

The transmit power is normalized by the receiver noise
power and the reference distance dy. The SBSs transmit at
constant SNR of y. Although this assumption is a simplifi-

cation to render the analysis tractable, it has been shown that
constant transmit power method is useful in practice [21]. The
MBS transmits to its MU at constant SNR of yy. Then, the
received SINR at k from n can be written as follows:

SINRy, (x) & FEn T O
L+ yogko+ Y Y. V&knXkrw
k'eK' n’eN’
where K' = K\ {k} and N7 = N\ {n}.
The SINR at the MU is given by:
SINR, (x) & Yo&0o . )
1+ Z Z Y8onXkn
kel neN

In the above formulation of SINR in (1) and (2), the
interference comes from all associated SBSs. This is indicated,
in the denominator of equations (1) and (2), by the summation
over the channel gains gz, multiplied by the decision variables
Xkn- Therefore, the interference occurs only when xg, = 1.

The minimum required SINR threshold at any SU and
at the MU are denoted by B and By, respectively. A user-
BS association is feasible if and only if it meets the SINR
threshold of the associated SUs and of the MU and if it
satisfies the one-to-one association.

III. PROBLEM FORMULATION
A. Unweighted User-BS Association

This section formulates the unweighted user-BS association
problem (the unweighted problem). The objective is to maxi-
mize the total number of associated SUs in the network subject
to the constraints of the received SINR thresholds of the SUs
and of the MU.

The problem can be formulated as follows:

maxixmize Z Z Xkn (3a)
kel neN

subject to Y xgn <1 V€N, (3b)
keK
Zxk,,gl,\fkeic, (3¢)
neN
SINRy, (X) > Bxkn. Yk €K, Yn e N, (3d)
SINR (x) > o, (3e)
Xpn €{0,1}, Vke K, VneN. (3f)

Constraint (3b) ensures that a SBS associates to one SU
whereas constraint (3c) ensures that a SU is associated with
one SBS. Constraint (3d) guarantees that a SU associated with
a SBS must have an SINR above the threshold 8. To ensure the
SINR threshold By of the MU, constraint (3e) is introduced.
Finally, constraint (3f) ensures that the association variable
Xk 18 Boolean.

Problem (3) can be written in matrix notation. Note that
constraint (3d) is nonlinear due to the Bxi, term on the
right-hand side and the xg/,s in the denominator of the left-
hand side. The xi, term dictates that the SINR threshold B
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is met only if k is associated to n. If it is not associated
(i.e., xgn = 0), then the SINR threshold drops to zero
and the constraint is satisfied with equality. Using the bigM
technique [22], constraint (3d) can be rewritten as below:

V8knXkn + M (1 - xkn)

L4080+ D D VEknXkw
k'eK' n’eN’

= B. “4)

where M is a sufficiently large number so that when xz, = 0,
constraint (3d) is not violated and on the other hand if xz, =
1, the term M (1 — xg,) is zero and therefore has no effect.
This technique is well known in linear programming. It adds
“artificial” variables to the original problem in order to find a
feasible solution [22].

The value of M must satisfy the following for all k € K
and for all n € N:

M=B+Byogko+ Y. Y. BY&kwXiw-

k'eK’ n’eN’

®)

Note that M depends on k, n, and x. Without loss of
generality, we take the highest value of M denoted by M *:

M* = max (ﬂ +Brogko+ D D ,Bngn/Xk/n/) . (6)

k,
" k’eK’ n’eN’

Hence, there exists k* € K and there exists n* € A/ such
that equation (6) is satisfied. Then,

M* Z B+ Byogiwo + (K =1 By Y gkwwr.
n’eN*

(7N
where N* = N\ {n*}.

Using the previous value of M * and rearranging the terms,
equation (4) is equivalent to:

(ngn - M*) Xen+M* = B+yogroB+ Z Z YB&kn' Xkrn'

k'eK' n’eN”’
<
M™* —ygkn YBSkn
Xkn + Xk'n/
M*— B —Byogko k,%:cn%\:/, M*— B —Byogro
< 1.
®)

Also, constraint (3e) can be rewritten as follows:

Yo&oo

=
Z Z Y&onXkn + 1

kel neN

<L

Bo & Z Z Y&onBo Xen

kex nen Y0800 — Po

€))

With the above modifications, the unweighted user-BS as-
sociation problem can be rewritten, in matrix form as follows:
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maximize 17x (10a)
subject to Ax < 1, (10b)
x € {0,1}7. (10c)

where 1 is the unitary vector of size 1 xg and A € RP*? is the
matrix of sizes p =K+ N+ K-N+1andg = K-N. The
matrix A is defined by A = [a;;| where a;; can be calculated
from (3b), (3¢), (8), and (9).

B. Weighted User-BS Association

This section introduces the more general problem of
weighted user-BS association (the weighted problem) where
each k or n in the network is prioritized by a weight. The
problem is to maximize the number of weighted associated
SUs subject to the constraints of the received SINR thresholds
of the users. The weights can add a degree of fairness to the
users or balance the traffic load between the SBSs.

The problem can be formulated by defining a weight vector
w which will be explained mathematically in the sequel. Thus,
the weighted user-BS association problem is given below:

maximize Ww'x (11a)

X
subject to Ax < 1, (11b)
x e {0,1}9. (11¢)

Problem (11) is NP-hard [17]. The objective function
in (11a) is a linear combination of an association vector X
and a weight vector w. When the vector w is set to one, the
objective function in (3a) is obtained and hence the unweighted
problem is given as in (10).

Weights Design: The weights can be designed based on fair
rate or fair time allocation [23]. Since the problem involves
user-BS association, we choose the fair time allocation. First,
this paper considers the fairness between SUs and second, the
weights are designed to provide fairness between SBSs. The
fair time allocation between SBSs is also an important aspect
and can be seen as a load balancing algorithm.

Every k (resp. n) is associated with a weight wy(¢) (resp.
wy (1)) at time-slot ¢ which is, by definition, the reciprocal of
number of times k (resp. n) is associated during the previous
period of T time-slots, where T is called the window size.
Without loss of generality, we assume that the instant time
t is at least T, i.e,, t > T. In other words, the weights are
initialized for ¢ < T'. To ensure fairness between the SUs, the
weights are calculated for every user based on the number of
associations that occurred during the last T time-slots and are
given as follow for all k& € K:

. 1
wi () = ) , (12)
1+ Z Z Xkn (T)
neN t=t—T+1
where xp,(tr) = 1, if k is associated to n at time t and

Xin(t) = 0 otherwise. For simplification, we omit the variable
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(t) from the weights when there is no possible confusion. The
vector w denotes the weights vector and is given by

T .
w = [wi....wi - wk....,wg] . Similar procedure is

N elements N elements . .
followed in order to calculate the weights to ensure fairness

between the SBSs at time 7. Hence, for all n € N

wn (1) £ lt : (13)
L+) " Y xka(D)
keK t=t—T+1
and the corresponding weights vector w is given by w =
[wl,...,wN---wl,...,wN]T.
user 1 user K

IV. NP-HARDNESS

This section proves the NP-hardness of the unweighted
user-BS association problem (10) by reducing a known NP-
complete problem to problem (10) in polynomial time. In this
paper, the MAX ONES problem [24] is reduced to problem
(10). The NP-hardness proof is divided into two parts. First,
Lemma 1 proves the NP-hardness of a sub-problem of MAX
ONES called 0-VALID MAX ONES using a reduction from
the well known NP-complete problem SET COVER. Second,
Theorem 1 reduces 0-VALID MAX ONES to problem (10).

Please note that the NP-hardness of the weighted user-BS
association does not imply the NP-hardness of the unweighted
user-BS association [19]. For instance, the weighted O0-1
knapsack problem is NP-hard whereas the unweighted case
is polynomial time solvable. Also, the weighted sum of com-
pletion times on single machine with preemptive scheduling
is NP-hard whereas the unweighted case is polynomial-time
solvable [25]. Moreover, the structure of the matrix A cannot
make the unweighted problem (10) easy to solve because A
is a real-valued matrix and is not likely to be uni-modular.

The NP-hardness of the user-BS association problem comes
from two main facts: (i) the objective function which tries to
pack as much SUs as possible in the solution, i.e., maximize
the number of associated SUs and (ii) the SINR constraints
which creates conflicts as the SUs are associated. To clarify
the ambiguity that may occur between the user-BS association
problem and the one-to-one matching problem (which is an
easy one), we briefly discuss the main differences.

The one-to-one matching problem includes the maximum
matching in bipartite graph, the assignment problem and the
stable marriage problem. In the maximum matching problem
for example, there are no conflicts between the selected edges
that do not share a common vertex while every SU-BS pair
associated creates conflicts to the whole network. Further, the
maximum matching problem was proven to be NP-hard when
there are a certain pair of edges that cannot exist simultane-
ously in a feasible solution [26]. Note also that, some variants
of the assignment problem and the stable marriage problem,
roughly when the assignment includes coupled constraints as
in the SINR constraints, are shown to be NP-hard [27], [28].

In what follow, the symbols A (or A), \/ (or V), and
— denote the logical operators: disjunction, conjunction, and

negation, respectively. The notation P; o« P, denotes that
problem P; is reducible in polynomial time to problem P;.

Definition 1 (A binary constraint [24]):

A binary constraint is a function f : {0,1}* — {0,1} for
some k € N. We say that a binary constraint f is satisfied by
an input s € {0, 1}* if f(s) = 1.

Definition 2 (A 0-valid binary constraint [24]):
A binary constraint f is 0-valid if s = 0 and f(s) = 1.

Definition 3 (0-VALID MAX ONES problem [24]):
INSTANCE: A O-valid binary constraint f(x1,-++,Xn) of n
Boolean variables x1,x2,...,Xy.

OBIJECTIVE: Decide if there are assignments to X1, X2, ..., Xn
that satisfy f(-) and find the one which has the most number
of true variables, that to say max {Zl xi}.

Definition 4 (SET COVER problem, NP-complete [29]):
INSTANCE: A set of m elements called the universe. A finite
family J of finite sets S; where J = {{S;}V j}, and a
positive integer k.

OBIJECTIVE: Decide if there is a subfamily {Ty} < J that
contains e < k sets such that Uh T, = U.

Without loss of generality, an instance of 0-VALID MAX
ONES problem is given by:

(Viesi=xi) A (Vies,=Xi) A+t A Vies, =Xi = /\ \/ i
——

leLi€S;

clause 1 clause 2 clause L

(14)

where S; for all [ € L, is a subset of {1,2,...,n}. Equation
(14) is the conjunction of disjunctions of L clauses on the
negated variables —xy,--- , =Xs)|-

Lemma 1 The 0-VALID MAX ONES problem is NP-hard.
Proof: See Appendix A. [ ]

Theorem 1 The unweighted user-BS association problem (10)
is NP-hard.

Proof: See Appendix B. [ ]
The proof of Theorem 1 is useful in wireless networks
where the user-BS association problem (10) is often encoun-
tered. Unfortunately, due to Theorem 1, solving this problem
optimally requires a BF method and needs vast computational
capabilities unless P = NP. The motivation behind the proof
of Theorem 1 is to find good algorithms that are less complex
and perform close to the optimal solution.
The next two sections present the optimal solution along
with the proposed algorithms for the weighted and unweighted
user-BS association problems.

V. OPTIMAL SOLUTIONS

This section derives the optimal solutions for problems
(10) and (11). The optimal solution can be calculated by
two approaches, namely, the BF algorithm and the B&B
CPLEX-based algorithm. The BF algorithm is based on the
enumeration of all possible associations and picking the one
with the best value. On the other hand, the B&B CPLEX-based
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algorithm reduces the search space, and hence the complexity,
compared to the BF algorithm using the branching and the
bounding approaches. These techniques are used as a reference
for comparison against proposed algorithms.

In what follows, the complexity of the BF algorithm is
derived for the unweighted user-BS association problem (de-
noted UBF) and for the weighted user-BS association problem
(denoted WBF).

A. Unweighted User-BS Association

The basic steps of the UBF algorithm are the generation of
all possible associations which are given by the enumeration
of all combinations given by C(K, N):

Xy
CKN) =3 (X(n) (X(z))’
n n

n=1

5)

where () denotes the binomial coefficient and Xy =

min (K, N) and X5y = max (K, N).
Without loss of generality, let N < K, then:

o K\ (N
C(K,N) < n; N!(N) (N)

From [30], an upper bound of the binomial coefficient is

(16)

k k
given by (%) < (Z) < 7;(—' Therefore:
K-NX if N>K,
C(K.N) < N
N-K if N <K.

The complexity of the UBF algorithm is denoted by UBF-C.
Besides the enumeration of all possible combinations, the UBF
algorithm runs through all the constraints, which is a matrix
multiplication and has a complexity of O( p- q), equivalently
O(Kz-Nz). Therefore, UOPT-C € O(KZ-N2~C(K, N)) e X
where &) is given by:

O(K?-NK+2) if N > K,
O(N3-KN*2) if N <K,
O(N®-N!) if N =K.

def

X = 7

B. Weighted User-BS Association

The WBF algorithm follows mainly the same principle as
of the UBF algorithm with a slight difference. After the gener-
ation of all combinations, each step calculates the weights (for
a fixed t) for those combinations that satisfy the constraints
and picks the one with the maximum value. The constraints
verification requires O(p - ¢), equivalently O(K? - N?) and
the calculation of the weights of those solutions requires
O(q), equivalently O(K - N ), which gives a complexity of
O(K 3.N 3). Therefore, the complexity of the WBF algorithm,
denoted by WBF-C, is WBE-C € O(K>-N3-C(K,N)) € X,
where &, is given by:

O(K*-NX+3) if N > K,
O(N*-KN*3) if N <K,
O(N7-N!) it N =K.

def

X = (18)

C. Branch-and-Bound CPLEX-based Solution

The B&B method is a well known method to solve discrete
and combinatorial optimization problems [22]. It enumerates
all possible solutions in a rooted tree. Then, it explores the
branches of the rooted tree and estimates upper and lower
bounds on the optimal solution.

In this paper, the B&B algorithm with the CPLEX
solver [31], denoted by B&B CPLEX-based algorithm, is used
to calculate the optimal solutions of problems (10) and (11).

In what follows, we examine the time complexity of
the B&B CPLEX-based algorithm. This algorithm uses the
branch-and-cut (B&C) method to solve the linear integer
program [31]. More specifically, B&C calls the B&B and the
cutting planes methods to solve the problem. Note that, at
each step, the algorithm relaxes the linear integer problem
to a continuous linear problem. In this relaxation step, the
simplex algorithm is used to solve the relaxed problem. Any
other linear programming-based algorithm can be used instead
of the simplex algorithm.

As for the worst case complexity, the simplex algorithm
has an exponential-time complexity [22]. Further, the B&B
and the cutting planes methods used in the algorithm, have to
visit all the nodes of the binary search tree which makes the
complexity exponential. As for the best case, the algorithm
needs to solve the linear programming relaxation only once,
i.e., it finds the binary variables by the simplex algorithm.
Hence, the best case time complexity depends on the best case
time complexity of the simplex algorithm. Since the simplex
algorithm has polynomial-time complexity on average [22],
then the best case time complexity of the B&B CPLEX-based
algorithm is upper bounded by a polynomial.

To summarize, the complexity of the B&B CPLEX-based
algorithm is:

« exponential in the worst case; and

e polynomial in the average and best cases.

In practice, the B&B CPLEX-based algorithm works well
as experiments show [31]. To have an idea about the difference
between the running time of the BF algorithm and the B&B
CPLEX-based algorithm, let us see an illustrative example.
If the input is fixed to K = 10, N = 6 and the matrix A
is a priori known then, based on a computer characterized by
“Intel(R) Core(TM) i7-3770 CPU @ 3.40 GHz 3.40 GHz”, the
running time for the BF algorithm is approximately equals to
4 seconds whereas it is approximately equals to 0.1 seconds
for the B&B CPLEX-based algorithm.

VI. HEURISTIC SOLUTIONS

This section describes the proposed algorithms to solve both
problems (10) and (11), which consist of simple but efficient
greedy algorithms.
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We define G = [gg,] for all k € KU{0} and for alln € N'U
{0} to represents the matrix of channel gains. In the pseudo-
codes of the algorithms, we use the following notation x, y <«
z,t to assign z to x and ¢ to y.

A. Unweighted Maximum Relative Channel Gain (UMRCG)

The proposed algorithm to solve the unweighted prob-
lem (10) is denoted by UMRCG and is given in Algorithm 1.
It solves the unweighted user-BS association problem heuris-
tically based on a greedy method.

Algorithm 1: UMRCG
Input: Network parameters: G, K, N, y, B, vo, Po
Output: A near optimal solution: a
1 Create the matrix U according to (19)
2a,p<«<|[],0
3 whilep < K- N do
4 k,n < max(W)a[n] < ksinr, sinrg <
SINR(a)bool « false
5 for j =1 to length(sinr) do

6 if sinr[j] > B and sinry > B¢ then
7 L bool <« true

8 else

9 | a[n],bool < [], falsebreak

10 if bool is true then
11 L eliminate(k,n)

2 | p<p+l

3 return a

[

First, in line 1, it creates a matrix U = [ug,] for all £ and
n as follows:

Ukn = 19)

8kn
Z 8k'n
k' #k
Note that this matrix plays a key role in the proposed algo-
rithm. In fact, ug, represents the receivable signal power of
k divided by the sum of receivable signal powers of other
k" # k. Hence, uy, can be seen as the inverse of the price of
associating k to n.

After the creation of the matrix U, Algorithm 1, in line 2,
initializes the association vector a to the empty vector and the
counter p to zero. The association vector defines the choice
of each n € N, ie., a[n] = k means that k is associated
to n. Next, line 3 traverses the whole matrix U inside the
while loop. At every iteration in this loop, Algorithm 1, in
line 4 finds, using the function min(-), the indexes k and n
of the largest element of U. Then, the algorithm associates
k to n. According to the association vector a created so
far, the algorithm calculates the SINRs, using the function
SINR(-), of the SUs and of the MU. For every calculated
SINR, the algorithm tests whether it is greater or equal than
the thresholds § and By as given in lines 5 and 6. If the
association vector does not violate any SINR constraint so
far, a Boolean variable bool is assigned a true value. If not,

k is dissociated from n, bool is set to false and the loop
is broken. In line 10, if bool is true, which means that
the newly association a[n] = k is valid for all associated
pairs SU-SBS, then the corresponding k and n cannot be
used for any further association in the subsequent iterations.
Therefore, the function eliminate(-,-), in line 11, sets the row
k and the column n of U to a very large number to prevent
choosing them in next iterations. Note that this guarantees
that constraints (3b) and (3c) are not violated. In line 12, the
counter p is updated and the while loop continues. Finally,
when all the elements of the matrix U are evaluated, the
algorithm halts and returns a sub-optimal user-BS association
vector a.

The UMRCG algorithm runs in polynomial time. The
creation of the matrix U requires O(K - N) if we store the
sum s, = Zle Zkn in a list of N elements and we calculate
Ukn aS Ukp Sng_kg"kn for all k and n. The while loop
requires O(K - N ) in the worst case. The function min(-)
requires O(K - N ) The SINR function needs to calculate
the SINR of every associated pairs SU-SBS and of the pair
MU-MBS which requires O(K - N) by the same technique
used to create the matrix U. Line 5 through line 9 require
O(N ) in the worst case. At the end, the function eliminate(-, -)
goes through the row k and the column n which requires
O(K + N). Finally the overall complexity of the UMRCG
algorithm, denoted by UMRCG-C, is given in the worst case
by O(K-N +2-K*- N2+ K?-N +2-K-N?), which can
be simplified to:

UMRCG-C € O(K? - N?). (20)

B. Weighted Maximum Relative Channel Gain (WMRCG)

The proposed algorithm to solve the weighted problem is
denoted by WMRCG. It is divided into two steps. The first
step, in line 1, is the calculation of the weights according
to (12) or (13) during the window 7. The second step, from
line 2 to line 20, the algorithm WMRCG solves the weighted
user-BS association problem using a procedure similar to the
one described in the UMRCG algorithm. The main differences
between the UMRCG algorithm and the WMRCG algorithm
are the criterion in line 3 and the update of the weights in
lines 19 and 20. In line 3, the algorithm WMRCG creates the
matrix W = [wg,] of SU-SBS pairs for all k and n as follows:

Wk|n8kn
Wgn =

- Z gk/n!

k'#k

21

where wg, is wg or wy,, depending on whether to balance
the load among the SBSs or to be fair between the SUs as
discussed previously.

Likewise, the WMRCG algorithm runs in polynomial time
for a fixed period 7. On the one hand, the first step of
calculating the weights needs to go through the association
vector during the window of T time-slots and calculates how
many times k (resp. n) has been associated according to (12)
(resp. (13)). This requires O(K -N - T). On the other hand,
similarly to the previous analysis of the UMRCG algorithm,
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Algorithm 2: WMRCG

Input: Network parameters: 7, G, K, N, y, B, vo, Bo
Output: A near optimal solution a

1 Calculate the weights in a period of size T
2fort > T do

3 Create the matrix W according to (21)

4 a,p<|[].0

5 while p < K- N do

6 k,n < max(W)

7 an] <k

8 sinr, sinrg <— SINR(a)

9 bool « false

10 for j =1 to length(sinr) do

11 if sinr[j] > B and sinry > B¢ then
12 L bool « true

13 else

14 a[n], bool < [], false

15 L break

16 if bool is true then

17 L eliminate(k,n)

18 p«<p+1

19 Move the window T

20 Update the weights according to (12) or (13)

21 return a

the complexity of the second step of the WMRCG requires
O(K 2.N 2). Finally, the overall complexity of the WMRCG

algorithm, denoted by WMRCG-C, is given by:
WMRCG-C € O(N - K - T + K*- N?). (22)

The complexity of the different algorithms is summarized
in Table I.

Algorithm Complexity, K < N Example
UBF O(K3- NX+2) 4-10'8
WBF O(K*- NX+3) 8-10%°

UMRCG O(N? - K?) 410

WMACG || O(N-K-T+K*-N?) || 24-10°

TABLE I

COMPLEXITY OF THE ALGORITHMS

We see that UMRCG and WMRCG have very low complex-
ity compared to the UBF and WBEF. In fact the complexity
of both algorithms is quadratic in either K or N. Notice
that UMRCG and WMRCG have almost the same order of
complexity unless 7 is of the same order as K? and N2. As an
illustrative example, we set K = 10, N = 20, and 7" = 1000
in the third column of table I. We see the huge difference in
the computational complexity between 4 - 10'® of the UBF
algorithm and 4-10* of the UMRCG algorithm. These results
demonstrate the advantage of using heuristic algorithms and
show how the proposed algorithms are computationally simple.

Since both the weighted and unweighted problems are NP-
hard, there are no polynomial time algorithms that solve them

optimally unless P = NP. Therefore, our proposed algorithms
can be used and implemented to solve such problems in real
scenarios. Note, however, that the proposed algorithms do not
approximate the optimal solution theoretically, i.e., we cannot
argue that, for any instance of size £ of both problems, the
ratio between the solutions of the proposed algorithms and
the optimal algorithm is at least p(£) < 1. A rigorous analysis
of the performance ratio of the greedy algorithms against the
optimal would be an extensive work that cannot be integrated
with this work. In fact, one has to study the hardness of
approximation of the user-BS association problem first in order
to guarantee the existence of an approximation algorithm.
In [32], the authors proved that it is NP-hard to approximate
the one-slot scheduling problem under the abstract SINR
constraints (which is very similar to the unweighted user-
BS association problem) to within nl=¢, for any € > 0.
Therefore, the user-BS association problem is apparently hard
to approximate. Such contribution is left for future work.

VII. SIMULATION RESULTS

In this section, the performance of the proposed algorithms
is demonstrated by simulations. It is assumed that the path
loss coefficient is « = 4 which is a typical value in cellular
networks [20], and the radius of the circle where the SBSs
are located is R = 20 m [3]. Unless otherwise specified, the
transmit SNR of the MBS and of the SBSs are set to yg = 40
dB and y = 20 dB, respectively. The SINR thresholds used
for the MU and for the SUs are given respectively by o = 0
dB and B = 1 dB, and the number of SUs is K = 10. The
WMRCG is executed with a window of size T = 50. The
B&B CPLEX-based algorithm is implemented using the OPTI
Toolbox [33] under MATLAB using the IBM ILOG CPLEX
solver [31].

2 [—4—uB&B vl
—o—UBF i
18F g i
3
3 16 ‘r
s i
T4 ) i
% 2.085 |
S 12F 1
o)
el
E it
j=
o
Z 08}
0.6 1
5.988 6
04 i i i i
1 2 3 4 5 6

Number of SBSs (N)

Fig. 2. Performance of unweighted optimal solutions.

Fig. 2 compares UBF algorithm and B&B CPLEX-based
algorithm for the unweighted problem (denoted UB&B). We
see that UBF slightly outperforms UB&B especially when N
is high. When N = 6, UBF solution is .009% far away from
UB&B one. However, this small difference is generally due to
the floating points representation errors of B&B CPLEX-based
algorithm. Fig. 2 along with the complexity analysis in Table I
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illustrate that UB&B algorithm allows us to obtain tight-to-
optimal performance with relatively low computational com-
plexity. This motivates us to use B&B CPLEX-based algorithm
in our next simulations.

—e—UB&B R
45| -~ UMRCG g
4l == Reference [10] [.............i.... i
R

2. RETUREE UTURITEIN

Avg. number of associated SUs
[38)
n

2 4 6 8 100 12 14 16 18 20
Number of SBSs (N)

Fig. 3. Performance of UB&B and UMRCG with comparison to max-SINR
and reference [10] for the unweighted user-BS association problem.

Fig. 3 shows the average number of associated SUs for
the unweighted user-BS association problem (10). It compares
UB&B, UMRCG, a benchmark algorithm denoted by max-
SINR and a recently proposed algorithm [10]. (The algorithm
in [10] is adapted to our situation.) In the max-SINR algo-
rithm, each SU is associated to the strongest SBS signal it
receives whereas in the criterion used in [10] each SU is
associated to an SBS according to the sum of the received
interference. This criterion works well for [10] since all the
SBSs are associated in the end and therefore the sum of
the received interference is perfectly estimated. We see that
UMRCG algorithm has very close performance to the optimal
solution. E.g., UMRCG solution is .958% far away from
UB&B solution when N = 16. Furthermore, the proposed
UMRCG algorithm outperforms max-SINR algorithm since
the latter does not provide a good interference management
among the BSs. Moreover, our proposed algorithm beats the
algorithm in [10] since in our proposed algorithm, some of
the SBSs may not be associated and therefore the amount of
interference is overestimated. Note that, the performance of
proposed algorithms depend on the number of SUs K and
SBSs N (as shown in Fig. 3), on the transmit SNR and on
the SINR thresholds. Next, we demonstrate the effect of the
transmit powers and the thresholds on the performance of the
proposed solutions.

Fig. 4 plots the average number of associated SUs versus
the transmit SNR y of the SBSs. When y grows, the SINR
received at the SUs grows and more SUs are expected to be
associated which is illustrated in the first part of the x-axis in
Fig. 4 when the curves increase. When y continues to grow,
the interference at the MU grows too and becomes harmful.
Hence, the MU is not satisfied and the average number of SUs
must decrease to respect the MU’s QoS. This is illustrated
in the second part of the x-axis in Fig. 4 when the curves
dip. Notice that for high y, if yo increases, then the average

—o—UB&B

-®- UMRCG
Sy T

Avg. number of associated SUs

5{0 =40, 30, 20, 10 dB

—10 0 10 20 30
Transmit SNR of SBSs, v (dB)

Fig. 4. Performance of UB&B and UMRCG versus the transmit SNR of the
SBSs y. N = 10.

number of associated SUs increases. E.g., we observe that
when y = 40 dB, the average number of associated SUs
increases from .6 to approximately 5 as y, increases from 10
dB to 40 dB. On the other hand, for smaller y, if yo increases,
then less SUs are associated. Therefore, for a given value
of the transmit SNR of the MBS, yyp, there is an optimum
value of the transmit SNR of the SBSs, y, to be used in
order to maximize the number of associated SUs. Finally,
we can see that the proposed algorithm UMRCG still gives
close-to-optimal performance for different values of transmit
SNR. Fig. 4 shows the worst case ratio between the UMRCG
solution and the UB&B one is at most 5%.
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Fig. 5. Performance of UB&B and UMRCG versus the SINR thresholds of
the MBS Bo. N = 10.

Fig. 5 depicts the effect of SINR thresholds of SUs and
of the MU. The average number of associated SUs decreases
when the thresholds increase. When Sy gets smaller, the QoS
of the MU is satisfied more often and hence more SUs get
associated. Furthermore, when B¢ becomes higher, the number
of associated SUs decreases dramatically regardless of the
value of B. It is also important to notice that the ratio between
UB&B solution and UMRCG solution varies slightly as a
function of B¢ and B. This ratio is still small though, which
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illustrates the accuracy of the proposed heuristic solution.
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Fig. 6. Performance of WB&B and WMRCG for the weighted user-BS
association.

Fig. 6 considers the proposed WMRCG solution and B&B
CPLEX-based solution for the weighted user-BS association
problem (11), denoted WB&B. It can be seen that WMRCG
algorithm provides slightly higher number of associated SUs
than WB&B algorithm since the latter does not maximize the
number of associated SUs but it maximizes a weighted sum of
associated SUs as can be seen by the objective function given
in (11a). Comparing Fig. 3 and Fig. 6, it can be seen that the
weighted solution has less performance than the unweighted
one in terms of average number of associated SUs. This
performance loss is compensated by gains in fairness as shown
in the next simulations.
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Fig. 7. Performance of the algorithms in terms of fairness between SUs.

N =6.

To measure the fairness, the location of SBSs is assumed
fixed whereas the SUs are located randomly with uniform
distribution in the network. The fairness measure used in the
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Fig. 8. Performance of the algorithms in terms of load balancing of SBSs.
N =6.

simulations is the well-known Jain’s index [34].

Fig. 7 demonstrates the fairness of the proposed algorithms
along with the optimal ones. The weights are obtained by
equation (12). We observe that WB&B gives the highest
fairness index. Also, WMRCG gives a high fairness index.
On the other hand, UMRCG and UB&B produce the worst
results of fairness index as expected. We also see that when
the number of SUs increases, the network starts to densify,
and the fairness of all algorithms suffer.

Fig. 8 shows the fairness between SBSs of the proposed
algorithms. As discussed is Section III, the fairness between
the SBSs is considered as a load balancing between the cells.
The weights are obtained by equation (13). It is clear that as
long as the number of SUs in the network is large, the load
among different SBSs is balanced since more opportunities
are given to each SBS to be associated. Further, WB&B and
WMRCSAG still give the best results in terms of fairness between
SBSs compared to UB&B and UMRCG.

VIII. CONCLUSION

This paper studies the problem of user-BS association in
a HetSNet of co-channel densely deployed BSs. The user-BS
association problem is modeled as a linear integer program.
The objective is to maximize the number of associated SUs
subject to QoS constrains defined by SINR. This paper proves
that the unweighted user-BS association problem is NP-hard.
Then, two heuristic algorithms are proposed, namely the
UMRCG algorithm and the WMRCG algorithm. Next the
complexity of the proposed algorithms are derived and shown
to be polynomial in time. The performance of the proposed
algorithms are compared against the optimal exponential-time
BF and B&B CPLEX-based algorithms. Moreover the perfor-
mance is also compared against the max-SINR algorithm [5],
[9] and a recently proposed algorithm in [10]. The proposed
algorithms outperforms all previously proposed algorithms and
is close to the optimal solution as demonstrated by simulations.
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The future extensions of this research will propose algo-
rithms for joint power control and user-BS association and
study the effect of statistical knowledge of channel informa-
tion on the performance of these algorithms. Also, we will
study the hardness of approximating the user-BS association
problem and develop approximation algorithms with provable
guarantees. Furthermore, fully distributed algorithms will be
developed to solve the user-BS association problem using
game theory and machine learning.
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APPENDIX A
PROOF OF LEMMA 1

Proof: We prove that SET COVER o 0-VALID MAX
ONES. Let I, and Iy, be two respective instances of SET
COVER problem and the 0-VALID MAX ONES problem
which are given by: I, = (Z/{, {{Sj}Vj},k), and Iy, =
(f(x1,0+ 5 xn)).

From the instance [I5., we construct the instance /g,
as follow. From each subset S; of [J, the matrix M =

[mxy]xe{l,.“,X},ye{l,.“,Y}’ where X = |J] and YV =
max 1 J; S; ¢ is constructed as follows:
o it y e Sy,
Xy def y y x (23)

0 otherwise.

Based on the steps given by Algorithm 3 and using the matrix
defined by equation (23), the instance Iy, is easily obtained.

Algorithm 3: SET COVER TO 0-VALID MAX ONES

Input: An instance of SET COVER (L{, J = {Sj},k).
Output: An instance of 0-VALID MAX ONES.

1 Construct the matrix M according to (23)

2 for j =1t Y do

3 Cj =1

4 fori =1to X do

5 if m;; # O then

[3 L L Cj = Cj V X

;N

fx1,-xx) =CiACoA...ACy
8 return f(xy,---,Xxx).

Finally, if 0-VALID MAX ONES is solved with the instance
Iyy then the optimal solution x = (x,---,X,) contains the
least possible number of zeros. Let I be the set of zeros in the
solution x. Thus, the solution of the SET COVER problem cor-
responds to the subfamily of sets 7 = {{S,}, V¥ p € I}. Hence,
SET COVER problem is solved with the minimum number of
subsets. The reduction from SET COVER to 0-VALID MAX
ONES is polynomial time as shown in Algorithm 3. Therefore,
SET COVER o 0-VALID MAX ONES which proves Lemma 1.

|

APPENDIX B
PROOF OF THEOREM 1

Proof: We show that 0-VALID MAX ONES  problem
(10). Let I; = (K, N, A) be an instance of problem (10) where
K is the number of SUs, N is the number of SBSs, A is the
matrix defined in problem (10). Let I» = (f(x1,---,Xx5)) be
an instance of the 0-VALID MAX ONES problem.

An instance of problem (10) can be constructed by con-
verting the set of Boolean clauses of the binary constraint
f () to a system of linear inequalities. Therefore, f(-) is true
& Ax < 1. Hence, the problem of maximizing the number of
associated SUs while the SINR requirements are met (i.e.,
Ax < 1) is equivalent to the problem of maximizing the
number of true literals while the Boolean formula is true (i.e.,

f() is true).

In order to get the instance /; from the instance I,, the
following transformation is applied. First, let S; = {i 11 R | ,i}
be a subset of {1,...,n} for some [ € L and some k €

{1,2,...,n}. Then, for each clause [ of f(-), i.e., \/iesl - X;,
the following system of linear inequalities is given:

k
Y 8iLil < Z Y 8iLil +1|8, Voe{l,... k}.
p=1
p#o

Second, this system of linear inequalities is easily solved in
polynomial time to get the corresponding g;; since it has more
many variables than equations. Let A and B be the sets of
solutions of the g;;. Then, the remainder values of g;; will
be set to 0, ie., gij = 0,Vi ¢ AV j ¢ B. Using this
transformation, we can get the matrix A, K, and N where
K = N =Y (Y represents the number of clauses in the
instance I, i.e., Y = |L|). Therefore an instance of problem
(10) is obtained. Finally, if problem (10) is solved using I
and let the solution vector be x, then if x;; =1 < i = j and
the corresponding Boolean variable is set to 1. Hence, in the
instance I, we have x; = x; = 1 and x;y = 0, Vi’ # 1, j.
Therefore, 0-VALID MAX ONES is solved. At last, we can
verify easily in polynomial time that the constraints evaluate
true is equivalent to the Boolean formula evaluates true.
Therefore, problem (10) is solved if and only if 0-VALID MAX
ONES is solved.

To conclude, 0-VALID MAX ONES « problem (10) and
therefore the unweighted user-BS association problem is NP-
hard. This proves Theorem 1. |

REFERENCES

[1] T. Zahir, K. Arshad, A. Nakata, and K. Moessner, “Interference man-
agement in femtocells,” IEEE Commun. Surveys Tuts., vol. 15, no. 1,
pp- 293-311, Q1 2013.

[2] E. Hossain, L. B. Le, and D. Niyato, Self-Organizing Small Cell
Networks. John Wiley & Sons, Inc., 2013.

[3] V. Chandrasekhar, J. Andrews, and A. Gatherer, “Femtocell networks:
a survey,” IEEE Commun. Mag., vol. 46, no. 9, pp. 59-67, Sept. 2008.

[4] J. Andrews, S. Buzzi, W. Choi, S. Hanly, A. Lozano, A. Soong, and
J. Zhang, “What will 5G be?” IEEE J. Sel. Areas Commun., vol. 32,
no. 6, pp. 1065-1082, June 2014.

[5] J. Andrews, H. Claussen, M. Dohler, S. Rangan, and M. Reed, “Femto-
cells: Past, present, and future,” IEEE J. Sel. Areas Commun., vol. 30,
no. 3, pp. 497-508, Apr. 2012.

0018-9545 (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TVT.2016.2558501, IEEE

[6]

[7]

[8]

[9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

(17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

Transactions on Vehicular Technology

Q. Kuang, J. Speidel, and H. Droste, “Joint base-station association,
channel assignment, beamforming and power control in heterogeneous
networks,” in Proc. IEEE VTC Spring, Yokohama, Japan, 6-9 May 2012.
L. P. Qian, Y. J. Zhang, Y. Wu, and J. Chen, “Joint base station
association and power control via benders’ decomposition,” IEEE Trans.
Wireless Commun., vol. 12, no. 4, pp. 1651-1665, Apr. 2013.

Q. Ye, B. Rong, Y. Chen, M. Al-Shalash, C. Caramanis, and J. An-
drews, “User association for load balancing in heterogeneous cellular
networks,” IEEE Trans. Wireless Commun., vol. 12, no. 6, pp. 2706—
2716, Jun. 2013.

K. Shen and W. Yu, “Distributed pricing-based user association for
downlink heterogeneous cellular networks,” IEEE J. Sel. Areas Com-
mun., vol. 32, no. 6, pp. 1100-1113, June 2014.

R. Sun, M. Hong, and Z.-Q. Luo, “Joint downlink base station as-
sociation and power control for max-min fairness: Computation and
complexity,” [EEE J. Sel. Areas Commun., vol. 33, no. 6, pp. 1040-
1054, June 2015.

R. Madan, J. Borran, A. Sampath, N. Bhushan, A. Khandekar, and T. Ji,
“Cell association and interference coordination in heterogeneous LTE-
A cellular networks,” IEEE J. Sel. Areas Commun., vol. 28, no. 9, pp.
1479-1489, December 2010.

D. Fooladivanda and C. Rosenberg, “Joint resource allocation and user
association for heterogeneous wireless cellular networks,” IEEE Trans.
Wireless Commun., vol. 12, no. 1, pp. 248-257, January 2013.

C. S. Chen and F. Baccelli, “Self-optimization in mobile cellular
networks: Power control and user association,” in Proc. IEEE ICC, Cape
Town, South Africa, 23-27 May 2010.

K. Son, S. Chong, and G. de Veciana, “Dynamic association for load
balancing and interference avoidance in multi-cell networks,” in Proc.
IEEE WIOPT, Limassol, Cyprus, 16-20 Apr. 2007.

W. Li, S. Wang, Y. Cui, X. Cheng, R. Xin, M. Al-Rodhaan, and A. Al-
Dhelaan, “AP association for proportional fairness in multirate WLANs,”
IEEE/ACM Trans. Netw., vol. 22, no. 1, pp. 191-202, Feb 2014.

H. Kim, G. de Veciana, X. Yang, and M. Venkatachalam, “Distributed
o-optimal user association and cell load balancing in wireless networks,”
IEEE/ACM Trans. Netw., vol. 20, no. 1, pp. 177-190, Feb 2012.

0. Goussevskaia, Y. A. Oswald, and R. Wattenhofer, “Complexity in
geometric SINR,” in Proc. ACM MOBIHOC, Montreal, QC, Canada,
9-14 Sept. 2007.

M. Andrews and M. Dinitz, “Maximizing capacity in arbitrary wireless
networks in the SINR model: Complexity and game theory,” in Proc.
IEEE INFOCOM, Rio de Janeiro, Brazil, 19-25 Apr. 2009.

P. Crescenzi, R. Silvestri, and L. Trevisan, “On weighted vs unweighted
versions of combinatorial optimization problems,” Information and
Computation, vol. 167, no. 1, pp. 10 — 26, 2001.

T. Rappaport, Wireless Communications: Principles and Practice,
2nd ed. Upper Saddle River, NJ, USA: Prentice Hall PTR, 2001.

C. Avin, Z. Lotker, and Y.-A. Pignolet, “On the power of uniform power:
Capacity of wireless networks with bounded resources,” in Algorithms-
ESA 2009. Springer Berlin Heidelberg, 2009, vol. 5757, pp. 373-384.
A. Schrijver, Theory of Linear and Integer Programming. New York,
NY, USA: John Wiley & Sons, Inc., 1986.

M. Mehrjoo, M. Awad, M. Dianati, and X. Shen, “Design of fair weights
for heterogeneous traffic scheduling in multichannel wireless networks,”
IEEE Trans. Commun., vol. 58, no. 10, pp. 2892-2902, Oct. 2010.

S. Khanna, M. Sudan, L. Trevisan, and D. Williamson, “The approxima-
bility of constraint satisfaction problems,” SIAM Journal on Computing,
vol. 30, no. 6, pp. 1863-1920, Jun. 2001.

D. P. Williamson and D. B. Shmoys, The Design of Approximation
Algorithms, 1st ed. New York, NY, USA: Cambridge University Press,
2011.

D. A. Plaisted and S. Zaks, “An NP-complete matching problem,”
Discrete Applied Mathematics, vol. 2, no. 1, pp. 65 — 72, 1980.

H. Romeijn and D. R. Morales, “A class of greedy algorithms for the
generalized assignment problem,” Discrete Applied Mathematics, vol.
103, no. 1-3, pp. 209 — 235, 2000.

M. Halldorsson, K. Iwama, S. Miyazaki, and Y. Morita, “Inapproxima-
bility results on stable marriage problems,” in LATIN 2002: Theoretical
Informatics. Springer Berlin Heidelberg, 2002, vol. 2286, pp. 554-568.
R. Karp, “Reducibility among combinatorial problems,” in Complexity
of Computer Computations, R. Miller, J. Thatcher, and J. Bohlinger,
Eds. Springer US, 1972, pp. 85-103.

E. A. Bender, “Asymptotic methods in enumeration,” SIAM Review,
vol. 16, no. 4, pp. 485-515, Apr. 1974.

“IBM ILOG CPLEX Optimizer,” http://www-01.ibm.com/software/
integration/optimization/cplex-optimizer/, Dec. 2010, accessed: 2016-
01-24.

[32] O. Goussevskaia, M. M. Halldérsson, and R. Wattenhofer, “Algorithms
for wireless capacity,” IEEE/ACM Trans. Netw., vol. 22, no. 3, pp. 745—
755, 2014.

[33] J. Currie and D. I. Wilson, “OPTI: Lowering the Barrier Between Open
Source Optimizers and the Industrial MATLAB User,” in Foundations
of Computer-Aided Process Operations, N. Sahinidis and J. Pinto, Eds.,
Savannah, Georgia, USA, Jan. 2012.

[34] R.K.Jain, D.-M. W. Chiu, and W. R. Hawe, “A Quantitative Measure Of
Fairness And Discrimination For Resource Allocation In Shared Com-
puter Systems,” DEC-TR-301, Digital Equipment Corporation, Tech.
Rep., Sept. 1984.

Zoubeir Mlika received the Engineer Diploma from
Higher School of Communication of Tunis (SUP-
COM), Tunisia (2011), the M.Sc. from University
of Quebec at Montreal (UQAM), Canada (2014).
During 2011-2012, he was an intern in UQAM while
he worked on relay selection algorithms in cognitive
radio networks. He is currently working towards
his Ph.D. degree in computer science at UQAM.
His research is focused on analysis of algorithms
and computational complexity, resource allocation in
heterogeneous and 5G networks, wireless communi-
cation, optimization and game theory.

Mathew Goonewardena received the B.Sc. En-
gineering Degree from University of Moratuwa,
Sri Lanka (2007), the M.Eng. (dual degree, 2011)
from Asian Institute of Technology, Thailand, and
Telecom SudParis, France. During 2007-2009, he
worked in the mobile communications industry with
Dialog Telekom and Alcatel-Lucent. He is currently
working towards his Ph.D. degree in the Electrical
Engineering Department of Ecole de Technologie
Supérieure (ETS), Montreal, Canada. His research is
focused on distributed resource allocation schemes
for heterogeneous networks using games, learning, and optimization theories.

Wessam Ajib received the Engineer Diploma in
physical instruments from Institut National Polytech-
nique de Grenoble, Grenoble, France, in 1996 and
the Diplome d’études Approfondies degree in digital
communication systems and the Ph.D. degree in
computer networks from Ecole Nationale Supérieure
A des Télécommunications, Paris, France, in 1997 and
- . e 2000, respectively. From October 2000 to June 2004,
& % ) l he was an Architect and a Radio Network Designer
\ with Nortel Networks, Ottawa, ON, Canada, where
= Y : he introduced several innovative solutions for the
third generation of wireless cellular networks. After spending one year as
a Postdoctoral Fellow at Ecole Polytechnique de Montréal, Canada, he joined
in June 2005 the Department of Computer Science at Université du Québec
a Montréal, QC, Canada, where he is currently a full Professor. He is the
author or coauthor of many journal and conference papers. His research
interests include wireless communications and wireless networks, multiple-
and medium-access control design, energy efficiency, resource allocation, and
algorithmic solutions for green 5G cellular networks.

Halima Elbiaze received the BS degree in Applied
Mathematics from the University of Rabat, Morocco,
in 1996. She received the MS and Ph.D. degrees in
Computer Science from the University of Versailles,
France, in 1998 and 2002, respectively. She is cur-
rently a Professor in the Department of Computer
Science, University of Quebec in Montreal, Canada.
Her research interests are in the areas of Quality
of Service, performance evaluation, and traffic engi-
neering for high speed networks (IP/WDM, TCP/IP,
ATM, FR, etc.).

0018-9545 (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



