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ABSTRACT

In this paper, we investigate user association and resource
block (RB) allocation in downlink heterogeneous cellular net-
works. Our goal is to jointly optimize user association and RB
allocation to maximize network throughput while taking into
account fairness among users. To effectively control inter-
ference, RB muting is employed. The problem is addressed
in an integer linear programming (ILP) framework. Due to
the combinatorial nature of the problem, the computational
complexity of solving it becomes prohibitively high even for
medium size networks. Therefore, we propose to decouple
user association from the original problem, and formulate a
low-complexity ILP problem for the optimal RB allocation
and muting. Simulation results show that the proposed RB
allocation and muting scheme achieves significantly higher
throughput and better fairness compared with conventional
schemes.

Index Terms— Heterogeneous networks, resource block
allocation and muting, user association, interference manage-
ment, integer linear programming.

1. INTRODUCTION

Spatial reuse and cell splitting in cellular networks are ef-
fective mechanisms for increasing system capacity. They
are foreseen to be essential for accommodating the ever-
increasing volume of mobile data in 4G and 5G cellular
networks [1,2]. In light of this, heterogeneous cellular
networks (HetNets) are introduced and currently deployed
globally to boost the system capacity of cellular networks
[3,4]. However, the co-channel deployment of high-power
macro base stations (BSs) and low-power BSs (micro, pico,
and femto BSs) in HetNets introduces technical challenges,
such as load balancing and interference management [5-9].
The maximum signal-to-interference-plus-noise ratio
(max-SINR) based user association scheme, in which each
user selects the BS providing the strongest SINR, performs
well in the traditional homogeneous networks. However it
is experienced that, in HetNets, due to high transmit power,
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most users associate with the macro BSs, which are thus over-
loaded. Meanwhile, the resources of low-power BSs remain
underutilized [5]. Many techniques have been proposed in
the literature to deal with this problem, which achieve near
optimal load balancing in HetNets [5-7, 10]. Similarly, the
interference scenario in HetNets is disparate from that of
the traditional homogeneous networks, and alternative ap-
proaches are needed to minimize it. One of the popular tech-
niques discussed in the literature to reduce the interference in
HetNets involves the introduction of so-called almost blank
subframes, in which some of the frequency (or time) resource
blocks (RBs) of the macro BSs are muted [3,7,8, 11, 12].

The interference in HetNets is the combined effect of user
association, RB allocation, and RB muting. Therefore, only
the joint optimization of all these procedures can yield the op-
timal throughput in HetNets. In this paper, we formulate an
integer linear programming (ILP) problem to jointly optimize
user association, RB allocation, as well as RB muting, in fre-
quency selective channels to maximize the proportional fair
throughput. One of the main contributions of our work lies
in employing RB muting in the joint optimization problem.
The RB muting offers more degrees of freedom to improve
throughput and fairness in HetNets. By muting RBs of BSs
those cause severe interference in the network, the optimiza-
tion problem not only increases the average SINR level in the
network, but also reduces the transmitted powers of the BSs.
However, due to the combinatorial nature of the problem, the
computational complexity of solving the formulated ILP be-
comes prohibitively high for practical cellular networks. To
address this issue, we decouple the problem of user associa-
tion from RB allocation and muting. The user association is
carried out independently with any existing techniques, and
a low-complexity ILP problem is formulated for the optimal
RB allocation and muting. Simulation results show that the
proposed RB allocation and muting scheme yields signifi-
cantly higher network throughput and better fairness com-
pared with the conventional RB allocation schemes.

2. SYSTEM MODEL

Consider a downlink HetNet with B single antenna BSs and
K single antenna users. Let B = {1,2,..., B} denote the
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set of all BSs, and K = {1,2,..., K} denote the set of all
users. With co-channel deployments, i.e., with a frequency
reuse factor of one, each BS uses the whole available band-
width. The bandwidth is divided into F' equally sized RBs,
and F £ {1,2,..., F'} represents the set of indexes of all the
RBs. Let hy r € C indicate the channel response between
the kth user and the bth BS on the fth RB. All the active RBs
of a BS are assumed to have equal powers. Let ¢}, be a con-
stant, which denotes the transmit power of each active RB of
the bth BS. The transmit power of any muted RB is zero.

With link adaptation in the form of adaptive modulation
and coding, each user is assigned a discrete rate from the set
of candidate rates R £ {Ry, Ry, ..., Ry} associated with a
specific modulation and coding scheme (MCS) [13, 14]. In
order to meet the prescribed block error rate (BLER) require-
ments, an MCS with a data rate R, can be assigned to a user,
only if the received SINR at the user is above the predeter-
mined threshold ~,, where £ € £ £ {1,2,...,L}.

We introduce binary indicators {ay;, € {0,1},Vk €
KC,¥b € B} to model user association, with v, ; = 1 when
the kth user is associated with the bth BS, and . ;, = 0 oth-
erwise. It is assumed that each user associates with at most
one BS. This can be expressed as

B
Z QL.b < 17
b=1

We use binary indicators {85 s € {0,1},Vk € K,Vb €
B,Yf € F,V¢ € L} to represent RB allocation and discrete
data rate assignment. The variable 8 3 ro = 1 indicates the
fth RB of the bth BS is assigned to the kth user with the /th
MCS, and B p,¢,e = 0 otherwise. We assume, a BS assigns
each of its RBs to at most one user, which can be modelled as

vk e K. (1)

K L
SN Bune <1, VbeBYfeF. )

k=1/=1

A BS can assign RBs to a user, only if the user is associated
with that BS. In addition, the maximum number of RBs that
can be granted to the user from the associated BS is F'. This
constraint can be expressed as

L
Zﬁhb,ﬁé <oppF, VkeK,VbeB. 3)
14=1

] =

f

3. PROBLEM FORMULATION

In this section, we consider the joint optimization of user as-
sociation and RB allocation with RB muting to maximize the
proportional fair throughput.

Let SINRy 5 5 be the SINR received by the kth user on
the fth RB when the user is associated with the bth BS. With

single user detection, the SINRy, 5, ¢ is given by

L
Y o1 Brob, e b o s|?
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where o7 denotes additive white Gaussian noise at the kth
user. The binary variables 3; ; ¢, in (4) facilitate considering
only the active RBs, and excluding the muted RBs while cal-
culating the interference. A rate R, can be assigned to the kth
user by the bth BS on the fth RB only when SINRy, 5 ¢ > v,
which can be expressed as

O | £
= > Brb, 1.0V
K B 17 b, f
>im1 Zj:l,j;éb 2ie1 B Gilbugpl” + of
)

The inequality (5) represents a bilinear integer inequality con-
straint in the variables By 1 ¢ and 53; j r¢. We can reformu-
late (5) and express it in an equivalent integer linear form us-
ing the big-M technique as [15]

SINRk)b’f =

1
%¢b\hk7b,f|2 + (1 = Brp,£.0) My, 5 >

B

g 2

1

4ol (6)
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In (6), M}, s is a sufficiently large constant computed from the
right-hand-side of (6) by setting {3; j s = 1,Vk € K,Vb €
B,Yf € F,V¢ € L}. The constant M}, ; upper bounds the
right-hand-side of the inequality constraint (6). Note that,
when B 5 7¢ = 0, both constraints (5) and (6) become re-
dundant, and are satisfied Vk € K,Vb € B,Vf € F,Vl € L;
when By p,7,¢ = 1, constraints (5) and (6) are identical.

We adopt the proportional fair [16] throughput as our ob-
jective function, which is denoted by (2. It can be formulated

in a linear form as
0t Z e (M

In (7), ry, is the instantaneous rate achievable for the kth user,
which can be computed as

B F L

= Z Z Z ﬂk,bﬁt,gRg, vk € K, 3

b=1 f=1¢=1

and the constant 7y, is the weighted average rate [17] of the
kth user over the previous time slots. The weighting factor p
in (7) is a constant, and it can be used to adjust the fairness
among the users.

The joint optimization problem of user association and
RB allocation can be mathematically cast as

maximize
{ak,b,Br,b, £,0,Yk, Y0,V fVL}

s. t. (1),(2),(3),(6),(8), arpy € {0,1}, Brp,re € {0,1}.
€))
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The optimal solution of problem (9) provides the best
combination of user association, RB allocation and mut-
ing, and discrete data rate assignment to achieve the largest
proportional fair throughput. However, due to the combina-
torial nature of the problem, the computational complexity
of solving it becomes prohibitively high, and it is impossible
to compute optimal solutions in reasonable time even for
medium size networks with the existing ILP solvers.

4. OPTIMAL RB ALLOCATION AND MUTING

In this section, we decouple the problem into two parts,
namely, 1) user association, and 2) RB allocation and mut-
ing. In the first phase, the user association is carried out
based on any existing techniques, such as the conventional
max-SINR based user association scheme, the range expan-
sion scheme, etc. [4,5, 18]. We introduce binary variables
{arp € {0,1},Vk € K,¥b € B} as the user association
indicators, with &y, ;, = 1 if the kth user is associated with the
bth BS, and &y, = O otherwise. After the user association
phase, each &y, ;, is assigned to a respective value, and thus it
becomes a constant in the next phase.

In the second phase, we perform the optimal RB alloca-
tion and muting. Since the RBs are orthogonal to each other,
and the objective function (7) is linear with the optimization
variable B3y p, ¢, the allocation and muting of any RB is inde-
pendent of that of the other RBs. This motivates us to divide
the optimization problem into F' independent sub-problems,
one for each RB, which can be solved in parallel. In each
sub-problem we optimize the allocation or muting of single
RB for all the BSs to maximize the objective function (7).

Let us consider the fth sub-problem, in which the prob-
lem of allocation or muting of the fth RB is solved. We
introduce binary variables {\, ¢ € {0,1},Vk € K,Vb €
B,Vf € F} as RB allocation indicators. The variable
Akp,s = 1 indicates the bth BS has assigned the fth RB
to the kth user, and )\, ; = 0 otherwise. The bth BS can
assign the RB to the kth user only if the kth user is associated
with the bth BS, which can be expressed as

)\k,b,f < dk,b) Vk e KC,Vb e B, Vf e F. (10)

A BS will assign a single RB to at most one user, i.e.,
K
> Mepg <1, VbeEBVfETF. (11)
k=1

We use binary variables {0, € {0,1},Vk € K,Vf €
F,¥l € L} to indicate the data rate assignment to each user.
The variable dy,r, = 1, if for the kth user, connected to a
particular BS, the /th data rate Ry is assigned to the fth RB.
If the fth RB is not assigned to the kth user from the asso-
ciated BS, 0y, r¢ = 0,V¢ € L. This can be mathematically
expressed as

L B
Z(;k’f’g = Z/\k’b’f’ Vk € ’C,Vf e F. (12)
=1

b=1

As in Section 3, the SINR constraints to ensure the prescribed
BLER can be formulated as

1
%¢bk|hk,bk7f|2+(1 — Ok, 1,0) My, ¢ >

B K
2
> (Z Amxf) dilhej sl + ok,
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Vke K,Vfe FVle L (13)

where by, is the BS associated with the kth user. The instanta-
neous data rate of the kth user on the fth RB can be expressed
as L

T = Z 5k,f7gRg, Vk e K. (14)

=1

The term 71, Vk € K in (7) remains constant over all the sub-
problems. The sub-problem of a single RB allocation and
muting for all the BSs can be formulated as

maximize (9
{ kb, £ 0k, £.0,Vk, Vb,V E}

s. t. (10), (11), (12), (13), (14), Mg s € {0,1}, 65 50 € {0,1}.

15)

The computational complexity of problem (15) is signif-

icantly lower than that of the original problem (9). Problem

(15) can be efficiently solved using commercial software like
CPLEX employing the branch-and-cut algorithm [19-21].

5. NUMERICAL RESULTS

In this section, we present simulation results to compare the
network throughput and the fairness of our proposed RB al-
location and muting scheme with two standard RB allocation
schemes, namely, a) the round robin (RR) scheme, and b) the
proportional fair (PF) scheme [16,17,22,23]. The range ex-
pansion user association technique is used prior to all the three
schemes.

Based on [24], our simulation setting consists of a three-
sector hexagonal cell of 500 meters macro-layer inter-site dis-
tance. Each sector has one macro BS having a transmit power
of 46 dBm, and an antenna gain of 14 dB. Four pico BSs
with a transmit power of 35 dBm, and an antenna gain of 5
dB each, are randomly distributed inside the cell. Each BS
is equipped with 12 RBs. Hence, transmit power on an ac-
tive RB ¢ of a macro BS is 35.2 dBm, and that of a pico
BS is 24.2 dBm. We consider a total number of users in the
network of K'=30. Hotspot distribution of the users are as-
sumed around the pico BSs, with 2/3 of the total users inside
the hotspots and the remaining users distributed randomly
and uniformly within the cell. We adopt the 3GPP path loss
models: L(d) = 128.1 + 37.6log;,(d) for macro BSs and
L'(d) = 140.7 + 36.71ogy(d) for pico BSs, with d being
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Fig. 2: Jain’s fairness index vs. fairness weighting factor .

the distance between a user and its associated BS in km. The
simulations are carried out over 2000 Monte Carlo runs.

Fig. 1 shows the network throughput per RB, and Fig. 2
shows the Jain’s fairness index (JFI) [25] obtained by the three
schemes, for different values of fairness weighting factor .
We see from Fig. 1 and Fig. 2 that the proposed scheme
yields a higher network throughput and a larger JFI compared
to the RR scheme and the PF scheme for various values of .
We also observe the trade-off between the network throughput
and the fairness. The substantial improvements in 5%-ile and
50%-ile user throughput (normalized w.r.t. RR scheme) in
Fig. 3 with the proposed scheme reveal the fact that the cell
edge users, which typically experience low data rate, are the
major beneficiaries of our proposed scheme. Since we apply
the same user association technique prior to all the three RB
allocation schemes, we can conclude that the improvement in
the throughput and the fairness in the proposed scheme are
due to the muting of appropriate RBs and sophisticated RB
allocation.

We observe from Fig. 4 that the percentage of muted RBs
in macro BSs are significantly higher compared to that of the
pico BSs. Since the macro BSs have higher transmit power,
they cause severe interference to the pico BS users. With
some of the RBs of the macro BSs muted, the data rates of the
users of pico BSs are significantly improved. As the fairness
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Fig. 3: Normalized user throughput (w.r.t. RR scheme).
(left) Sth percentile. (right) 50th percentile.
1 - RR scheme, 2 - PF scheme, 3 - Proposed scheme.
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Fig. 4: Percentage of muted RBs with the proposed scheme.

Table 1: Power saved (in Watt) with the proposed scheme.

Macro BSs | Pico BSs Total
wuw=0 8.50 W 0.08 W 8.58 W
pu=1 1290 W 0.15W 13.05W
u=2 13.70 W 020W | 1390 W

weighting factor u increases, more RBs of the macro BSs are
muted, which improves the fairness index further. Moreover,
muting of the RBs also reduces the transmitted power of the
BSs linearly, and hence, enhances the power efficiency of the
network. Table 1 shows the power saved by the macro and the
pico BSs, which are computed by multiplying the number of
muted RBs of each BS with the transmit power per RB of the
corresponding BSs.

6. CONCLUSION

Joint optimization of user association, RB allocation, and RB
muting has been considered in downlink HetNets to maximize
the proportional fair throughput. The problem has been for-
mulated as an ILP, based on which, a low-complexity optimal
scheme has been developed for the practical RB allocation
and muting. The simulation results show that the proposed
scheme yields a higher network throughput and an improved
fairness over the conventional schemes. By muting a sub-
stantial percentage of RBs of macro BSs those cause severe
interference in the network, the proposed scheme enhances
the power efficiency of the network as well.
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