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Abstract—In this paper, we propose a novel distributed op-
timization method for dynamic user association in a downlink
Heterogeneous cellular network (Hetnet). We aim at maximizing
the utilization of the base stations (BSs) in such a network
by jointly considering the effect of the channel gains and load
balancing of different BSs. Specifically, we first formulate the
user association as a combinatorial optimization problem, whose
global optimal solution is difficult to obtain. This is due to the
high complexity caused by the large network scale and prohibitive
signaling overhead. To address this issue, we then consider the
optimization problem under the stochastic decision framework,
and propose a distributed heuristic algorithm to independently
and dynamically associate each user with the best BS. By posing
a price factor to the BS evaluation update, the convergence of
the heuristics is guaranteed. Numerical results indicate that the
proposed heuristics can perform better than the conventional
best-SNR (signal-to-noise ratio) method in the presence of large
number of users, and achieves the nearly optimal solution.

I. INTRODUCTION

To improve the spectrum efficiency and energy efficiency of
the mobile cellular networks, heterogeneous cellular network
(Hetnet) is proposed as a promising technique, where macro
base stations (BS) are overlaid with a set of low-power differ-
ent types of BSs , including picocells (also called small cells
in the literature), femtocells, and relay BSs [1][2]. The small
cells can offload traffic from macro BSs and reduce the average
distance between users and transmitters. The coexistence of
different BSs with different power levels and different cell
sizes can provide significant gains by improving QoS of cell
edge users, creating spatial reuse, and enable more flexible
self-organized network structure[3].

We find that cell association has been investigated for load
balancing in the conventional homogeneous cellular networks.
In [6], it considers the scenarios that the base station serve
a single user at each time slot, and then centralized and
distributed algorithms are derived. In [7], it formulates the
cell association problem as a Boolean linear programming and
consider the proportional fairness among the users. Then the
optimal solution is derived. However, The more complicated
heterogeneous cellular network is different from the con-
ventional homogeneous scenarios. It works by incorporating
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different BS transmitting powers and the cell structure is
asymmetric and hierarchical.

The problem of associating users to either the macro BSs
or the small BSs is of crucial importance in the Hetnet.
The standard approach to this problem in 3GPP Long Term
Evolution networks is to associate a user to the BS that
provides the best signal-to-noise ratio (SNR) which is the
best-SNR heuristic. The main advantage of this approach is
that it keeps a good signal-to-noise ratio (SNR) for each
user, while the disadvantage is that users tend to be mainly
associated to the macro cell [4] with high transmit power. It
will lead to load imbalance and inefficient utilization of the
assigned channel. To address this problem, Many association
methods have been proposed. They can perform better than the
conventional rule in Hetnet [2][12]. However, they are based
on different assumptions that makes it difficult to determine
which one is the best.

In this paper, we address the problem on how to dis-
tributively associate the base station by decision making in
the user side. We want to maximize the total BS utilization
by jointly considering the effect of the channel gains and
load balancing of different BS. We formulate this as a com-
binatorial optimization problem. Then a stochastic decision
framework based distributed heuristic algorithm is proposed
to approximate the optimal solution which can be derived by
the conventional exhaustive search method. Since associating
a user with one BS will affect the throughput of the other
users associated with the same BS, by the proposed approach,
the user ends can automatically select the optimal BS to
access with only local information without a prior knowledge
of the global information of all other users’ SNR and the
association strategies of other users. Finally, numerical results
are presented which indicate its superior performance.

II. NETWORK MODEL AND PROBLEM FORMULATION

A. Heterogeneous Cellular Network Model

In the conventional homogeneous cellular networks, the BSs
are all equiped with the same transmitting power. However,
this is not the case in HetNets, since the BSs of different tiers
have widely divergent transmit powers.
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Fig. 1.

The hierarchical hetnet scenario [2].

We consider the downlink communication in a simple
HetNet hierarchical setting with one macro station and several
pico and femto stations. There are overall M base stations
with the mth base station, m € {1,2,--- , M}, transmitting at
power level p,,,. The various base stations transmit at various
power levels p = [p1,p2,- -, pm]|. There are totally N users
distributed in the Hetnets. The nth user, n € {1,2,--- , N},
needs to choose the proper base stations to access. This
scenario is illustrated in Fig. 1. The users are randomly
distributed in the network area. Our goal is to find the optimal
association method that maximizes the overall throughput, i.e.
total latency or total throughput of all the users.

B. Problem Formulation

The M/M/C/C queuing model [8] is used to model the
congestion among the users in the network. When a user
requests access to a certain BS, but due to the limited channels
assigned to each BS, the request is then blocked. We do
not consider handovers and delay here. When the assigned
channels are all occupied, the user do not wait until some
channels are available [12]. The cell load is defined by all
users’ arrival rate and the number of channels assigned to
each BS. N N')

A=b= S M

c cu cl

where A is the traffic load, ) is the total arrival rate of users,
N’ is the number of users current requesting access, A, is the
arrival rate of each user, u is the service time of each user
and c is the number of available channels for each BS. We
can then give blocking (congestion) probability in each BS by
using the Erlang-B formula [9] as:

o
— (2)
iz T

Here we denote the blocking probability of base station m as
P,, and the number of users served simultaneously by base

station m as o,,. P, is a function of o,,.

Pblocking =

According to the Shannon capacity formula, the average
transmission capacity for the channel between the mth BS and
the nth user is

where h,,,,, and ng are the channel gains and noise, respective-
ly. The average transmission capacity in (3) is thus multiplied
by the factor (1 — P,,).

We can find that each user’s average capacity depends
on other users’ base station associaton. This motivates us to
introduce an association indicator as

1,
Omn = 0,

Then the optimization problem is formulated as

if user n is associated with base-station m,
otherwise,

“4)

N M
max > Y tmn(l = Pr) E{log(1 + pmhmn /10) . (5)

n=1m=1
M
St Qnn1og(L+ pmhmn/10) > B, (50)
m=1
M
> G = 1,0, (5b)
m=1
Qmn € {0,1},Vm, Vn. (5¢)

where (3, is the QoS requirement of user n.

C. Computation Complexity

The above formulated problem is combinatorial due to
the binary variable «y,,. To maximize the overall network
throughput subject to a QoS and resource constraints, each
user’s association activity are coupled with each other. When
the network size and user number are large, the problem is
NP hard and can not be computed efficiently.

The complexity of the exhaustive search solution to the
problem is ©(m™) !, where m and n denote the number of
BSs and the number of users, respectively. The computation
complexity is impossible for even a not-so-large sized hetero-
geneous cellular network. To overcome this difficulty, we take
advantage of the method of Fractional User Association (FUA)
[2]. Users are allowed to be associated to more than one BSs.
This is equivalent to the one where «,,,, € {0,1} is replaced
by 0 < aupnyn < 1. This will allow us to come up with another
solution to the problem.

III. DISTRIBUTED HEURISTIC APPROACH FOR DYNAMIC
USER ASSOCIATION

To solve the optimization problem (5), we need to know the
global information of channel gains and all users’ association
strategy. However, in most cases, the global information is

lit means that there are two positive numbers ¢ and co such that c;m™ <
O(m™) < cam™.
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not available. Even they are available, the system overhead
would be prohibitively high which could not be practically
implemented. Each user’s achievable rate is affected by the
base station’s transmission power and all the users’ station
association strategies. Since there is no information exchange
among the users and no central control unit, in order to cope
with the unknown and dynamic user association, we propose
a stochastic decision based distributed heuristic algorithm by
which the users can learn from local experience and finally
search for the optimal base station to access.

To circumvent the difficulty, we study the problem under
the framework of Stochastic Decision (SD) Process [10]. Then
the distributed heuristic approach is presented to distributively
select the proper base stations at the user ends.

A. Stochastic Decision (SD) Formulation for User Association

Stochastic Decision (SD) provides a framework for studying
the sequential optimization of discrete time stochastic systems
in the presence of uncertainty. As the network state is un-
known, the users try different actions, and receive relative
rewards. Then the rewards are used to update the estimation
for each action so as to guide the future decision making.

The stochastic decision process comprises of several parts,
such as the set of users and actions (base stations), reward,
action selection policy, and BS estimation updates. It can be
described as SD = {N; {an}ne./\/7 {TWLTL}TLE./\/v {ﬂ-n}’ne/\/} P
where N = {1,2,--- , N} is the set of users dispersed in the
cellular network, a,, = {1,2,---, M} is the set of available
actions (the set of base stations) of user n, and 7,,, is the
reward function of user n, which reveals the current reward of
the selected BS m and m, is the BS selection policy, which
maps from each state to an action a,, .

The reward function is defined as the current capacity
achieved by each user. Suppose that the nth user chooses the
mth base station for transmission. Denote the number of users
who select the mth BS as o,,. Then the reward function of
user n is given by:

Tam(om) = (1 — Pp(om))E{log(1 + pmhmn/m0)},  (6)

The congestion is captured by the decreasing property of
Tmn With respect to o,,. In the process of BS selection, the
users should well balance the tradeoff between accessing the
high power BS and probably severe congestion caused by other
users. Suppose that at stage ¢ in the stochastic decision process
, the total throughput of the network is

Ut = Z Z T'nm®mn (7N

neN mea,

In SD, the network intends to maximize the overall time
average system throughput, i.e.,

.1
Tr = f 7 E | ®

T—1
2 U
t=0
We want to find an optimal stationary policy 7n* that maxi-
mizes the average throughput &, i.e.,

7 = argmax ®. 9)

B. Distributed Heuristics based Optimal Base Station Selec-
tion Policy

The heuristic approach is a local optimal solution in a real-
istic environment, where users arrive and depart dynamically.
The user makes decision by itself. In accordance with the
continuous relaxation mentioned in Section II, we adopt a
probabilistic strategy m,, for each user n to select the BS over
a, in which the BS m is randomly chosen according to the
probability vector that depends on the estimation of each BS
station.

From the networks perspective, the objective of user as-
sociation is to optimize the overall throughput. However, the
users are only interested in optimizing their own performance.
Therefore, the user association among users are competitive
and they will crowd to the best BS to improve their own
transmission throughput, which will lead to congestion in the
high transmit power BS. To regularize the association behavior
of the users, we poss a price on the reward function of each
user.

The congestion aware dynamic user association process is
illustrated as follows:

« BS selection policy: At the user end, each user randomly
choose a BS according to a stochastic policy. Instead of
selecting a BS deterministically, the user n probabilis-
tically choose a BS according to a probability vector
Tn = dn = (Q71,17Qn27"' 7Qn]\l)v where dnm is the
probability that the user n chooses BS m. If the BS can
provide better performance, then higher probability will
be given to the BS, or otherwise. In this way, the users
will automatically turn to the best BS, respectively. The
most common method of characterizing the probability
vector components is to use a Boltzmann distribution
[10]. The user choose the mth BS with probability

__exp{VTum}
> kea, {7}’

with >~ gnm = 1 and + is a positive parameter called the
temperature.

e Price charging factor: It would cause severe congestion
according to the best SNR association principle. The net-
work’s objective is to maximize the aggregate throughput
of all users in (7). It will lead to poor performance without
coordination. So here we charge a price on the BS m that
the user selected, which is given by

(10)

Anm

(1)

where p,,, is the price charged at the BS m when it
has a total of o, users. So the reward can be given by
Tt =71t —DPmn. The price well captures the congestion
effect among users and to some extent relieves it.

o BS estimation update: At the end of the stage ¢, each user
only observes the immediate reward of the selected BS

Pmn X Om
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Algorithm 1 : Heuristic Algorithm for Congestion Aware

Dynamic User Association

Initialization: FOR each user n € N/, each BS m € a,,.
Initialize ¢ = O the BS station selection probability
vector ¢!, = 1/M,¥Yn € N,m € a,.

Repeat until convergent:

1: BS selection: at the beginning of each stage, each user
selects a BS a,, according to its current BS selection
probability vector. qy,.

2: Reward received: after accessing the selected BS at the
end of each stage, each user receives the reward given
by (6).

3: BS estimation update: all the users update their BS
selection probability according to the rule specified in
(10) and prepare for next stage transmission.

4: convergence condition: stop until there exists a
component of q,, approaching one; otherwise, continue
update.

rt ., and updates its evaluation by

S (1—=e)rt, +ert-t if a, =m, (12)
mn Tt otherwise.

The proposed heuristic algorithm is summarized in Algorithm
1.

We now discuss the convergence of Algorithm 1. Due to
the limited information obtained by each user and the user
association are dynamic, we do not know whether the reward
of each user are stable after certain slots. The following
theorem provides the proof of convergence of the process.

Theorem 1: (Convergence) With v — 0, the term 7,,,
converges to r) . It can be calculated by the following
differential equation:

Arpp

At

where F'(r,,,,) is the conditional expected function defined as

= F(T7nn)7 (13)

F(rmn) == E[wmn(rn)‘rmn]a (14)
Proof: The (12) can be written as
Tom = Tmn = Y (Win = 7o), (15)
where
il if a, =m;
Wmn = { rt ., otherwise. (16)
The outcome of (13) can be determined by
A mn
Based on the dynamics of (17), refer to [11] to obtain the
convergence. [ |
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Fig. 2.  Comparison between different methods.

IV. NUMERICAL RESULTS AND PERFORMANCE ANALYSIS
A. Performance Comparison

In a simulation-based scenarios, we consider a heteroge-
neous cellular network within a macro-cell overlayed with one
pico-cell and a femto-cell. The transmit power of the macro
BS is 40W and the power of the pico BS and femto BS
are 1W and 0.1W, respectively. The users are are randomly
dispersed in the area. As proposed in [9], the average channel
gain between the BS m and a user n is given by h,,, =
—(128.1 4 37.61og(dymn)). The channel gain is a function of
the distance between two points. The users randomly arrive
according to poisson process, and stay in the BS according to
the exponential distribution.

We compare the sum throughput achieved by the proposed
heuristic algorithm with that obtained by the best SNR princi-
ple, the random selection method with equal probability over
all BSs, and the optimal solution with global information by
exhaustive search. The achievable capacity at each time step
is assumed as a time averaged transmission capacity in this
simulation.

With the increasing time steps, it is shown in Fig. 2, that
the system throughput achieved by the proposed heuristic
algorithm outperforms that of the best SNR approach and the
random selection method. This is because that the heuristic
process incorporates the congestion factor. Because of con-
gestion aware BS selection, the users could avoid crowding
into the high SNR BSs, and the low SNR BSs can be well
utilized which will make the small cell BSs be fully utilized.
Thus, the overall system throughput is largely improved. Note
that when the number of users is small, the advantage of the
proposed method is not obvious since there is no congestion
in the BSs.

B. Analysis of the Algorithm

To capture congestion case, we consider a complex scenario
involving 50 users and 3 BSs. We focus on the association
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Fig. 4. The convergence rates when the channel gains exhibit high diversity.

behavior of three users involving in the process. According
to Fig. 3, the symbol o, %, and ¢ stand for BS 1, 2 and 3,
respectively. It is shown clearly that each user selects a BS
with almost probability 1 which indicates the convergence of
the heuristic process.

When the number of BSs are very large, to reduce the
complexity of heuristic process, the users can select among
the BSs that can provide the SNR which could satisfy the its
QoS requirement.

Also, we consider the effect of diversity among the SNR
of the users for a given BS. When the SNR between users
are much different from each other. The convergence rate of
the heuristic algorithm becomes much faster, which is shown
in Fig. 4. The convergence time is less than half of the
previous one. This indicates a potential direction to improve
the proposed approach in Fig. 3.

V. CONCLUSIONS

In this paper, we investigate the problem of user association
in heterogeneous cellular network with hierarchical transmit
power settings. When the number of users and BSs are large,
it is computationally prohibitive. To alleviate the congestion
caused by the traditional best SNR principle, we propose a dis-
tributed heuristic algorithm that makes the users autonomously
and dynamically associate with different BSs. By posing a
price to the BS evaluation update, the convergence of the
heuristic process can be guaranteed. Also, the coordination
information requirement is kept minimal. However, we just
make an initial investigation in this paper and there are further
problems to be studied. For example, here we assume that
the BSs are with fixed transmit power, while in practice, the
BSs may be dynamically switching. So for future work, more
practical scenarios will be studied, including imperfect BS
evaluation estimation, and overhead performance tradeoff.
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