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Abstract—Due to the dense deployment of small cells, the
number of mobile users served by each access point is decreasing
dramatically, which leads to an increasingly dynamic cell load
distribution over time and space. In order to match dynamic
traffic load with static infrastructure capacity, a variety of load
balancing methods have been proposed. However, the existing
load balancing approaches either run self-tuning algorithms to
optimize local handover parameters, which may not be optimal
for the network-wide performance, or formulate a static opti-
mization problem for a “snapshot” network, which may require
a huge amount of handover signaling in dynamic situations. In
this paper, we consider the load balancing problem with dynamic
traffic models, in which the average throughput over a certain
time period is maximized, while the average packet delay is
guaranteed to be below a certain threshold. Simulation results
show that our proposed user association and resource allocation
algorithm can highly increase the average throughput, compared
with the baseline algorithm using the maximum SINR association
and equal resource allocation.

I. INTRODUCTION

The explosive growth of wireless traffic, especially en-
hanced mobile broadband services, requires dense deployment
of heterogeneous infrastructures with small communication
range. Unlike the traditional macro cells, small cells (e.g.,
microcells, picocells, and femtocells) usually cannot cover
enough users to provide a statistical multiplexing effect, which
leads to the highly dynamic traffic load in small access
points over time and space [1], [2]. Thus, load balancing, i.e.,
matching the dynamic traffic demand of mobile users with
the limited capacity supply of infrastructures, is recognized to
be more important and more challenging in dense small cell
networks as compared to macro cell networks [3]–[8].

Load balancing approaches can be roughly classified into
handover optimization approaches based on self-tuning al-
gorithms [9]–[13], and joint user association and resource
allocation approaches based global optimization [14]–[19].
In [10] and [11], Markov decision process based algorithms
are proposed for optimal vertical handover in heterogenous
networks, in which load balancing performance is evaluated
by the “connection reward” of each handover. In [12] and [13],
the authors investigate the conflict between load balancing
and robust handover, which intend to improve different perfor-
mance indicators by tuning overlapping handover parameters,
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and propose distributed self-tuning algorithms to improve
the overall handover performance, including the link failure
ratio, the handover failure ratio, and the ping-pang handover
ratio. However, handover optimization approaches are usually
based on a heuristic self-tuning algorithm, which is lack of
theoretic analysis and may not be optimal for the network-wide
performance. Moreover, the variance of cell load is completely
determined by the mobility of users as a constant data rate is
always assumed, which is not suitable for small cell networks
with highly dynamic user traffic.

Joint user association and resource allocation approaches
formulate an optimization problem for the global network
performance, in which various objectives and constraints are
considered for different scenarios. In [14], the authors pro-
vide a low-complexity distributed algorithm with a theoretical
performance guarantee to maximize the total utility of a het-
erogenous network. In [15], the objective function is defined
to be related to the rate requirements of user traffic, and a
classic gradient decent algorithm is utilized to give the optimal
solution. In [17], the objective is to minimize the maximum
load of access points in a millimeter-wave communication
network, and a distributed algorithm based on Lagrangian
duality theory is proposed to provide an asymptotically op-
timal solution. In [18], the authors consider the signaling load
of the association between small base stations (SBSs) and
device-to-device pairs, for which a cost function is defined
and a heuristic algorithm is proposed. In [19], the authors
introduce an efficient cell planning method from the viewpoint
of workload balancing, where the service area is divided
into multiple subregions with almost equal traffic demand.
In [20], a heuristic QoS-Aware resource allocation algorithm
is proposed to maximize the number of users and the overall
Device-to-device (D2D) throughput gain while the data rate
demands are satisfied. In [21], resource sharing scheme for
D2D communication underlaying cellular network is investi-
gated, where a subchannel can be shared by a CU and multiple
D2D pairs to exploit the spatial reuse of D2D pairs to improve
the spectrum efficiency of the considered cellular system.
However, the existing user association and resource allocation
approaches usually consider a “snapshot” network, in which
the user traffic and network parameters are assumed to be
unchanged. Therefore, their proposed optimization methods
may not be optimal in dynamic situations, or lead to a huge
amount of signaling overhead.

In this paper, we consider the QoS-aware load balancing
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Fig. 1. Load balancing in dense small cell networks with dynamic user
traffic.

problem in small cell networks with dynamic user traffic [23].
Specifically, the user traffic is modeled as a Poisson process
instead of using a constant data rate, and we consider the
average throughput during a certain time period, instead of
an instantaneous throughput of a network snapshot. The QoS
requirement is given by the average packet delay, which is
constrained to be below a certain threshold. We formulate a
mixed integer optimization problem and propose a suboptimal
solution for the user association and resource allocation. Sim-
ulation results show that our proposed algorithm outperforms
the baseline algorithm using maximum SINR association and
equal resource allocation.

The rest of the paper is organized as follows. In Section II,
we formulate the dynamic load balancing problem based on
queuing theory. In Section III, we propose a lightweight user
association and resource allocation algorithm to give subopti-
mal solutions. Simulation results are analyzed in Section IV,
and conclusions are given in Section V.

II. SYSTEM MODEL

Aa shown in Fig. 1, we consider a small cell network
consisting of 𝑁 SBSs, the set of which is denoted by 𝒩 =
{1, 2, . . . , 𝑁}, and 𝑀 mobile users, the set of which is denoted
by ℳ = {1, 2, . . . ,𝑀}. We denote by 𝑥𝑖,𝑗 as the association
indicator for SBS 𝑖 ∈ 𝒩 and user 𝑗 ∈ ℳ, which is defined
as

𝑥𝑖,𝑗 =

{
1 user 𝑗 is associated with SBS 𝑖,

0 otherwise.
(1)

We assume that each mobile user be associated with at most
one SBS and each SBS can serve unlimited number of mobile
users, i.e., ∑

𝑖∈𝒩
𝑥𝑖,𝑗 ≤ 1, ∀𝑗 ∈ ℳ. (2)

We assume that all SBSs serve mobile users with a constant
transmit power and the total bandwidth 𝑊 . We denote by 𝑤𝑖,𝑗

as the bandwidth that SBS 𝑖 ∈ 𝒩 allocates to user 𝑗 ∈ ℳ.

Thus, the downlink transmission rate between SBS 𝑖 and user
𝑗 is given by

𝑟𝑖,𝑗 = 𝑤𝑖,𝑗 log

[
1 +

𝑃0(𝑑0/𝑑𝑖,𝑗)
𝛼

𝑁0𝑤𝑖,𝑗

]
, (3)

in which 𝑃0 is the signal power received by a mobile user
from a SBS at the reference distance 𝑑0, 𝑑𝑖,𝑗 is the distance
between user 𝑗 and SBS 𝑖, 𝛼 is the pathloss exponent, and 𝑁0

is the noise power spectral density. And we have the bandwidth
constraint ∑

𝑗∈ℳ
𝑤𝑖,𝑗 ≤ 𝑊, ∀𝑖 ∈ 𝒩 . (4)

For any user 𝑗 ∈ ℳ, we assume that the data packets
arrive at a Poisson process with the arrival rate 𝜆𝑗 , and the
packet size follows a negative exponential distribution with
the mean 𝐵. If user 𝑗 is associated with SBS 𝑖, i.e., 𝑥𝑖,𝑗 = 1,
the transmission time of user 𝑗’s packet follows a negative
exponential distribution with mean 𝐵/𝑟𝑖,𝑗 . We assume that a
SBS can buffer at most 𝐾 packets for each associated user.
Therefore, the data traffic of user 𝑗 can be formulated as an
𝑀/𝑀/1/𝐾 queueing system with the arrival rate 𝜆𝑗 and the
service rate 𝜇𝑖,𝑗 = 𝑟𝑖,𝑗/𝐵. For any data packet arriving at user
𝑗, the probability that user 𝑗 already has 𝑛 ∈ [0,𝐾] packets
buffered in SBS 𝑖 is given by [22]

𝜋𝑖,𝑗(𝑛) = 𝜌𝑛𝑖,𝑗
1− 𝜌𝑖,𝑗

1− 𝜌𝐾+1
𝑖,𝑗

, (5)

in which 𝜌𝑖,𝑗 = 𝜆𝑗/𝜇𝑖,𝑗 is defined as the occupation rate for
user 𝑗 in SBS 𝑖. Note that 𝜌𝑖,𝑗 < 1 must always be satisfied.

If the buffer is not full, i.e., 𝑛 < 𝐾, the arriving packet can
be served. And the average packet delay, i.e., the average time
that the packet stays in the SBS, is equivalent to the average
service time of total 𝑛+ 1 packets, which is given by

𝜏𝑖,𝑗 =
𝐾−1∑
𝑛=0

𝜋𝑖,𝑗(𝑛)
(𝑛+ 1)𝐵

𝜇𝑖,𝑗

=
(1− 𝜌𝑖,𝑗)𝐵

(1− 𝜌𝐾+1
𝑖,𝑗 )𝜇𝑖,𝑗

𝐾−1∑
𝑛=0

(𝑛+ 1)𝜌𝑛𝑖,𝑗

=
(1− 𝜌𝑖,𝑗)𝐵

(1− 𝜌𝐾+1
𝑖,𝑗 )𝜇𝑖,𝑗

𝐾−1∑
𝑘=0

𝐾−1∑
𝑛=𝑘

𝜌𝑛𝑖,𝑗

=
(1− 𝜌𝑖,𝑗)𝐵

(1− 𝜌𝐾+1
𝑖,𝑗 )𝜇𝑖,𝑗

𝐾−1∑
𝑘=0

𝜌𝑘𝑖,𝑗 − 𝜌𝐾𝑖,𝑗
1− 𝜌𝑖,𝑗

=
𝐵

(1− 𝜌𝐾+1
𝑖,𝑗 )𝜇𝑖,𝑗

[
1− 𝜌𝐾𝑖,𝑗
1− 𝜌𝑖,𝑗

−𝐾𝜌𝐾𝑖,𝑗

]
. (6)

We assume that the average packet delay is constrained by a
delay threshold 𝐷, i.e.,

𝜏𝑖,𝑗 ≤ 𝐷. (7)

If the buffer is full, i.e., 𝑛 = 𝐾, the arriving packet will be
dropped by the SBS. And the packet blocking rate is equivalent



to the probability that 𝐾 packets are buffered in the SBS,
which is given by

𝑝𝑖,𝑗 = 𝜋𝑖,𝑗(𝐾) = 𝜌𝐾𝑖,𝑗
1− 𝜌𝑖,𝑗

1− 𝜌𝐾+1
𝑖,𝑗

. (8)

Thus, the throughput of user 𝑗 is given by

𝑅𝑖,𝑗 = 𝜆𝑗(1− 𝑝𝑖,𝑗). (9)

We consider the optimal user association {𝑥∗
𝑖,𝑗} and re-

source allocation {𝑤∗
𝑖,𝑗} that maximizes the average system

throughput over a certain time period, while ensuring that
the average packet delay is below the delay threshold 𝐷.
Therefore, the considered QoS-aware load balancing problem
is formulated as follows:

max
{𝑥𝑖,𝑗},{𝑤𝑖,𝑗}

∑
𝑖∈𝒩

∑
𝑗∈ℳ

𝜆𝑗𝑥𝑖,𝑗(1− 𝑝𝑖,𝑗) (10a)

s.t.
∑

𝑖∈𝒩 𝑥𝑖,𝑗 ≤ 1, ∀𝑗 ∈ ℳ, (10b)

𝑥𝑖,𝑗 ∈ {0, 1}, ∀𝑖 ∈ 𝒩 , 𝑗 ∈ ℳ, (10c)∑
𝑗∈ℳ 𝑤𝑖,𝑗 ≤ 𝑊, ∀𝑖 ∈ 𝒩 , (10d)

𝑥𝑖,𝑗𝜏𝑖,𝑗 ≤ 𝜏0, ∀𝑖 ∈ 𝒩 , 𝑗 ∈ ℳ, (10e)

𝑥𝑖,𝑗𝜌𝑖,𝑗 < 1, ∀𝑖 ∈ 𝒩 , 𝑗 ∈ ℳ, (10f)

in which the objective function (10a) is the average system
throughput, (10b) and (10c) are the constraints of user as-
sociation, (10d) is the constraint of total bandwidth, (10e)
is the constraint of average packet delay, and (10f) is the
constraint of the queueing system. Problem (10) is a mixed
integer optimization problem, which is NP-hard in general,
and we seek for suboptimal solutions.

III. LOAD BALANCING ALGORITHMS

In this section, we propose a suboptimal load balancing
algorithm for problem (10). The proposed algorithm consists
of a heuristic user association algorithm and a greedy resource
allocation algorithm. Note that the proposed user association
algorithm is based on the results of the proposed resource
allocation algorithm.

A. Resource Allocation

We denote by ℳ𝑖 as the set of users associated with SBS
𝑖 ∈ 𝒩 , i.e.,

ℳ𝑖 = {𝑗∣𝑥𝑖,𝑗 = 1}. (11)

For each user 𝑖 ∈ ℳ𝑖, the minimum required bandwidth
can be calculated by jointly considering constraints (10e) and
(10f), which is given by

𝑤𝑚𝑖𝑛
𝑖,𝑗 = max

{
𝑤1∣𝜏𝑖,𝑗(𝑤1)=𝜏0 , 𝑤2∣𝜌𝑖,𝑗(𝑤2)=1

}
, (12)

in which 𝑤1 and 𝑤2 are numerically calculated.
The proposed resource allocation algorithm is shown in Ta-

ble I. The algorithm first decides weather the total bandwidth
𝑊 is sufficient for the associated users in ℳ𝑖, i.e.,∑

𝑗∈ℳ𝑖

𝑤𝑚𝑖𝑛
𝑖,𝑗 ≤ 𝑊. (13)

TABLE I
RESOURCE ALLOCATION ALGORITHM

Algorithm
1: 𝑤𝑖,𝑗 = 0, 𝑗 ∈ ℳ𝑖;
2: 𝑊𝑟 = 𝑊 ;
3: calculate 𝑤𝑚𝑖𝑛

𝑖,𝑗 , 𝑗 ∈ ℳ𝑖 as in (12);

4: if (13) is true
5: 𝑤𝑖,𝑗 = 𝑤𝑚𝑖𝑛

𝑖,𝑗 , 𝑗 ∈ ℳ𝑖;

6: calculate 𝑊𝑟 as in (14);
7: for 𝑠 = 1 : 𝑆

8: calculate 𝑗′ as in (15);
9: 𝑤𝑖,𝑗′ = 𝑤𝑖,𝑗′ +𝑊𝑟/𝑆;

10: end for
11: end if
12: 𝑤∗

𝑖,𝑗 = 𝑤𝑖,𝑗 , 𝑗 ∈ ℳ𝑖;

13: return {𝑤∗
𝑖,𝑗 , 𝑗 ∈ ℳ𝑖};

If (13) is not satisfied, there is no feasible resource allocation
of SBS 𝑖 for the current user association. If (13) is satisfied,
the algorithm first allocates the minimum bandwidth 𝑤𝑚𝑖𝑛

𝑖,𝑗 to
each user 𝑗 ∈ ℳ𝑖, and divide the rest bandwidth resources,
which is given by

𝑊𝑟 = 𝑊 −
∑

𝑗∈ℳ𝑖

𝑤𝑚𝑖𝑛
𝑖,𝑗 , (14)

into 𝑆 equal bandwidth units. Then, the bandwidth units are se-
quentially allocated in 𝑆 rounds. In each round, one bandwidth
unit 𝑊𝑟/𝑆 is allocated to the user with the maximal marginal
performance improvement, which is defined as the difference
between user throughput before and after the bandwidth unit
is allocated, and the selected user is given by

𝑗′ = argmax
𝑗∈ℳ𝑖

{𝜆𝑗 [𝑝𝑖,𝑗(𝑤𝑖,𝑗 +𝑊𝑟/𝑆)− 𝑝𝑖,𝑗(𝑤𝑖,𝑗)]}. (15)

The algorithm stops after 𝑆 rounds and outputs the final
bandwidth allocation 𝑤∗

𝑖,𝑗 , 𝑗 ∈ ℳ𝑖. We further denote by 𝑅∗
𝑖

as the maximal throughput of SBS 𝑖 by using the proposed
resource allocation algorithm, which is given by

𝑅∗
𝑖 =

⎧⎨
⎩

∑
𝑗∈ℳ𝑖

𝑅𝑖,𝑗(𝑤
∗
𝑖,𝑗) (13) is true,

0 (13) is false.
(16)

B. User Association

For any association {ℳ𝑖, 𝑖 ∈ 𝒩}, we define a utility
factor 𝑢𝑖,𝑗 , 𝑗 /∈ ℳ𝑖 for each potential association between
SBS 𝑖 and user 𝑗, which represents the marginal performance
improvement if the association (𝑖, 𝑗) is established, i.e.,

𝑢𝑖,𝑗 = 𝑅∗
𝑖 (ℳ𝑖 ∪ {𝑗})−𝑅∗

𝑖 (ℳ𝑖). (17)

Association (𝑖, 𝑗) is defined to be feasible if the utility factor
is strictly positive, i.e., 𝑢𝑖,𝑗 > 0, and we define the set of
feasible associations as

𝐴 = {(𝑖, 𝑗)∣𝑖 ∈ 𝒩 , 𝑗 /∈ ℳ𝑖, 𝑢𝑖,𝑗 > 0}. (18)

The proposed user association algorithm is shown in Ta-
ble II. It starts with the initial association in which no user and



TABLE II
USER ASSOCIATION ALGORITHM

Algorithm
1: ℳ𝑖 = ∅, 𝑖 ∈ 𝒩 ;
2: calculate 𝑢𝑖,𝑗 , 𝑖 ∈ 𝒩 , 𝑗 /∈ ℳ𝑖 as in (17);
3: calculate 𝐴 as in (18);
4: while 𝐴 ∕= ∅
5: calculate (𝑖∗, 𝑗∗) as in (19);
6: ℳ𝑖∗ = ℳ𝑖∗ ∪ {𝑗∗};
7: calculate 𝑢𝑖,𝑗 , 𝑖 ∈ 𝒩 , 𝑗 /∈ ℳ𝑖 as in (17);
8: calculate 𝐴 as in (18);
9: end while

10: ℳ∗
𝑖 = ℳ𝑖, 𝑖 ∈ 𝒩 ;

11: return {ℳ∗
𝑖 , 𝑖 ∈ 𝒩};

TABLE III
SIMULATION PARAMETERS

𝑃0 = 25dBW Received power at the reference distance
𝑑0 = 1m Reference distance
𝛼 = 3.76 Path loss parameter

𝑁0 = −184dBm/Hz Noise power spectral density
𝑊 = 100MHz Total bandwidth
𝐵 = 104bit Average packet size
𝜆 = 100 Average packet arrival rate
𝛿2 = 10 Variance of packet arrival rate
𝑁 = 20 Number of SBSs

SBS are associated, i.e., {ℳ𝑖 = ∅, 𝑖 ∈ 𝒩}, and sequentially
builds up associations until there is no feasible association,
i.e., 𝐴 = ∅. In each round, the algorithm establish the feasible
association with the highest utility factor, i.e.,

(𝑖∗, 𝑗∗) = argmax
(𝑖,𝑗)∈𝐴

𝑢𝑖,𝑗 , (19)

and the final user association established by the proposed
algorithm is denoted by {ℳ∗

𝑖 , 𝑖 ∈ 𝒩}.

IV. SIMULATION RESULTS

In this section, we present and analyze the simulation results
of the proposed load balancing algorithm, with comparison to
a baseline algorithm using maximum SINR association and
equal resource allocation. Specifically, we consider a square
area with 2km side length, and the SBSs and mobile users are
randomly distributed within the area. The packet arrival rate
𝜆𝑗 follows a Gaussian distribution with mean 𝜆 and variance
𝛿2. The simulation parameters are given in Table III.

In Fig. 2, we show the total throughput as a function of the
total number of users 𝑀 , where the delay threshold is given
by 𝐷 = 0.02s. We see that the total throughput increases with
𝑀 in both algorithms, but our proposed algorithm outperforms
the baseline algorithm by 20% ∼ 100%. The performance
gain of our proposed algorithm is due to both the network-
level optimization for user association and the SBS-level
optimization for resource allocation.

In Fig. 3 and Fig. 4, we show the packet blocking rate and
the packet delay of associated users as a function of the user
number 𝑀 , where the delay threshold is given by 𝐷 = 0.02s.
We see that the associated users in the proposed algorithm
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Fig. 2. Total throughput as a function of the number of users 𝑀 .
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Fig. 3. Average packet blocking rate of associated users as a function of the
number of users 𝑀 .

has a higher packet blocking rate and a higher packet delay,
as compared to the baseline algorithm. The reason is that the
bandwidth resources allocated to each user is minimized in
our proposed algorithm, and the network-level performance
improvement is achieved at the price of restricting the user-
level performance. However, we see that the average packet
delay is always below the delay threshold 𝐷, i.e., QoS support
is always guaranteed for the associated users.

In Fig. 5, we show the total throughput as a function of the
delay threshold 𝐷, where 𝑀 = 80 users exist in the network.
Note that the minimum bandwidth required to support the
packet delay requirement in (10e) is a decreasing function of
the delay threshold 𝐷. Therefore, more users can be served by
the network as the delay threshold 𝐷 goes up, and the total
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Fig. 5. Total throughput as a function of the delay threshold 𝐷.

throughput increases, as shown in Fig. 5. Still, we see that
the proposed algorithm outperforms the baseline algorithm by
20% ∼ 100%.

In Fig. 6 and Fig. 7, we show the packet blocking rate and
the packet delay of the associated users as a function of the
delay threshold 𝐷, where 𝑀 = 80 users exist in the network.
We see that the user-level performance decreases (i.e., the
packet blocking rate or the packet delay increases) as the delay
constraint is relaxed. The reason is that each user is allocated
with less bandwidth resources and individual performance is
constrained. Still, we see that the user-level performance of
the proposed algorithm is sacrificed to achieve a network-level
performance improvement.

Also, it can be seen that increasing the buffer size 𝐾 can
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Fig. 6. Average packet blocking rate of associated users as a function of the
delay threshold 𝐷.
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Fig. 7. Average packet delay of associated users as a function of the delay
threshold 𝐷.

improve the user-level performance, i.e., the packet blocking
rate and the average packet delay, while at the same time,
decrease the network-level throughput. The reason is that
the associated users with a large buffer size require more
bandwidth to satisfy the delay constraint, which increases the
individual user performance, but limits the total number of
associated users and decreases the total throughput.

V. CONCLUSIONS

In this paper, we have considered the QoS-aware load
balancing problem in dense cellular networks, in which the
user traffic are modeled as Poisson processes instead of using
a static or “snapshot” data rate assumption, and the average



packet delay is constrained to be below a delay threshold.
We have formulated a mixed integer optimization problem,
and proposed a lightweight algorithm to give suboptimal user
association and resource allocation strategies. Simulation re-
sults have shown that the proposed algorithm can increase the
number of associated users by restricting the individual user
performance in terms of packet delay and packet blocking rate,
and achieves a performance gain in terms of total throughput,
compared to the baseline algorithm using the maximum SINR
association and equal resource allocation.
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