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Resumo

Redes Heterogêneas (HetNets) apareceram como um modo inteligente de aumentar a
capacidade e cobertura de redes de celular nas quais estações rádio-base (BSs) de baixa
potência podem dividir a carga de estações de alta potência. Entretanto, essa estraté-
gia também trouxe novos desafios. Por exemplo, técnicas para associação de usuários
usadas em redes homogêneas não são eficientes neste tipo de rede quando se considera a
quantidade de usuários servidos e o balanço de carga entre as BSs.

Neste trabalho, o problema de associação de usuários em HetNets é modelado como
um problema de programação linear inteira (ILP) com o intuito de balancear a carga
entre células de curto e longo alcance. Além disso, duas heurísticas são introduzidas:
uma solução centralizada baseada em um algoritmo guloso e uma estratégia distribuída,
probabilística e ciente de carga. Estas heurísticas produzem bons resultados de balan-
ceamento de carga entre as células e em termos de número de usuários aceitos quando
comparados à solução ótima e melhores resultados que algumas das principais estratégias
apresentadas na literatura.



Abstract

Heterogeneous Networks (HetNets) come as a clever approach to increase the capacity
and the coverage of cellular networks in which low power base stations can share the load
of high power ones. However, such strategy also brought new challenges. For instance,
user association techniques used on homogeneous networks are no longer efficient when
the amount of served users and the load balancing among the BSs are considered.

In this work, the user association in HetNets problem is modeled as an integer linear
programming (ILP) problem aiming to balance the traffic load among short and long
range cells. In addition, two heuristics are introduced: a centralized solution based on
a greedy algorithm and a distributed, probabilistic load-aware solution. These heuristics
produce good results of load balancing among the cells and in terms of number of accepted
users in comparison with the optimal solution and better results than some of the main
strategies presented in the literature.
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Chapter 1

Introduction

Heterogeneous Networks (HetNets) have been proposed to increase the capacity of
Long Term Evolution (LTE) networks by introducing small cells, e.g., pico cells and femto
cells, into the existing coverage area of the macro cells [11]. Small cells differ mainly in
terms of capacity, coverage area, transmit power, signal strength, and cost of deployment
[66]. Besides, HetNets play an important role in Long Term Evolution-Advanced (LTE-A)
and certainly will do so on the upcoming Fifth Generation Mobile Networks (5G) [42].
Thus, investigating its performance and proposing the required enhancements to it is
critical.

Macro cells, created by base stations (BSs) called evolved Node Bs (eNodeBs), are
usually deployed by Mobile Network Operators (MNOs), so they are spread in a way to
maximize the coverage. Small cells are deployed in high density areas to share the macro
cell load or to extend its coverage area. Both pico and femto cells deployment is not
necessarily planned [12].

The layered architecture brought by HetNets brings not only advantages but also
many challenges to be overcome. For instance, in homogeneous networks, user equipments
(UEs), devices used by the end-user to communicate with the system, connect to the BS
with the best signal strength in order to provide a better user experience. On HetNets,
however, this strategy would make all UEs connect to macro cells while the pico and femto
cells would receive little or no load at all, that is, the small cells would work just as a
backup when the macro cell is overloaded and the total load would not be evenly shared.

Research on efficient user association strategies that consider the specificities of the
HetNets architecture is a hot field since the chosen ones for 5G networks are still not
defined. In these networks, the efficiency is bound not only to the number of served users
but also how they are distributed among the cells.

From the telecommunications industry perspective, such strategies shall demand as
less modifications in terms of hardware as possible which makes distributed strategies
more attractive than using a centralized load balancer.

Hence, it is of paramount importance to develop user association strategies to promote
load balancing on HetNets [40]. By considering both the signal strength and the load, the
association policy is able to assign users to BSs that offer them the best user-perceived
rate [12] [20].

In this work, the User Association and Load Balance problems applied to HetNets
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were jointly modeled as a single Integer Linear Programming (ILP) Problem. The optimal
solution gotten from the ILP problem was used as a baseline to measure the quality of
the solutions obtained by the other strategies.

ILP problems are NP-hard in general. Thus, getting an optimal solution usually
demands high time complexity. Sometimes good solutions, i.e., non-optimal solutions, are
enough and that is why heuristics come for. Although heuristics do not mathematically
assure the finding of good solutions, they may empirically get satisfactory solutions.

The first heuristic of this work was relaxing the integrality of the ILP problem to get
a Linear Program (LP) problem, which is solvable in polynomial time, and use a greedy
strategy over the relaxed obtained solutions in an attempt to construct viable solutions.

In order to be implemented, the previous approach would need a centralized controller
that knows the state of the whole system to solve the LP problem. To overcome such
limitation and to get an even quicker strategy, this work also proposed a distributed
heuristic that is independent of linear programming. In addition, it also performed better
than other strategies it was compared to.

1.1 Contributions

The contributions of this dissertation are:

• An Integer Linear Programming Model that aims to solve the load balancing prob-
lem on HetNets and provides an efficient user association policy.

• A greedy strategy based on the relaxed version of the linear programming model
which can get a possibly good solution in polynomial time.

• A distributed probabilistic heuristic which is independent of both a linear program-
ming solution and a centralized load balancer which makes it very interesting to be
deployed in production.

1.2 Scientific Production

The outcomes of this dissertation resulted on the following paper:

• Alexandre Toshio Hirata, Eduardo Candido Xavier, and Juliana Freitag Borin.
Load Balance and User Association on HetNets. IEEE Latin America Transac-

tions, 14(12):4781–4786, December 2016.

In addition, a paper has been submitted to a conference.

1.3 Dissertation Organization

This dissertation is organized as follows. Chapter 2 introduces basic concepts which
are needed for the understanding of this dissertation as well as the research problem.
Chapter 3 presents related work. Chapter 4 describes the proposed strategies. Chapter 5
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illustrates the performed simulation scenarios and the obtained results. Finally, Chapter
6 shows the final conclusions and possible future work.
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Chapter 2

Background

2.1 Telephony: From Landline to 5G

In 1876, landline telephones came with the idea of associating a number to a device
called telephone and connecting the telephones through dedicated physical cables. Af-
ter that, the telephone switch was invented, which allowed the formation of telephone
exchanges and, later on, were the building blocks to create the current Public Switched
Telephone Network (PSTN). In such network, telephone subscriber lines are able to es-
tablish telephone calls among each other.

Through the fixed line telephones, it was possible to associate a telephone to a place
but not specifically to a person [24]. Afterwards, many other technologies tried to deliver
this person to person association such as the paging systems in the 50’s and the car
phones in the 70’s. However, such goal was truly accomplished with the cellular systems
whose first commercial automated cellular network was launched by Nippon Telegraph
and Telephony (NTT) in Japan, 1979.

The main idea of the cellular networks is to divide the coverage area in cells of differ-
ent sizes according to the propagation conditions, density of user equipments (UEs) per
kilometer, and traffic. Suppose the areas are initially divided in big hexagonal cells, with
a BS in the center of each cell. The basic structure is composed by a set of seven cells as
shown in Figure 2.1 [24]. However, in areas with higher density, their cells are subdivided
into smaller hexagons and so on. From that basic structure, mobile network operators
can plan the growth of the system in terms of quantity of subscribers and traffic.

Although other technologies could connect people similarly, the success of the cell
phones can be explained by a combination of freedom, mobility and the increase of the
productivity they can provide [24]. Nevertheless, it is causing an increasing demand for
mobile broadband services with higher data rates and Quality of Service (QoS) [10]. In
Figure 2.2, it is shown how the demand for data and voice traffic have been growing since
the fourth quarter of 2011 [22] [23].

In order to satisfy the expectation of the users to have more advanced wireless access
even in the mobile environments, cellular infrastructure has evolved leading to different
cellular generations.
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Figure 2.1: Basic structure of seven cells (Adapted from [24])

2.1.1 First Generation Mobile Networks (1G)

In the 80’s, the first generation (1G) systems came to deliver voice-only mobile-
telephony [19]. These systems used analogue communications techniques and they did
not use the available radio spectrum efficiently [17].

Examples of 1G systems include:

• Nordic Mobile Telephone System (NMT)

• Advanced Mobile Phone System (AMPS)

• Total Access Communications System (TACS)

2.1.2 Second Generation Mobile Networks (2G)

In the 90’s, the second generation (2G) systems were developed based on digital tech-
nology which provided significantly higher capacity than 1G systems [17].

Examples of 2G systems include:

• Personal Digital Cellular (PDC)

• Digital AMPS (D-AMPS) or IS-136, also referred as Time-Division Multiple Access
(TDMA)

• cdmaOne or IS-95, which uses Code-Division Multiple Access (CDMA)

• Global System for Mobile Communications (GSM), which introduced the Short
Message Service (SMS) later on.
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Figure 2.2: Global monthly data and voice traffic [23]
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With the introduction of the General Packet Radio Service (GPRS) and the En-
hanced Data rates for Global Evolution (EDGE) or Enhanced GPRS, the 2G systems
were extended with primitive packet data services. Such services include web browsing
via Wireless Application Protocol (WAP) and the ability to send photos and videos via
Multimedia Messaging Service (MMS).

2.1.3 Third Generation Mobile Networks (3G)

In 2000’s, the third generation (3G) came up using different techniques for radio
transmission and reception from their 2G predecessors. In order to have its development
carried out in a global basis, the Third Generation Partnership Project (3GPP) was
formed to develop the Universal Mobile Telecommunications System (UMTS) based on
GSM. On the other hand, the parallel organization 3GPP2 was formed to develop the
competing cdma2000 technology, an evolution of cdmaOne [19].

The UMTS air interface has two different implementations: the Time Division Syn-
chronous Code Division Multiple Access (TD-SCDMA) and the Wideband Code Division
Multiple Access (WCDMA).

This system was later enhanced for data applications by introducing the High Speed
Downlink Packet Access (HSDPA) and High Speed Uplink Packet Access (HSUPA), which
are collectively known as High Speed Packet Access (HSPA). HSPA allowed for a “true"
mobile-broadband experience with data rates of several MBit/s which was the foundation
for the rapid uptake of smart phones such as the iPhone and a wide range of Android
devices [17] [19].

2.1.4 Fourth Generation Mobile Networks (4G)

In the mid-2000’s, users were using more and more mobile services, so their expecta-
tions for a new technology with higher data rate and lower latency ignited the discussions
about the fourth generation (4G).

Both Worldwide Interoperability for Microwave Access (WiMax) and Long Term Evo-
lution (LTE) communications systems were submitted and approved as 4G standards.
However, LTE is by far the most dominating technology.

The 4G LTE technology was from the beginning developed for packet-data support and
has no-support for circuit-switched voice. In addition, since its commercial introduction
in 2009, it has been evolving such that, in Release 13, it supports multi-GBit/s peak
data rates. Furthermore, it also widened the use cases beyond mobile broadband by, for
instance, improving support for massive machine-type communication and introducing
direct device-to-device (D2D) communication [17] [19] [40] [52] [53].

4G systems are supposed to meet the requirements issued by International Telecommu-
nication Union Radiocommunication Sector (ITU-R) of an International Mobile Telecom-
munications - Advanced (IMT-Advanced) system [19].
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Figure 2.3: Overall vision of 5G [64]

2.1.5 Fifth Generation Mobile Networks (5G)

Mobile Internet and Internet of Things (IoT) are the two main market drivers for
the upcoming fifth generation (5G) which is expected to be deployed beyond 2020. In
essence, 5G should be seen as a platform that will enable wireless connectivity to all
kinds of services, that is, it aims to provide connectivity anywhere, anytime to anyone
and anything. Such scenario is also known as networked society.

5G will implement a smart interconnection between people and all things. Hence, as
can be seen in Figure 2.3, it will result in a massive number of use cases such as, but
not limited to, Ultra High Definition (UHD) video services, Augmented Reality (AR),
Virtual Reality (VR), remote computing, collaborative robots. The idea is to connect
not only cell phones to people but also a variety of devices such as wearable devices,
intelligent home appliances (smart home), medical monitoring devices, and even vehicles.
Such connectivity will affect major fields like Industry, Education, Finance, among others
[19] [31] [63] [64].

5G is expected to address some challenges not effectively addressed by 4G like higher
capacity, higher data rate, lower end-to-end latency, massive device connectivity, and
reduced cost. In addition, it also aims to enhance scalability, connectivity, and energy
efficiency of the network [16] [21] [31].

Several research groups are working on different technical and probable standardiza-
tion aspects of 5G. A few examples of such groups are: Mobile and Wireless Commu-
nications Enablers for the Twenty–twenty Information Society (METIS), 5th Generation
Non-Orthogonal Waveforms for Asynchronous Signaling (5GNOW), Enhanced Multicar-
rier Technology for Professional Ad-Hoc and Cell-Based Communications (EM-PhAtiC)
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Figure 2.4: Key capabilities of IMT-2020 [64]

and 5G Infrastructure Public Private Partnership (5G-PPP) [46].
The expected key capabilities needed for an IMT-2020 technology to support 5G are

described on Table 2.1. In Figure 2.4, they are compared to IMT-Advanced, the original
requirements for 4G systems.

Key capabilities Values
Peek data rate 20 Gbps
User experienced data rate 0.1-1 Gbps
Latency 1 ms over-the-air
Mobility 500 km/h
Connection density 106/km2

Energy efficiency 100 times compared with IMT-Advanced
Spectrum efficiency 3-5 times compared with IMT-Advanced
Area traffic capacity 10 Mbit/s/m2

Table 2.1: 5G key capabilities and values from ITU-R [64]

2.1.6 Summary

Cellular networks started as analog voice-only mobile networks that did not even
allowed text messaging and evolved to the current digital mobile networks which offer
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Figure 2.5: Cellular generations [19]

broadband internet access and serve not only cell phones but also a wide number of
different devices.

The number of subscribers keep increasing along with the number of different services
provided through such networks. Hence, the technologies to supply such demand has also
been evolving. Figure 2.5 illustrates a summary of the 5 generations of mobile networks,
their main characteristics and the technologies they were composed of.

2.2 Long Term Evolution (LTE)

Evolved Packet System (EPS) represents the evolution of the UMTS. Long Term Evo-
lution (LTE) to UMTS or the E-UTRAN (Evolved Universal Terrestrial Access Network),
is the radio access part of the EPS. The main requirements for the new access network are
high spectral efficiency, high peak data rates, short round trip time as well as flexibility
in frequency and bandwidth [39] [44].

Originally, the term 4G should only refer to systems that met the requirements of
IMT-Advanced, for instance:

• All-Internet Protocol (IP) packet-switched network

• Nominal data rate of 100 MBit/s while UEs move at high speeds (e.g. within a
train)

• Nominal data rate of 1 GBit/s while UEs are in relatively fixed position.

Although neither LTE nor mobile WiMAX 1.0 (802.16e) did so, they were categorized
as 4G systems by ITU in 2010 [17].

2.2.1 Releases

The specifications for LTE are produced by the 3GPP and are organized into releases.
LTE was first introduced in Release 8 and some minor enhancements were presented

in Release 9. Both form the foundation of LTE.
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Figure 2.6: LTE releases (Adapted from [19])

Releases 10 and 11 specified LTE’s evolution, known as LTE-Advanced (LTE-A). LTE-
A is backward compatible to LTE and it formally satisfies the IMT-Advanced require-
ments [19] [51].

Release 12 focused on the use of LTE technology for emergency and security services.
In addition, other important features were completed such as small cells and network
densification, D2D and Carrier Aggregation (CA) [3].

A further evolution was introduced in Release 13 and it is also known as LTE-Advanced
Pro.

Figure 2.6 presents the main features of each LTE Release.

2.2.2 Network Architecture

The LTE system architecture is basically composed of the Core Network (CN) and the
Radio-Access Network (RAN). Both networks, including the split of functionality between
these two, is known as System Architecture Evolution (SAE).

As mentioned earlier, LTE refers to the RAN and the new CN architecture is referred
to as the Evolved Packet Core (EPC). Together, EPC and LTE RAN are referred to as
the Evolved Packet System (EPS) [18]. However, LTE has become the colloquial name
for the whole system even for 3GPP [17].

Figure 2.7 shows a comparison of the simplified network architecture starting from
GSM until LTE.
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Figure 2.7: Network Solutions from GSM to LTE [44]

Core Network (CN)

The EPC is responsible for tasks not related to radio access such as authentication,
billing and end-to-end connections. In addition, since EPS is purely IP based, all the
services that used to be handled by the circuit switched systems, e.g. phone calls, are
now handled by the packet switched EPC [19]. Figure 2.8 shows the CN architecture.

The EPC consists of several types of nodes [19] [56]:

• Mobility Management Entity (MME) is the control node that processes the signal-
ing between the UEs and the CN. Its responsibilities include connection/release of
bearers to a UE, handling of IDLE to ACTIVE transitions, and handling of security
keys.

• Serving Gateway (S-GW) serves as a mobility anchor for both when UEs move
between eNBs and for inter-working with other 3GPP technologies (GPRS and
UMTS). In addition, it can collect information for billing and legal interception.

• Packet Data Network Gateway (P-GW) connects the EPC to the Internet and it is
responsible for IP address allocation, as well as QoS enforcement according to the
policy controlled by the Policy and Charging Rules Function (PCRF). Besides, it is
also the mobility anchor for non-3GPP radio-access technologies connected to the
EPC, e.g. cdma2000.

• Home Subscriber Service (HSS) contains users’ SAE subscription data, information
about which Packet Data Network (PDN) the user can connect, and some dynamic
information like the identity of the MME to which the user is currently attached or
registered.

Radio-Access Network (RAN)

The RAN is responsible for all radio-related functionality of the overall network such
as scheduling, radio-resource handling, coding and multi-antenna schemes.

In Release 8, the LTE access network is simply a network of eNBs without any intel-
ligent centralized controller, generating a flat architecture. Additional node types were
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Figure 2.8: Core Network Architecture [19]

introduced with Multimedia Broadcast Multicast Services (MBMS) in Release 9 and the
Relay Nodes in Release 10 [19].

The eNB has two main functions. Firstly, sending radio transmissions to all its UEs on
the Downlink (DL) and receiving transmissions from them on the Uplink (UL). Secondly,
sending signalling messages to control the UE’s low-level operation.

Each eNB is a BS that controls the UEs in one or more cells. Prior to Release 12, a
UE was able to connect to a single eNB and an IP address was allocated when the UE was
switched on and released when switched off [44]. The Dual Connectivity introduced in
Release 12 allowed a UE to be connected to two simultaneous eNBs at the same time [3].
Such feature is not going to be considered in this thesis.

UE’s architecture is identical to the one used by UMTS and GSM, it can be divided
into Mobile Termination (MT), which handles all the communication functions and the
Terminal Equipment (TE) which contains the end-to-end application. For instance, the
MT can be a plug-in LTE card for laptop and the TE would be the laptop itself. Besides,
it also has a Universal Integrated Circuit Card (UICC), colloquially known as Subscriber
Identity Module (SIM) card which stores user-specific data [17].

2.2.3 Multiple Access Schemes

In order to achieve high radio spectral efficiency, 3GPP chose the OFDMA (Orthogonal
Frequency Division Multiple Access) for the downlink communication and the SC-FDMA
(Single Carrier - Frequency Division Multiple Access), also known as Discrete Fourier
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Figure 2.9: Input signal in AM and FM (Adapted from [5])

Transform (DFT) spread OFDMA, for the uplink communication.

Orthogonal Frequency Division Multiple Access (OFDMA)

Typically, most of the signals, in the way they originally are, cannot be physically
transmitted over communication media. They need to be encoded in a way they can be
transmitted and also decoded on the receiving endpoint.

Carrier signal, or just carrier, is a waveform (usually sinusoidal) that is going to be
modulated in order to represent the information (input signal) that needs to be transmit-
ted. Usually, the carrier’s frequency is higher than the input signal’s.

Modulation is the process of modifying some properties of a carrier signal like ampli-
tude, frequency or phase such that there is a one-to-one correspondence between these
properties and the input signal. Demodulation is the inverse of the modulation. Figure
2.9 shows an example of an input signal modulated using Amplitude Modulation (AM)
and Frequency Modulation (FM). In AM, the amplitude of the carrier changes according
to the amplitude of the input signal while the the frequency and the phase of the carrier
remain unchanged. In FM, the property that changes is the frequency [9] [24] [28].

Multiplexing is the method in which multiple signals are combined into one complex
signal over a communication link.

In Frequency-Division Multiplexing (FDM), the available frequency spectrum is di-
vided into a series of non-overlapping frequency subcarriers. Each subcarrier can carry a
different signal [24] [37].
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Figure 2.10: OFDMA and SC-FDMA [1]

Orthogonal Frequency-Division Multiplexing (OFDM) is a special case of FDM in
which subcarriers are overlapping but orthogonal. This avoids the need to separate the
carriers by means of guard-bands, and therefore makes OFDM highly spectrally effi-
cient [56].

The OFDMA solution leads to high Peak-to-Average Power Ratio (PAPR) requiring
expensive power amplifiers with high requirements on linearity, increasing the power con-
sumption for the sender. This is no problem in the eNB, but would lead to very expensive
handsets [1]. Hence a different solution was selected for the UL.

OFDMA can achieve high data rates due to the combination of higher order modu-
lation (up to 256-Quadrature Amplitude Modulation - QAM), large bandwidths (up to
20 MHz) and spatial multiplexing (up to 8x8 Multiple-Input Multiple-Output (MIMO)
in the DL and 4x4 MIMO in the UL). The highest theoretical peak data rate on the
transport channel , using MIMO and 20MHz channel, is 300 Mbps in the DL and 170
Mbps in the UL [4] [44].

Single Carrier - Frequency Division Multiple Access (SC-FDMA)

The Single Carrier - Frequency Division Multiple Access (SC-FDMA) solution gener-
ates a signal with single carrier characteristics and, hence, with lower PAPR in comparison
to OFDMA [49]. So, it is used to optimize the range and power consumption in the UL
while the OFDMA is used in the DL to minimize receiver complexity, especially with
large bandwidths, and to enable frequency domain scheduling with flexibility in resource
allocation [34].

Figure 2.10 compares OFDMA and SC-FDMA in terms of carrier usage. Note that
OFDMA uses many subcarriers for a single user, while SC-FDMA just uses a single carrier
per user [1].

2.2.4 Generic Frame Structure

In OFDMA, users are allocated a specific number of subcarriers for a predetermined
amount of time. These are referred to as Physical Resource Blocks (PRBs) in the LTE
specifications. Thus, PRBs have both time and frequency dimensions.
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Figure 2.11: LTE Generic Frame Structure [67]

PRBs are the minimum unit of resource that can be allocated to a UE to receive data
and their association is handled by a scheduling function at the eNB.

The LTE physical layer generic frame structure considered here is used with Frequency-
Division Duplexing (FDD). Alternative frame structures are defined for use with Time-
Division Duplexing (TDD). As shown in Figure 2.11, LTE frames are 10 msec in duration.
They are divided into 10 subframes of 1.0 msec and each subframe is further divided into
two slots of 0.5 msec each. Each slot consists of either 6 or 7 OFDM symbols, depending
on whether the normal or extended cyclic prefix is employed.

The total number of available subcarriers depends on the overall transmission band-
width of the system. The LTE specifications define parameters for system bandwidths
from 1.25 MHz to 20 MHz as shown in Table 2.2. A PRB is defined as consisting of 12
consecutive subcarriers for one slot in duration.

Bandwidth (MHz) 1.25 2.5 5.0 10.0 15.0 20.0
Subcarrier bandwidth (kHz) 15

Physical resource block (PRB)
bandwidth (kHz)

180

Number of available PRBs 6 12 25 50 75 100

Table 2.2: Available downlink bandwidth is divided into PRBs [67]

Figure 2.12 illustrates the DL resource grid which consists of NBW subcarriers for
a duration of the DL slot Tslot. A resource element, that is, each box within the grid,
represents a single subcarrier for one symbol period. Note that in case of MIMO appli-
cations, see Section 2.2.5 for more details, there is a resource grid for each transmitting
antenna [67].

2.2.5 LTE-Advanced (LTE-A)

LTE-Advanced (LTE-A) focus was to provide higher bitrates in a cost efficient way
and, at the same time, completely fulfill the requirements set by ITU for IMT-Advanced,
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Figure 2.12: Downlink Resource Grid [67]
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Figure 2.13: Carrier Aggregation [2]

also referred to as 4G [2].
The main features introduced in LTE-Advanced are Carrier Aggregation (CA), en-

hanced use of multi-antenna techniques and support for Relay Nodes (RNs). The latter
will be further detailed in Section 2.3.3.

Carrier Aggregation (CA)

LTE-Advanced aims to support peak data rates of 1 Gbps in the DL and 500 Mbps
in the UL. To achieve this, a transmission bandwidth of up to 100 MHz is required but
the availability of such large portions of contiguous spectrum is rare in practice. LTE-A
uses Carrier Aggregation (CA) of multiple Component Carriers (CCs) to achieve high-
bandwidth transmission [56].

The component carriers can have a bandwidth of 1.4, 3, 5, 10, 15 or 20 MHz and a
maximum of five component carriers can be aggregated. Hence the maximum bandwidth
is 100 MHz. The number of aggregated carriers can be different in DL and UL, however
the number of UL component carriers is never larger than the number of DL component
carriers. The individual component carriers can also be of different bandwidths [2].

The easiest way to arrange aggregation is to use contiguous component carriers within
the same operating frequency band, so called intra-band contiguous. For non-contiguous
allocation, it could either be intra-band, i.e. the component carriers belong to the same
operating frequency band, but are separated by a frequency gap, or it could be inter-band,
in which case the component carriers belong to different operating frequency bands, see
Figure 2.13.

So, CA facilitates the efficient use of fragmented spectrum. In addition, it supports
HetNets (see Section 2.3).

Multiple-Input Multiple-Output (MIMO)

Multiple-Input Multiple-Output (MIMO) is used to increase the overall bitrate through
transmission of two (or more) different data streams on two (or more) different antennas
- using the same resources in both frequency and time, separated only through use of
different reference signals - to be received by two or more antennas [2].
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Figure 2.14: Simplified illustration of 2x2 MIMO [2]

Figure 2.15: The evolution of MIMO technology [56]

An example of 2x2 MIMO can be seen in Figure 2.14, in which two different data
streams are transmitted on two Tx (transmitter) antennas and received by two Rx (re-
ceiver) antennas, using the same frequency and time, separated only by the use of different
reference signals.

Figure 2.15 shows the evolution of MIMO technologies from traditional single antenna
communication to multi-User MIMO scenarios: Single Cell Single-Input Single-Output
(SISO), Single Cell Single-Input Multiple-Output (SIMO) / Multiple-Input Single-Output
(MISO), Single Cell Single-User MIMO (SU-MIMO), Single Cell Multiple-User MIMO
(MU-MIMO), MU-MIMO with Inter-Cell Interference and Cooperative Multicell MU-
MIMO.

A major change in LTE-Advanced is the introduction of 8x8 MIMO in the DL and
4x4 in the UL.
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Coordinated MultiPoint (CoMP)

Coordinated MultiPoint is a type of cooperative MIMO (see Figure 2.15) whose in-
troduction aims to improve network performance at cell edges. In CoMP a number of Tx
points provide coordinated transmission in the DL, and a number of Rx points provide
coordinated reception in the UL. A Tx/Rx-point constitutes of a set of co-located Tx/Rx
antennas providing coverage in the same sector. The set of Tx/Rx-points used in CoMP
can either be at different locations, or co-sited but providing coverage in different sectors,
they can also belong to the same or different eNBs. CoMP can be done in a number
of ways, and the coordination can be done for both homogeneous networks as well as
HetNets [2].

2.3 Heterogeneous Networks (HetNets)

Heterogeneous Networks (HetNets) have been proposed to increase the capacity of
LTE networks by introducing low power nodes (LPNs), e.g. pico and femto cells, overlaid
into the existing coverage area of the macro cells, high power nodes (HPNs). These
networks are heterogeneous due to this mix of macro cells and LPNs, in the deployment
sense [11] [20].

HetNets came trying to overcome the theoretical limit that other advanced technologies
like CA, MIMO and CoMP are reaching. Under low Signal to Interference plus Noise Ratio
(SINR) conditions, where received powers are low due to attenuation and/or interference
might be high, such techniques may not work well whereas HetNets can [30] [35].

LPNs are usually deployed in high density areas, hotspots, to share the macro cell load
or to extend its coverage area and their deployment are not necessarily planned [12].

Macro cells, pico cells and femto cells (tiers 1, 2, and 3 respectively) compose the
building blocks of a HetNet. Tier 1 cells have more capacity, bigger coverage area, greater
power transmission, higher signal strength and are more expensive to deploy in comparison
to tier 2 and so on [32] [66].

Figure 2.16 shows a typical architecture of a traditional cellular network which can be
considered an homogeneous network. Likewise, Figure 2.17 displays the architecture of
HetNets.

2.3.1 Macro and Micro cells

Macro cells have transmission range of several kilometers, while the transmission range
for micro cells is of hundreds of meters. Both are costly to deploy and maintain [15].

Macro cells, created by base stations called eNodeBs (eNBs), are usually deployed by
the operators, so they are spread in a way to maximize the coverage.

2.3.2 Pico and Femto cells

Both, pico and femto cells aim to cover small areas, with a transmission range of tens
of meters and are cheaper to maintain and easier to deploy than macro and micro cells.
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Figure 2.16: Homogeneous Networks Architecture [38]

Figure 2.17: Heterogeneous Networks Architecture [66]

Pico cells are fully functioning eNBs with reduced size while femto cells, also known
as Home eNBs (HeNBs), are usually used for connecting personal equipment and their
transmission range is limited to a home or office area, for instance [15].

2.3.3 Relay Nodes (RNs)

The Relay Nodes (RNs) are low power base stations that will provide enhanced cov-
erage and capacity at cell edges, and hot-spot areas and it can also be used to connect
to remote areas without fibre connection. Figure 2.18 shows how the relay node, through
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Figure 2.18: LTE-Advanced relaying [19]

its relay cell, extends the coverage area of the donor cell created by the eNB.
The Relay Node is connected to the Donor eNB (DeNB) via a radio interface. So, in

the Donor cell the radio resources are shared between UEs served directly by the DeNB
and the Relay Nodes.

2.3.4 Challenges

HetNets differ from the so-called traditional cellular network in many ways, so, a
summary of such differences can be observed on Table 2.3.

The major challenges for HetNets are interference mitigation, user association and
resource allocation problems. Unlike classical wireless networks, in HetNets, the number
of choices or configurations increases exponentially with the number of deployed LPNs.
Thus, centralized resource management algorithms are not cut out for the massive over-
head in computation and signaling required by the LPNs [50].

2.4 Summary

In this chapter, following a top-down approach, an overview about the evolution of
mobile networks and their main characteristics was presented. Afterwards, an introduc-
tion about LTE and its main concepts were shown. At last, details about HetNets were
explained along with some new challenges such approach brings up. In the next chapter,
some relevant strategies to deal with these challenges will be presented.
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Aspect Traditional Cellular HetNet
Performance
Metric

Outage/coverage probability dis-
tribution (in terms of SINR) or
spectral efficiency (bps/Hz).

Outage/coverage probability
distribution (in terms of rate)
or area spectral efficiency
(bps/Hz/m2).

Topology BSs spaced out, have distinct
coverage areas. Hexagonal grid
is an ubiquitous model for BS lo-
cations.

Nested cells (pico/femto) inside
macrocells. BSs are placed op-
portunistically and their loca-
tions are better modeled as a ran-
dom process.

Cell Associa-
tion

Usually connect to strongest BS,
or perhaps two strongest during
soft handover

Connect to BS(s) able to provide
the highest data rate, rather than
signal strength. Use biasing for
small BSs.

Downlink vs.
Uplink

Downlink and uplink to a given
BS have approximately the same
SINR. The best DL BS is usually
the best in UL too.

Downlink and uplink can have
very different SINRs; should not
necessarily use the same BS in
each direction.

Mobility Handoff to a stronger BS when
entering its coverage area, in-
volves signaling over wired core
network.

Handoffs and dropped calls may
be too frequent if use small cells
when highly mobile, overhead a
major concern.

Backhaul BSs have heavy-duty wired back-
haul, are connected into the core
network. BS to UE connection is
the bottleneck.

BSs often will not have high
speed wired connections. BS to
core network (backhaul) link is
often the bottleneck in terms of
performance and cost.

Interference
Management

Employ (fractional) frequency
reuse and/or simply tolerate very
poor cell edge rates. All BSs
are available for connection, i.e.
“open access”.

Manage closed access interfer-
ence through resource alloca-
tion; users may be “in” one cell
while communicating with a dif-
ferent BS; interference manage-
ment hard due to irregular back-
haul and sheer number of BSs.

Table 2.3: Differences between Traditional Cellular and HetNet [12]
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Chapter 3

Literature Review

3.1 Load Balance in HetNets

The Load Balancing Problem consists of distributing tasks (“loads”), as evenly as
possible among the entities that can process them according to their “capacity” [11].
In HetNets, the UEs request some kind of service from the BSs such as calls, video
streaming, instant text messaging, etc. The aim of the load balancer is to distribute the
UEs among all available BSs (LPNs and HPNs) in a way no BS becomes either overloaded
or underutilized.

Load balancing strategies can be either centralized or distributed. Such strategies can
rely on a load balancer, a centralized controller, which effectively performs the balance by
assigning or moving resources from one service provider to another. Additionally, the en-
tities that compose the network can adopt policies that lead towards a load balancing, for
instance, BSs can have a cooperative user association policy in which they communicate
with each other when deciding to serve or not a user.

With a centralized controller, it has all the information about the logical state of the
system and can possibly make the best decision in terms of allocation to keep the system
as evenly balanced as possible. Nevertheless, it becomes another hop in the network and
a critical component too, that is, if it goes down all the routing is compromised.

Strategies that distribute the logic of this central controller make the coordination of
the entities that compete for resources a real challenge. Using algorithimic game theory, it
would be the same as making selfish players, in a possibly non-cooperative game, cooperate
in such way that each of them receive their profits and all the combined strategies turn
out to be an optimal solution.

Andrews et al [11] provided a good overview about load balancing in HetNets by
pointing out open challenges such as:

• Mobility - Handovers among various types of cells in a HetNet must be seamless
but it is known that such procedures are complicated and have a costly overhead.

• Asymetric Downlink and Uplink - the optimal downlink association is not necessarily
optimal for uplink transmission. Hence, downlink load balancing strategies must be
extended to cover uplink scenarios.
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• Regulatory Issues - the regulatory focus should be on making it easier to deploy
and use small cell infrastructure which could also include legal means to encourage
such usage. In addition, LTE-A and WiFi networks should be able to hand off users
seamlessly among them.

3.1.1 Centralized Load Balancing

Prasad, Arslan, and Rangarajan [54] considered the problem of maximizing the propor-
tional fairness utility over HetNets by jointly exploiting cell dormancy and load balancing.
A low complexity greedy algorithm for the load balancing sub-problem and an algorithm
for the joint optimization problem were presented and nearly optimal results were reached.
However, the proposed solution requires a central controller to provide all the information
the algorithms need. In addition, its approximation algorithm relies on cell dormancy
to maximize proportional fairness which may work very well for underloaded situations
by turning off some of the BSs but not for the overloaded scenarios proposed on our
simulations.

Anedda, Muntean and Murroni [13] considered the problem of balancing the real-
time load of heterogeneous wireless networks using a centralized controller. The proposed
mechanism ranks the networks and suggests the best network to the UE according to the
traffic load and the application type running by the UE. It is a framework that depends
on applications running on the UEs, BSs, and also on a load balancer. In our simulations,
this strategy would behave alike Pico Cell First (see Section 5.1) due to the parameters
we used, e.g., the UEs are uniformly distributed among 3 different services.

3.1.2 Distributed Load Balancing

Fotiadis et al [27] proposed a distributed Mobility Load Balancing scheme that adjusts
Cell Individual Offsets (CIOs) in favor of under-utilized cells, relying on the exchanged
load information. CIO is a parameter used in Cell Range Extension (CRE) technique.
The higher the CIO is, the more attractive a cell is. This strategy relies on cooperation
among cells and also transferring the load from one cell to the other for the sake of load
balancing. It does not perform any kind of user association, therefore, it is not suitable to
be compared with our strategies. Nevertheless, it can be used along with them to improve
overall load balancing.

Hong et al [50] formulated the problem of using of HetNets to offload the traffic of
existing cellular systems, traffic offloading, as a joint optimization problem of interference
mitigation, user association and resource allocation. Then, they proposed a self-organizing
algorithm based on Markov approximation and log-linear learning which was able to
offload more than 90% of the traffic from the macro cell BSs to small cell BSs, in simulation
results. This work focuses on offloading the traffic from high power nodes to low power
nodes regardless the user admission policy. So, similarly to Fotiadis et al [27], it could be
a partner that can work alongside our final distributed probabilistic heuristic.
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3.2 User Association in HetNets

The objective of the user association problem is to find an optimal set of UE-BS
associations such that the number of served UEs is maximized.

As previously pointed out in Section 2.3.4, user association policies in HetNets cannot
rely on the same strategies used in homogeneous networks [12][48].

In addition, likewise load balancing schemes, user association strategies can be cat-
egorized as centralized or distributed according to the way the entities that decide the
association works.

3.2.1 Centralized User Association

Fooladivanda, Daoud, and Rosenberg [25] formulated a joint association, channel allo-
cation, and inter-cell interference management problem as a Non-linear NP-hard problem
and compared it against SINR based strategies. Fooladivanda and Rosenberg [26] also
proposed an association rule that combines both user and resource allocation with signifi-
cant performance gains in throughput. Ye et al [66] presented a distributed algorithm for
cell association and resource allocation whose complexity time is linear to the number of
UEs and the number of BSs. The main goal of these works is to achieve user association
and they analyze load balancing as a side effect.

Mishra, Rangineni, and Murthy [45] formulated a joint optimization problem of UE-
BS association and Almost Blank Subframe (ABS) density as an NP-Hard problem. A
relaxed version of the problem was reduced to a minimum weighted bipartite matching
problem and it was solved using the Hungarian algorithm for a given ABS density. This
approach is used iteratively on the set of candidate ABS densities to identify the optimal
ABS density and minimize the number of blocked users. It tries to increase the attendance,
but load balancing is not considered and it also needs a centralized controller.

Trabelsi et al [61] used game theory to present a framework to optimize user asso-
ciation and dynamic radio resource sharing, and to coordinate the inter-cell interference
for enhancing overall LTE network utility. Such framework relied on a central controller
to gather information from BSs and the UEs in the system to determine the optimal
parameters.

Note that these works rely on frameworks whose characteristics make it difficult to
compare to our strategies, for instance, some of them focus on cell interference and energy
efficiency.

3.2.2 Distributed User Association

The CRE technique is part of 3GPP standardization efforts. This technique uses
an association bias to artificially extend the coverage area of small cells by increasing
their CIOs, hence, offloading users from the macro cell [11] [60]. Siomina and Yuan
[58] proposed an optimization framework for load balancing in LTE HetNets by means
of cell range assignment using cell-specific offsets. Choosing the optimal biases is not
straightforward [66] and this technique cannot respond or adapt dynamically to real-time
distribution of traffic among multi-tier cells [43].
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Kim et al [36] proposed a framework for user association and presented an iterative
distributed user association algorithm based on the BSs’ loads and signal strength. In
HetNets, it would privilege high power nodes over low power nodes. In addition, admission
control policies were proposed when the system cannot stabilize due to excessive traffic
loads. Due to its iterative characteristic, an active load balancing strategy reallocate UEs
over time which is not well comparable with our user association strategies that already
aim to balance the load.

Mlika, Driouch and Ajib [47] proposed a fully distributed algorithm based on a learning
mechanism to solve the user association problem on HetNets. Such algorithm achieved
near-to-optimal performance on simulations. They modeled the problem of associating
users to BSs and allocating frequency channels using non-cooperative game theory and
despite proving this game may not always admit pure Nash Equilibra, they are efficient
when they exist. The success of this strategy is very dependent on what the UEs learn
when playing, that is, the amount of iterations that are performed. Besides, it also requests
more information from the BSs. In our dynamic simulations, the UEs just perform a single
request and they leave afterwards, so, such strategy would not be suited to be compared
to ours.

3.3 Joint User Association and Load Balance in Het-

Nets

Arani et al [14] and Sohn et al [59] tackled the load balancing and user association
problems in a distributed way. In Arani’s work, a UE association policy and a resource
allocation mechanism attempt to balance the load in a self-organizing fashion. This policy
was based on BSs’ estimated load and SINR at the location of the UE. In Sohn’s work,
the distributed load balancing algorithm relies on message passing and aims to maximize
the network-wide sum rate of all users. Both works use quite different frameworks in
comparison to ours.

Recent works are handling massive Multiple Input-Multiple Output (MIMO) HetNets.
In such scenario, the BS is equipped with a massive number of antennas (hundreds,
thousands or even tens of thousands). Xu and Mao [65] used Algorithmic Game Theory
to solve the problem and developed distributed user association algorithms that converged
to the Nash Equilibrium.

3.4 Summary

In this chapter, we presented many related works and it can be noted that there is a
big effort towards trying to develop new techniques to handle both user association and
load balancing in HetNets.

For some works, the focus is just to maximize the number of served users and the
load balancing is considered just as another quality parameter for such user association
problems. On the other hand, there are some works that just focus on getting the best
load balancing regardless the user association policy.
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In addition, there are other works that consider them jointly but they either are not
distributed or they rely on machine learning to solve the problem. If the strategies are not
distributed, they usually rely on a centralized load balancer which may easily become the
bottleneck of the whole architecture and, if it goes down, it would compromise the whole
network. If the strategies rely on machine learning, data sets for training would be needed
and, perhaps, a massive quantity of data must be collected until it starts performing well
enough.

Finally, some works propose frameworks to address either one of them or even both
the user association and load balancing problems altogether. For such works, the main
question is to know how simple and feasible is to implement such solutions because the
industry is looking for solutions that demand less modifications with the biggest revenue
as possible. Our final distributed heuristic basically demands that the BSs provide how
loaded they are and, with that, UEs can selfishly decide what is the best BS to connect
to, ending up with solutions very close to the optimal ones.

In the next chapter, the proposed solution for the UE association and load balancing
is going to be further explained. It evolved from a ILP solver-dependent strategy to a
fully distributed load-aware probabilistic heuristic.
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Chapter 4

Load Balance and User Association in

HetNets

In this chapter, our proposed solution for the Load Balance and User Association in
HetNets problem will be presented. Section 4.1 introduces an abstraction of the sys-
tem including some assumptions and simplifications adopted to narrow down the system
model.

Section 4.2 presents three strategies to solve this problem. Firstly, in 4.2.1, the problem
is formulated as an integer linear programming (ILP) problem. Secondly, in 4.2.2, a greedy
heuristic over solutions of a relaxed version of the proposed ILP is presented as a faster
alternative. Finally, in 4.2.3, a distributed probabilistic load-aware heuristic is proposed
as an even faster strategy to solve this problem.

4.1 System Model

We consider a two-tier cellular network consisting of a set of Pico and Macro Base
Stations distributed as shown in Figure 4.1. The values in this figure indicate the per-
centage of the total number of UEs whose position is uniformly distributed within each
cell.

Despite being represented as hexagons, the BSs’ coverage area are circles and they
actually overlap their neighbor’s coverage area. Such fact is illustrated in Figure 4.2, the
green area is the intersection of coverage areas of neighbor cells.

Downlink and uplink communication do not behave similarly on HetNets. The focus
of this work, therefore, is on the downlink problem.

The downlink capacity of a given BS is given by the number of Physical Resource
Blocks (PRBs) that are available to transport data in a timeframe of 1 second considering
that Orthogonal Frequency-Division Multiple Access (OFDMA) is used and a bandwidth
of 20 MHz. The PRBs used to control the communication are not being considered.

Each UE can connect to a single BS and it requests a minimum data rate in Mbps.
However, the same number of PRBs does not necessarily delivers the same data rate for
two distinct UEs due to different levels of interference.

In order to compute the number of needed PRBs a BS b has to provide to satisfy the
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Figure 4.1: Simulation scenario (Adapted from [41])

Figure 4.2: Base Stations’ coverage area (Adapted from [24])
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desired data rate for a given UE m, we use the Shannon equation that gives the maximum
data rate bm supports under the presence of interference.

In Shannon’s equation, the maximum data rate of the channel, denoted by Cbm, de-
pends on the bandwidth W and on the SINRbm of the channel and is given by:

Cbm = W · log
2
(1 + SINRbm) (4.1)

By equation 4.1 we need to compute the SINRbm which can be defined as the ratio of
the signal power to the summation of the average interference power from the other cells
and the background noise power [8] [53] [62]:

SINRbm =
Pb · Amb( ~qm, θb)

N +
∑

b′∈B\{b} ρb′ · Pb′ · Amb′( ~qm, θb′)
(4.2)

where B is the set of BSs, Pb is the transmit power of the BS b ∈ B, θb is the network
wide downtilt angle which is constant in this simulation. Amb is the overall attenuation
incurred by m if connected to b; ~qm is the position of m which is constant; N is the
thermal noise power; Pb′ is the maximum transmit power of each one of the other BSs;
and ρb′ is the cell availability, i.e., the fraction of available PRBs in b′.

After calculating the SINRbm, we can compute the maximum data rate Cbm supported
by the channel between b and m. The number of PRBs in a timeframe of the LTE
network is NW for each bandwidth W . The effective data rate supported by one PRB
in the channel between b and m is d = Cbm/NW . Given that the user m requires a data
rate of l Mbps, we then compute the number of PRBs required to achieve this data rate:
lmb = l/d = NW/(l · Cbm).

LTE supports peak downlink speeds of up to 300 Mbps with maximum channel band-
width of 20 MHz, which corresponds to 100 PRBs [57] [67].

We consider that UEs request different services, that is, different minimum data rates.
In addition, note that the UEs are not susceptible to exactly the same interference, which
affects the minimum number of required PRBs.

Although the services requested by users differ by the minimum rate they demand,
priority among them is not being considered in this work.

Furthermore, we assume the interference, the position of the UE, and the minimum
number of PRBs required by a UE are constant in the considered timeframe.

4.2 Problem Formulation

There are many association strategies that aim to associate the UEs with BSs to
maximize the number of accepted UEs. In these strategies, load balancing is considered
as another parameter of quality and not the final goal [25] [26] [66].

This section introduces an ILP model, a greedy linear programming heuristic, denoted
by LP_GREEDY, and a distributed probabilistic strategy, called PROB_MIN_LOAD,
for the problem of UE association considering load balancing as an objective. The goal of
the introduced strategies is to perform user association taking into account the minimum
data rate requested by each UE as well as the available downlink capacity of the BSs in
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such a way that the total load is evenly distributed among macro and small cells.

4.2.1 Integer Linear Programming Model

Objective:

Minimize the difference in terms of load between the most overloaded BS (Lmax)
and the least overloaded BS (Lmin).

Definitions:

M = set of UEs
B = set of BSs
Mb = {m ∈ M ;m is in coverage area of b ∈ B}

cb = capacity of b ∈ B in PRBs
lmb = minimum load of PRBs that m ∈ Mb demands from b ∈ B (this number
includes the losses caused by interference)
α = minimum percentage of UEs that must be served

Decision variables:

xmb ∈ {0, 1} indicates whether m ∈ Mb should be served by b ∈ B or not
Lmax ∈ [0, 1] is the fraction of used PRBs of the most overloaded BS in the found
solution
Lmin ∈ [0, 1] is the fraction of used PRBs of the least overloaded BS

Model:

(P.1)

minLmax − Lmin

s.t. Lmax ≥
1

cb

∑

m∈Mb

lmbxmb ∀b ∈ B (4.3)

Lmin ≤
1

cb

∑

m∈Mb

lmbxmb ∀b ∈ B (4.4)

∑

b∈B

xmb ≤ 1 ∀m ∈ M (4.5)

∑

m∈Mb

lmbxmb ≤ cb ∀b ∈ B (4.6)

∑

b∈B

∑

m∈Mb

xmb ≥ α|M | (4.7)

xmb ∈ {0, 1} ∀m ∈ M, ∀b ∈ B (4.8)

Lmin, Lmax ∈ [0, 1] (4.9)

Objective Function: Minimize the difference between the most overloaded BS and
the least overloaded one (load balancing). The constraints are:

(4.3) Lmax must be the biggest among all loads.
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(4.4) Lmin must be the smallest among all loads.

(4.5) Each UE must be served by at most one BS.

(4.6) The sum of the loads of all served UEs in a BS cannot be greater than its
capacity.

(4.7) The number of served UEs must be greater than α of all UEs. Without this
constraint, {xmb = 0, ∀m ∈ M, ∀b ∈ B} would be an optimal solution.

We want the largest possible value of α, i.e., to serve the largest number of UEs, and
for this value the ILP optimizes the load balancing. This value of α is found via an
iterative process described below.

For each fixed value of α in the finite set {1.00, 0.99, 0.98, . . . , 0.00}, in decreasing order
of value, we solve the above ILP and check if a feasible solution could be found. As soon
as a feasible solution is found for the ILP, the process stops. This way we are trying to
find the solution that gives the best possible load balancing and serves the largest number
of UEs.

A simple implementation of this method results in an algorithm that in the worst
case has to solve 100 ILPs. In our implementation, instead of this linear search of the
greatest value of α inducing a valid ILP, we perform a binary search in the finite set
{1.00, 0.99, 0.98, . . . , 0.00} which results in at most 7 ILPs to be solved.

In addition, the partition problem can be reduced to this load balancing problem, so
optimal solutions can only be found with exponential time algorithms, assuming P 6= NP

[29].
An instance of the partition problem is a set of natural numbers S and it needs to be

decided whether there exists a partition of S in two sets A and S \ A such that

∑

e∈A

e =
∑

e′∈S\A

e′ =
1

2

∑

ê∈S

ê

Similarly, a version of the decision problem of P.1 is to decide whether it is possible to
allocate all UEs such that Lmax−Lmin ≤ k. In order to make the reduction in polynomial
time, for each e ∈ S, create a UE, me ∈ M , that demands the load e. In addition, create
two BSs b1, b2 ∈ B with infinity capacity such that me is served by bi if and only if e ∈ Bi,
where i = {1, 2}. Thus, there is a solution for the partition problem if and only if there
is a solution for our problem with Lmax − Lmin ≤ 0.

4.2.2 Greedy Linear Programming Heuristic

The ILP model described previously gives an optimal solution but it is computationally
expensive as shown in Section 4.2.1. Thus, in order to get a possibly good solution in
polynomial time, the integrality constraints of the variables xmb were relaxed and a greedy
strategy was applied over the relaxed solution.

In Algorithm 1, given the solution of the relaxed version of the linear program,
LP_SOL, all decision variables xmb are enqueued in descending order of their values.
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Algorithm 1 Greedy strategy over LP Solution

1: procedure LP_GREEDY(LP_SOL)
2: Let x = (x11, x12, . . . , x|M ||B|) be the fractional solution of LP_SOL
3: Sort x in descending order of values
4: for each xmb in this order do
5: if m is not associated then
6: associate m with b if b has enough capacity
7: end if
8: end for
9: end procedure

Afterwards, this queue is consumed in this order, and for each xmb, if the UE m was
not previously associated, it is then associated to the corresponding BS b in case it has
available capacity to serve m. If b is overloaded, the UE is not associated to any BS in
this iteration but it will possibly be in a future one while the queue is being consumed.

4.2.3 Distributed Probabilistic Minimum Load Heuristic

The heuristic LP_GREEDY is fast but it is relatively complex to be implemented
since it requires the resolution of an LP program. Moreover, it requires a stateful central
controller. To overcome these limitations, a distributed probabilistic heuristic is proposed
in this section.

The probabilistic heuristic requires that each UE receives information about the load
of its reachable BSs, which can be easily done if each BS transmits this information. Then
the UE probabilistically decides to which BS it is going to connect based on the received
load information.

Algorithm 2 Probabilistic Minimum Load Strategy

1: procedure UE.PROB_MIN_LOAD(ReachableBS)
2: total = 0.0
3: for each b in ReachableBS do
4: availableb = (capacityb − loadb)/capacityb
5: total = total + availableb
6: end for
7: for each b in ReachableBS do
8: Pr(b) = availableb/total
9: end for

10: Assign m to one of the reachable BSs considering the computed probabilities
11: end procedure

We assume that each UE independently runs Algorithm 2. Each UE independently
calculates the percentage of available capacity for each of its reachable BSs. These values
are used to define the probability distribution of the chance of connection to each reachable
BS. Note that the higher the available capacity in some BS, the higher the probability
that some UE connects to it, but since associations are done randomly, the load tends to
be evenly distributed among the BSs.
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However, such heuristic does not assure the constraint 4.7 will be respected, that is, a
minimum number of served UEs is very likely to be greater than zero but it also may be
below than alpha of all UEs.

In addition, note that the LP-based strategies depend on a centralized controller, that
is, a load balancer on the system. Since this distributed probabilistic heuristic should be
implemented as part of the UE’s business logic, it could work along with load balancers
by trying to make potentially good associations. So, it is likely even better results could
be obtained by using a hybrid approach in which load balancers work along with user
association policies implemented on the UEs.

4.3 Summary

In this chapter, we introduced the system model that is being considered and proposed
an Integer Linear Programming (ILP) model to jointly solve the Load Balance and User
Association problems in HetNets. Afterwards, two heuristics are proposed: a greedy one
that depends of a solution a relaxed version of the ILP model and a distributed and
probabilistic one which is independent of linear programming. The next chapter presents
the performance evaluation of the proposed strategies and the comparison with state-of-
the-art solutions.
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Chapter 5

Simulations and Results

5.1 General Considerations

To evaluate the performance of the proposed heuristics, the scenario described on [41]
and showed in Figure 4.1 was used, since it illustrates one of the most common situations
in HetNets [12]: the deployment of picocells on high demanding service areas to share
the macrocells’ loads. In addition, a simulator1 was implemented and the simulation
parameters adopted in the proposed scenario were based on a 3GPP recommendation [7]
and are presented in Table 5.1.

The ILP model and the proposed heuristics were compared to the following strategies
that were proposed by Fooladivanda [25] and Ye et al [66]:

• Best Downlink: UEs are associated with the BS which presents the best downlink
bit rate.

• Best SINR: UEs are associated with the BS which presents the best SINR (Signal
to Interference plus Noise Ratio).

• Pico Cell First: UEs are associated with the pico cell as long as its SINR is better
by a given factor in comparison with the macro cell.

• Range Expansion: it is similar to Best SINR strategy but a multiplicative SINR
bias is assigned to each BS tier.

• Rate Bias: alike Range Expansion but the biasing factor is in the exponential term
of the SINR instead.

Our algorithms are denoted by ILP_SIMPLE_MODEL (Section 4.2.1), LP_GREEDY
(Section 4.2.2) and PROB_MIN_LOAD (Section 4.2.3). The comparison is performed
considering static and dynamic scenarios.

A framework to perform the simulations and all the strategies were implemented in
Java 7. This framework included tools to generate the simulation scenarios, classes to
model HetNet entities, a common interface to ease the implementation of the several
strategies, a CPLEX LP file generator and utilities to aid the analysis of the results.

1https://bitbucket.org/alehirata_team/load-balancer-simulator



56

In addition, Bash scripts were written to automate the execution of multiple test
scenarios and the generation of results report. Besides, the ILP problems were solved
using IBM ILOG CPLEX Optimization Studio 12.5.1.

The source code of the simulator is publicly available at https://bitbucket.org/

alehirata_team/load-balancer-simulator.
In order to run the simulations, a Macbook Pro Mid-2014 was used. In summary, it

runs the macOS with a 2.5 GHz Quad-Core Intel Core i7, 16 GB of DDR3 RAM and a
512 GB SSD.

Parameters Values/assumptions
Total number of active UEs
(|M |)

100, 200, 300, . . . , 1000

Number of cells Seven macro cells and three pico cells
Cells layout (as shown in
Figure 4.1)

Seven hexagonal-grid loaded macro cells with wrap-
around. Three loaded pico cells are deployed at the
boundary of the central macro cell with wrap-around.

Inter-site distance of macro
cells

500m

UE deployment (Fig. 4.1) Each pico cell is deployed by 20% of UEs among |M |.
These UEs attach to the BS of the pico cell. Each macro
cell (except the central) is deployed by 6% of UEs among
|M |. These UEs attach to BSs of corresponding macro
cells. 4% of UEs among |B| are deployed to and attach
to the central macro cell.

The downlink Tx power of
the BS in the macro cell

46 dBm

The downlink Tx power of
the BS in each pico cell

30 dBm

Table 5.1: Parameters used in the simulation scenarios.

5.2 Static Scenarios

5.2.1 Simulations

To create a static scenario, the positions of the UEs were calculated randomly but
respecting the distribution illustrated on Figure 4.1. Furthermore, the UEs request band-
width for three different services according to the parameters shown in Table 5.2. The
services are evenly distributed among the UEs and, for each fixed value of the total number
of UEs, 30 randomly different test scenarios were generated.

In order to avoid too long runs of CPLEX when trying to find optimal solutions of
ILPs and LPs, it was configured not to exceed 5 minutes of run time per problem.
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Telecommunication Service Minimum Bandwidth
Voice over IP (VoIP) Call 100 kbps
Video Call (HD) 1.5 Mbps
FullHD Video Streaming or
Group video call (+7 people)

8 Mbps

Table 5.2: Minimum bandwidth required by the services used in the simulations [6].

5.2.2 Results

The figures presented in this section show mean values with confidence intervals of
95% derived using the independent replication method. Figures 5.1, 5.2, and 5.3 present
the results for the static scenarios.

Figure 5.1 presents the percentage of associated UEs by each one of the implemented
algorithms. We can see that LP_GREEDY accepts as much UEs as the ILP-based strat-
egy, ILP_SIMPLE_MODEL. Besides, PROB_MIN_LOAD is the best strategy which
does not rely on linear programming. Moreover, the proposed strategies accept more UEs
than the competing strategies of the literature specially for overloaded scenarios (more
than 200 UEs).

Figure 5.2 shows the load balancing results. Both proposed strategies, LP_GREEDY
and ILP_SIMPLE_MODEL, balance the load more evenly than the other strategies.
Furthermore, PROB_MIN_LOAD is also the best among the ones that do not use linear
programming. In addition, note that all the other strategies leave at least one cell with 0%
of load (points in the figure where Lmax−Lmin = 100%) because they do not consider the
load of the cells when deciding the assignment of a UE. Thus, for UEs in the boundary of
the coverage area of a loaded cell, the chance of choosing the loaded cell or the unloaded
one is the same.

Figure 5.3 presents the average load of the BSs. The strategies proposed in this work
provide a better usage of the available network resources than the other strategies. This
can be partially explained by the fact that the proposed algorithms were able to serve
more UEs than the other strategies. As explained before, the higher acceptance rate is
possible due to the load awareness because the UEs in the boundary of loaded cells choose
the unloaded cells in the neighborhood instead of the loaded ones.

In terms of run time, while LP-based strategies were taking about 3.5 seconds to solve
an instance of the problem, the other strategies were taking around 350 milliseconds on
the 100 UEs scenario. Going up to 500 UEs, LP-based strategies were taking more than
10 minutes while other strategies were not taking more than 400 milliseconds. Finally, on
the 1000 UEs scenario, LP-based strategies were taking more 15 minutes while the others
were not reaching 500 milliseconds.
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Considering the metric of load balancing, we can see that both proposed strategies
that are independent of ILP, LP_GREEDY and PROB_MIN_LOAD produce as good
results as the other strategies from the literature for underloaded cells scenarios, and
present better results on overloaded cells scenarios. It is also interesting to note that
while our algorithms main objective is to improve load balancing, LP_GREEDY and
PROB_MIN_LOAD not only achieved better results on load balancing but also accepted
more users even in comparison with strategies that aim for user attendance.

5.3 Dynamic Scenarios

5.3.1 Simulations

The static scenarios show how the strategies would behave when they need to match
all the UEs with all the BSs as much as possible but in a single shot. However, what
happens in real life is that UEs come one by one or even in batches but not all of them
at once. That is, it is very unlikely all UEs happen to turn on at the exact same time.

In order to evaluate the proposed solutions in dynamic scenarios, we also performed
simulations with UEs randomly joining the system one by one respecting a fixed arrival
rate for 60 minutes. Likewise the previous simulation, the values used in Table 5.1 are still
valid but with the addition of the values in Table 5.3. Moreover, the same strategies from
the literature used for comparison in the static scenario are also going to be considered
here.

Parameters Values/assumptions
UEs joining per minute 10, 20, 30, . . . , 120
Call duration 100s
Video Call duration 300s
FullHD Video Streaming duration 600s
Test duration 60min

Table 5.3: Parameters used in the dynamic simulation scenarios

5.3.2 Results

The figures presented in this section show mean values with confidence intervals of 95%
derived using the independent replication method. Figures 5.4, 5.5, 5.6 present the results
for the dynamic scenarios. Note that, in these charts, BEST_SINR, PICO_CELL_FIRST
and RANGE_EXTENSION show almost identical results, that is why their curves are
overlapped.

Figure 5.4 presents the percentage of associated UEs by each one of the implemented
algorithms when scenarios with different UE arrival rates were tested. It can be observed
that PROB_MIN_LOAD is the strategy that accepts more UEs. In addition note that
BEST_DOWNLINK is close to PROB_MIN_LOAD but it is always accepting less users
than the first one. Furthermore, note that the other strategies behave similarly but they
are always outperformed in this criterion.
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Figure 5.5 shows that the PROB_MIN_LOAD strategy provides the best load bal-
ancing results. However, in this criterion, BEST_DOWNLINK is not always better than
the other strategies like in the previous one, i.e., it is accepting more UEs than the others
but its load is less balanced among the BSs.

Figure 5.6 shows the average load of the BSs. Likewise the load results presented
for the static scenarios (Figure 5.3), the strategy proposed in this work leads to a better
usage of the BSs capacity. This can be partially explained by the fact that the proposed
algorithm is able to accept more UEs than the other strategies. Likewise the results
presented in Figure 5.5, it happens because the UEs in the boundary of loaded cells
choose the unloaded cells instead of the loaded ones due to their load awareness.

Regarding run time, the strategies were taking around 400 to 900 milliseconds to
simulate all the events of each proposed scenario.

Likewise the results presented by the static scenario, PROB_MIN_LOAD produces
as good results as the other strategies from the literature for underloaded cells scenarios,
and present better results on overloaded cells scenarios. It is also interesting to note that
while our algorithm main objective is to improve load balancing, PROB_MIN_LOAD
not only achieved better results on load balancing but also accepted more users even in
comparison with strategies that aim for user acceptance.

5.4 Summary

In this chapter, we presented the performance evaluation of the strategies proposed in
this work and compared them with some of the mains solutions proposed in the literature.
According to the simulation results, the strategies proposed in this work perform better
than the others specially in scenarios of heavy traffic load. The next chapter presents the
conclusions as well as future works.
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Chapter 6

Conclusions and Future Work

HetNets were introduced as a possible solution to increase the capacity and the cover-
age area of the existing homogeneous networks and it is part of the specifications of LTE,
LTE-A and the emerging 5G.

HetNets presented a layered architecture in which LPNs can share the load of the high
power nodes. Nevertheless, they also brought some challenges to be overcome such as the
search for good strategies to both associate users and balance the load.

User association and load balancing strategies devised for homogeneous networks are
no longer optimal in HetNets because they mostly relied on the signal strength between
the UE and BS. In HetNets, such strategies would make the UEs to always try to connect
to the high power nodes and the LPNs would be underutilized.

In this work, the user association and load balancing on HetNets problem was for-
mulated as an integer linear program problem whose solution was used as a baseline.
Afterwards, a greedy strategy over a relaxed version of this model was presented. Fi-
nally, a distributed probabilistic heuristic, that privileges BSs with greater availability
was introduced.

According to the presented results, in static scenarios, the proposed strategies per-
form better than other non-optimal strategies, mainly on overloaded cells scenarios, by
accepting more UEs and by sharing the load more evenly.

Note that, for static scenarios, the strategies based on linear programming presented
the best results. However, they would require a centralized load balancer in order to be
deployed in production. Besides, they are computationally expensive to be calculated
since the linear program is modified every time a new UE needs to be served or a UE is
no longer served by any BS.

On the other hand, the distributed heuristic would not require a load balancer, the
UEs themselves would decide to which BS they would prefer to be connected to. UEs
would just need the data about the load state of the BSs they are trying to connect to.
For dynamic scenarios, this solution, also performed better than the other strategies on
overloaded scenarios. In such situations, the load is more balanced among the BSs, more
UEs are accepted and the capacity of the BSs are used in a more efficient way.

The strategies proposed here are not free of limitations; there is a great number of
open challenges concerning User Association and Load Balancing in HetNets in which
this work can be extended to.
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Load Balancing and User Association are two different objectives that may oppose
to each other when trying to maximize one or another. Thus, the proposed ILP model
could be extended to use multi-objective optimization, so it would also have an objective
function to maximize the user association instead of using binary search for alpha. An
example of possible objective function to be considered is adding up the all xmb, that is,
the number of served UEs. Therefore, it is likely better solutions may be found.

This work focused on the downlink, however, there are some works that either consider
just the uplink or try to consider both like Sapountzis et al [55]. In HetNets, the downlink
and uplink are considerably different such that the decision of considering just downlink,
only uplink or both can lead to totally different solutions. So, such scenario can be more
thoroughly explored.

Besides, this work considered that there was no priority among the services and there
was no fairness among them either. So, the given solutions may lead to starvation for some
UEs that demand high bandwidth services. Moreover, by not considering priority among
the services, the presented solution may refrain from accepting UEs using emergency
services. For telecommunication switches in the industry, emergency services in general
(e.g. calls to police, firemen, emergency medical services) must be processed at all costs,
even if someone else’s call must be dropped to free up some resources.

The current work assumed a UE can be served by just one BS. However, by using
massive MIMO in HetNets like Xu and Mao [65], such restriction can be removed and
possibly better solutions can be achieved. So, we could adapt our distributed strategy to
this scenario and compare it with their strategy.
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