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Sumario

A crescente procura por servigos sem fios de banda larga levou ao desenvolvimento e
evolucao das tecnologias de rede celular, que prometem ritmos elevados para utilizadores
méveis. A 3GPP propos o LTE (Long Term Evolution) e mais recentemente o LTE-A
(LTE advanced). Estd prevista a existéncia de macro estagoes base (eNB) e de micro
estagoes (HeNB), com baixa poténcia que complementa a cobertura da rede aumentando
a densidade de estagoes base. Com o inerente aumento da interferéncia, torna-se essencial
uma recegao eficaz. Nesta dissertacao é proposta a utilizagdo de SC-FDE no downlink de
uma rede de femtocells e especialmente a utilizagdo da recegao multipacote (MPR) para
fornecer servigos de alto débito sem fios. Por outro lado com as crescentes preocupagoes
ambientais, surgiu o conceito de Green Communications (GC) que visa encontrar solugoes
para o melhoramento da eficiéncia energética das redes. Tendo como base os principios
de GC é proposto um algoritmo para controlar o nimero de estagoes base (principais re-
sponsdaveis pelo consumo energético das rede sem fios) necessarias fornecer servigos com
igual elevada qualidade. Os resultados globais mostram que as tecnologias empregues sao
uma solugao para obter uma boa relagdo desempenho/poupanga energética, indo ao en-
contro das exigéncias (elevadas taxas de dados) e das preocupagoes (baixo consumos de

energia) da sociedade moderna.

Palavras Chave: Long Term FEvolution (LTEl), Single Carrier with Frequency
Domain Equalization (SC-FDE), Frequency-Domain Equalization (EDEI), Iterative
Block-Decision Feedback Equalizer (IB-DFEI), femtocell (Home enhanced Node B
(HeNDBl)), Successive Interference Cancellation (SICl), Multipacket Reception (MPRI),
Green Communications (GC))
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Abstract

Driven by the growing demand for high-speed broadband wireless services, [LTEl technol-
ogy has emerged and evolve, promising high data rates to the demanding mobile users.
Based on the 3rd Generation Partnership Project (3GPP) specifications,Long Term Evo-
lution Advanced (LTE-A]) telecommunication services predict the existence of macro base
stations, Enhanced Node B (eNB)) and micro stations [HeNB] with low power that comple-
ments the network’s coverage. This dissertation studies the complementary use of
(femtocells terminology) to provide broadband services. It is essential to main-
tain the networks performance with the network densification phenomenon, which brings
significant interference problems and consequently more collisions and lost packets. The
use of in the downlink of a [LTE-Al femtocell network - specifically multipacket
reception (MPR), with an [B-DFEI receiver employing Multipacket Detection (MPDI) and
[SIC techniques is proposed. A new telecommunications concept named emerged with
the increasing environmental concerns. This dissertation shows the performance results
of an iterative [MPR] and proposes a green association algorithm to change the network
layout according to the mobile users demands reducing the Base Station (BS)’s negative
contribution to the network total energy consumption. The overall results show that the
technologies employed are a solution to achieve a favorable trade-off between performance
and Energy Efficiency (EE), responding to the global demands (high data rates) and con-

cerns (low energy consumption and carbon footprint reduction).

Keywords: Long Term Evolution(LTE]), Single Carrier with Frequency Domain
Equalization (SC-FDE]), Iterative Block-Decision Feedback Equalizer (I[B-DEFE),
Home enhanced Node B ([HeNB]), Successive Interference Cancellation (SICl),Multipacket
Reception(MPRI), Green Communications (GC) ,
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Chapter 1

Introduction

In recent years, due to the continuous technology development, operators saw a rapid
growth of mobile broadband subscribers as well as of their traffic volume demanded, spe-
cially due to the introduction of more advanced mobile devices and real time services [1].
As a consequence of this, there is also an increasing demand for high speed data rate
services. Under the partnership of the BGPP] [LTEl was developed and proposed to sub-
scribers to fulfill this ambitious task. [[TEl evolution, known as [[TE-Al was the first to
meet the International Mobile Telecommunications-Advanced (IMT=A]) requirements for
4G systems, promising among others [2], peak data rates up to 1 Gbit/s. To achieve
the desired hight data rates, [[TE-Al proposed a set of features such as spectrum flexibil-
ity, multi-antenna transmission, scheduling and link adaptation, carrier aggregation, relay
nodes, Heterogeneous Network (HNefl)s and Coordinated Multipoint (CoMPJ), among oth-
ers [3]. [LTElradio access exploit rapid variations in channel quality in order to make more
efficient use of available radio resources. This is done in both time and frequency do-
mains using Orthogonal Frequency-Division Multiplezing (OFDM)]) and multiple
access versions, known as Orthogonal Frequency-Division Multiple Access (OFEDMAI) and
Single Carrier Frequency-Division Multiple Access (SCEEDMA), in the Downlink (DI
and Uplink (UL respectively. One of the major concerns is the probable lack of capacity
due to the rapid and continuous growth of traffic data demands. The concept of
was introduced to face this problem, which briefly consists on adding a second layer to

the existing network (macro [BSk), dedicated to low power []. Seen as the most
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cost-efficient solution to both service provider and end user , the femtocell [BS (or [HeNB
in BGPP)) terminology deployment became a reality. Femtocell networks use the same

Physical layer (PHY)) technology as macro cellular networks, which means [OFDM] and
multi access versions, serving less users compared to the macro network. Al-
though it enhances the overall network performance, the [HNef]l approach also brings new

concerns such as the increase of the interference level [4].

1.1 Motivation

According to the requirements, [[TE-Alis expected to provide higher data rates. Increasing
the transmit power seems to be the logical solution. However, it causes higher inter-
ference in the network and consequently reduces the network efficiency (performance). To
enhance the network performance/efficiency, the decrease of the cell size, reducing the
transmit power, seems to be the solution. This reduction is compensated with an increase
in the number of deployed in the network. With the emerge of these low power [BSk,
known as femtocell base stations or in terminology, the network layout was
redesigned, bringing the [UEk and the closer to each other. To take advantage of the
low power transmissions, an efficient reception becomes essential to enhance [HeNBE cover-
age range and communication links reliability. In addition, most of the proposed solutions
to deal with poor transmission conditions forgot the Energy Efficiency(EE]) issue, being

typically performance-oriented.

1.2 Objectives and Contributions

[CTE-Al telecommunication services predict the existence of macro base stations, [eNB], and
femto base stations with low power that complements the network’s coverage. This
dissertation aims to study the complementary use of to provide ultra-wideband
services. It is assumed that there is a fiber network interlinking the [HeNBk, allowing the
use of MPR] and switch off techniques. To handle the network densification phenomenon,
which brings significant interference problems and consequently more collisions and lost

packets, this research work proposes the use of SC-FDEI in the downlink of a [LTE-Al
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femtocell network - specifically the use of an [B-DEFF] receiver employing and
techniques. The work is divided in two parts: the first part (chapter [3|) analyzes the en-
hancements achieved with the [B=DFEI receiver and [MPRI] technique when multiple
transmit concurrently. In the second part (chapter |4 it is discussed the appliance of the
iterative receiver and technique combined with a switch off technique. The
main objective is to achieve the best trade off between performance and energy efficiency,
according to the global demands (high data rates) and concerns (low energy consumption

and carbon footprint reduction). This work main contributions are :

e It shows the[IB-DEFElreceiver employing [MPR]technique applicability in the downlink
of a [LTE-A] femtocell based network.

e The development of a green association algorithm, which achieves a trade-off between
energy efficiency and performance, changing the network layout according to the

mobile users demands.

1.3 Thesis Structure

Chapter 2| presents the [LTE] networks key characteristics and features. A brief description
of [LTEl evolutionary process is presented in section[2.1.1} The [LTE-Alnetwork architecture
is depicted in section The [DIJ and [UTJ] multi access schemes adopted are discussed
in section Section addresses the emerging of small cells. Relevance is given
in this thesis to a specific type of small cell named femtocell or [HeNBl being explained
its concept in section the fundamental changes that it introduce to the existing
network architecture in section and its modus operandi in terms of access modes
and spectrum allocation in sections [2.2.3| and [2.2.4) respectively. Section [2.3] addresses the
concept of [HNetk and discussed the associated interference problems and some possible
solutions.

Chapter [3| discusses several aspects related to the possible adoption of a single carrier
transmission scheme, named [SC-FDE], in a downlink of an [LTE] femtocell based network.
Firstly, section presents the concept and explains in detail the various types of receivers

respectively in sections[3.1.1], [3.1.2]and [3.1.3] The[MPRltechnique, which applies[MPDland
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[SIC approaches, is explained in detailed in section In section [3.1.5]it is presented the
Packet error rate (PER)) calculation model used in this work. The network interference is
characterized in section [3.2] Section describes the adopted propagation model, being
the detailed explanation of the channel generation process given in section [3.4] Finally,
in section the performance results regarding to the use of the proposed receiver in the
set of chosen simulation scenarios are exhibited and discussed.

Chapter [4 starts with the explanation of the concept, concerns and proposed
approaches in section[f.1] In section[d.2]it is presented and explained in detail the proposed
green algorithm. Finally, in section [4.3]is discussed the performance results in terms of
energetic gains, regarding the green algorithm appliance in the definition of a [LTE-Al

femtocell based network layout.



Chapter 2

State of the art

This chapter provides a brief overview of [LTE] addressing key topics such as, network
architecture, applied multiple access schemes and other relevant issues related to the in-

troduction of the small cells (femtocells) approach.

2.1 LTE (Long Term Evolution)

As a consequence of the technological evolution emerged a new concept of mobile users,
more demanding and accustomed to access broadband services everywhere.

Mobile broadband, has become a necessity. The Global System for Mobile Communications
(GSM]) answered to this trend developing new mobile technologies to achieve high quality
of services and better performances, such as higher data rates, larger capacity, greater
spectral efficiency, packet switched optimized system and cheaper infrastructure.

[LTEl was a step beyond 3G and towards the 4G and evolved after Enhanced Data rates
for GSM FEvolution (EDGE), Universal Mobile Telecommunications System ([UMTS),
High Speed Packet Access (HSPA]) and [HSPA| Evolution, to face users increasing demands
and ensure BGPPl's competitive edge over other cellular technologies [5]. The evolution
towards [LTE] began with Release 98 specifying and then continued with Release
99. Release 99 specifies [UMTS with Code Division Multiple Access (CDMA]) air interface.
The technology moved to an all-IP network development in Release 4. networks
development moved to [HSPA] introduced in 2002 by Release 5 (High-Speed Downlink
Packet Access (HSDPA])) and Release 6 (High-Speed Uplink Packet Access (HSDPAI)). The
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improvements in mobile technologies went on by [ HSPAH-, which is described in Release 7.

2.1.1 Evolution to LTE-A

The first version of [LTE] was completed in March 2009 as part of BGPP| Release 8 and just
like the majority of the technologies, it went through an evolutionary process. In order to
properly respond to increasing operator and end-user expectations, the [LTE radio access
technology is continuously evolving. In this evolutionary process, releases 9 and 11 were
seen as intermediate releases that introduced multi-cast / broadcast functionality and
[CoMP| transmission and reception of respectively.

Releases 10 and 12 were the major steps in this continuous evolution. The first one
commonly referred to as [CTE-A] [6] introduced carrier aggregation, Multiple-Input and
Multiple-Output (MIMOQ)) evolution up to 8 x 8 and 4 x 4 in the [DI] and [UL] respectively,
relay nodes, small cells and [HNetk [7][8], allowing [LTE]l to meet [MT=A] requirements for
4G systems, such as peak data rates up to 1 Gbit/s, as defined by the International
Telecommunication Union Radiocommunication Sector (ITU-RI)[9).

[BGPPTs release 12 targets the increasing demand for mobile broadband services and traffic
volumes focusing areas like capacity increase, energy savings, cost efficiency, support for

diverse application and traffic types, higher user experience/data rate and small cells [10].

2.1.2 Network Architecture

LTE embraces the evolution of the radio access through the Evolved UTRAN (EZ=UTRAN)),
accompanied by the evolution of non-radio aspects termed System Architecture Evolution
(SAE]), originating the overall architecture termed Evolved Packet System (EPS) [11].
The Evolved Packet Core (EPC), or core network, is a flat, packet switched all-IP
network . Its architecture is divided in two planes: Control Plane (C-Pland) and User
Plane (U-Plane)). [EPC consists of functional entities including nodes such as
Mobility Management Entity (MME]) and [U-Pland nodes such as Serving Gateway (S-GW))
and Packet-data Network Gateway ([P-GW]). The flat and fully distributed radio-access
network architecture EEUTRANI [12], as depicted in figure , consists of base stations,

denoted as enhanced Node B(eNB]). TheleNBk are responsible for managing multiple cells,
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as well as, implement all related radio functions, such as Radio Resource Management,
Header compression, security, positioning and connectivity to [EPCl The interface X2
enables direct communication between [eNBE, supporting mobility, inter-cell interference
management and Self-Organizing Network (SON]) functionalities. S1 connects
and [EPC] connecting [eNBk to and entities .

MME/S-GW MME/S-GW

/\ AN
/7 \ !\

\ /
\

<<«/§>>/ ‘\<<7\»>>

X2

NVY1n-3

eNB eNB

eNB

Figure 2.1: LTE Radio Access Network Architecture

2.1.3 Multiple access schemes

The adopted multiple access schemes for [DI] and [UT] in [CTEl are built over [OFDM] and
SC-FDEl modulations. This section starts with a brief introduction to [QEDMI| main char-

acteristics, being the [SC-FDE] explained in detail later in chapter

2.1.3.1 Orthogonal Frequency Division Multiplexing (OFDM)

is widely used in wideband wireless communications due to the numerous advan-
tages associated to its usage, where the ability to handle severe channel conditions should
be highlighted [13]. [OFDM] is a Multi-Carrier (MC) transmission scheme in which a
single channel with a certain frequency band uses multiple sub-carriers on adjacent fre-
quencies. In order to maximize spectral efficiency and simultaneously prevent adjacent
channel interference or Inter-Carrier Interference ([CI)), the sub-carriers are orthogonally

overlapping (see figure [2.2))[14]. Each subcarrier is modulated with a conventional modu-
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lation scheme (e.g. Quadrature amplitude modulation or Quadrature Phase-Shift
Keying (QPSK)) at a much lower rate than the original stream, which combined with the
use of an efficient implementation of Discrete Fourier Transform (DET]), named as Fast
Fourier Transform (EET), to simplify and improve the channel equalization [I5].

Overlaping Sub-Carriers

| | |

Frequency

Figure 2.2: OFDM Subcarrier Spectrum

However, communication systems are susceptible to multi-path channel reflections,
that leads to delayed copies of the signal and delay spread in transmission, causing Inter-
Symbol Interference ([SIl). To avoid/reduce [SI] the based transmitter introduces
a guard period, known as the Cyclic Prefiz (CPJ), between each transmitted data symbol.
The is a repetition of the last section of the symbol that is inserted before to
its beginning, that does not carry data and its length is chosen in order to be larger than
the expected delay spread of the propagation channel, as depicted bellow in figure

I

s(t)

Cyclic Prefix OFDM block
e
Ts T
- > < >
T
- 2 >

Figure 2.3: OFDM Block Structure with Cyclic Prefix
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Similar procedures are applied in the reverse order at the receiver side.A simple OFDM

block diagram is shown in figure

FFT Ad P RN
Decision Channel RF
| Device Fqualizaton FFT Remove CP JADC \T

Figure 2.4: Basic OFDM transmitter and receiver block diagram

Although[OFDMlmeets the demands for spectrum flexibility and provides cost-efficient
solutions for wide-band wireless communications, it has an enormous drawback (especially
to [ULl communication side): the high Peak-to-Average Power Ratio (PAPR]), which re-

quires linear transmitter circuitry that can be expensive [16].

2.1.3.2 OFDMA in the downlink

[OFDMAI was chosen to be the transmission scheme in [[TEl downlink. It is very similar to
[OFDM| with the main difference that instead of allocating all the available subcarriers,
the allocates a subset of carriers to each user in order to accommodate multiple trans-

missions simultaneously [14]. A block diagram of this multiple access method is depicted

in figure [2.5
Subcarrier M-point Add CP DAC ,j
Mapping IDFT /PS /RF
. Subcarrier M'pOint RF \T
«—— Detection De-mapping/ Remove CP
Equalization DFT / ADC

Figure 2.5: Transmitter and receiver structure of OFDMA system.

enables the transmission to benefit from multi-user diversity, based
on feedback information about the frequency-selective channel conditions from each user.
Adaptive user-to-subcarrier assignment can be performed, enhancing considerably the
total system spectral efficiency compared to single-user systems. inherits
the advantages but also the drawbacks, from its underlying technology. Since all the

frequencies of the subcarriers were generated by one transmitter, in OFDM is relatively



10 CHAPTER 2. STATE OF THE ART

easy to maintain the orthogonality of the subcarriers, whereas in [QFEDMA] since many
users transmit simultaneously, each with their own estimates of the subcarrier frequencies,

a frequency offset is inevitable and multiple access interference may occur.

2.1.3.3 SC-FDMA in the uplink

As previously seen in [LTE] femtocell [DI access scheme, the big advantage of
is its robustness in the presence of multipath signal propagation and its main drawback
is the very pronounced envelope fluctuations of the waveform, resulting in a high [PAPRI
in modulated signals. Signals with a high [PAPR] require highly linear power
amplifiers to avoid excessive inter-modulation distortion. So, to achieve this linearity the
amplifiers have to operate with a large back-off from their peak power. Another drawback
of usage identified for [UL] transmissions is, the sensitivity to frequency offset
(Doppler-Shift). With multiple terminals simultaneous transmissions, different doppler-
shifts lead to an orthogonality loss and consequently the introduction of Multi Access
Interference (MAIT). Since power consumption is one of the main concerns of mobile
equipment’s manufactures, this power inefficiency (measured by the ratio of transmitted
power to DC power dissipated) induced/caused by [OFDMAIl usage, that increases the cost
of the terminal and reduces battery life, led to the choice of the as the [CTEIUL]
transmission technique [17]. is the multiple access version of [SC-FDE] which
is similar to[QFDM] in that they both perform channel estimation and equalization in the

Frequency Domain (FD]). The system model for this access method is depicted in figure

2.0l
N-point Subcarrier M-point Add CP DAC /_T
DFT Mapping IDFT / PS /RF
. N-point Subcarrier M-point RF
-mapping/
Detection IDFT Eaualiation DFT Remove CP /ADC -

Figure 2.6: Transmitter and receiver structure of SC-FDMA system.

SC-FDMA] has two different subcarrier mapping schemes: distributed and localized.

In distributed subcarrier mapping scheme, user’s data occupy a set of distributed subcar-

riers achieving frequency diversity. In localized subcarrier mapping scheme, user’s data in-
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habit a set of consecutive localized subcarriers achieving frequency-selective gain through

channel-dependent scheduling. The main differences between [OFDMAI and [SC-EFDMA
[18]are:

e the [DFT] block placement in the transmitter side, before symbol to subcarrier map-
ping, due to the fact that in a Single Carrier (SC) transmission each data symbol
is transmitted using the entire allocated bandwidth, while in [MC] transmission only

one subcarrier per data symbol is used.

e the Inverse Discrete Fourier Transform (IDET]) block placement in the receiver side
due to fact that the decision about transmitted bits, contrarily to [OFDMA] is done

in the Time Domain (TD)).

OFDMA SC-FDMA

=

—>| le 15K L—12x15K-180KHz

Frequency
12x15K=180KHz
Multiple Subcarriers Single Carrier
Resource Block Resource Block

Figure 2.7: OFDMA vs. SC-FDMA

2.1.4 Cell size reduction

As a consequence of the constant technological evolution, the proliferation of high-specification
handsets, in particular smart-phones and tablets, is the main reason for the recent mobile
users increasing demand for traffic data [I9]. As aforementioned in section [2.1] since [LTEl

Release 10, network densification using small cells is a main feature in BGPPl evolutionary
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process. This network densification can be achieved with the deployment of complemen-
tary low-power nodes under the coverage of an existing macro node layer. In such
a heterogeneous deployment, low-power nodes bring transmitters and receivers closer to
each other providing more spectrally efficient links. Therefore more spatial reuse, higher
traffic capacity and end-user throughput (e.g. indoor and outdoor hotspots) is achieved
[1], while the macro layer provides wide area coverage. Unlike the high installation and
maintenance (infrastructural) cost(s) of macro stations, these low-power nodes constitute
a cost-efficient solution to eliminate coverage holes in the network. Types of small cells
include femtocells, picocells, metrocells and microcells, broadly increasing in size from
femtocells to microcells . Recently, in order to exploit the aforementioned key advan-
tages of small-cells in outdoor high-traffic environments, it is emerging a new concept of

macro-assisted small cells, termed Phantom Cell [20].

2.2 LTE Femtocells

As mentioned above in section small cells are seen as the most promising solution
to respond to the increasing mobile communications demands. Comparing all employed
techniques to increase mobile networks coverage and capacity (e.g. distributed antenna
systems and microcells), femtocells seem to be the most cost-efficient solution to both,

service provider and end user.

2.2.1 Concept

The femtocell base station, or in BGPPI terminology, is a small Access Point (AD])
or[BS, commonly consumer-deployed, connected via broadband connection or optical fiber
technology to the operator’s core network. Femtocells small size nature introduces some
unpredictability in their deployment. They can be seen as non-static base stations and
their deployment is done according users necessities. The lower transmit power reduced
end-user distance deployment and the lower number of users served are seen as the main
aspects to the power and spectral efficiency and capacity benefits of [1]. These
promising small base stations are almost total configurable in terms of transmit power

and modus operandi. Spectrum allocation, transmission power and operation mode are
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the most relevant aspects in terms of femtocells interference level management, affecting
its performance and efficiency (discussion is bellow in sections and .

Femtocell networks use the same physical layer technology as macro cellular networks,
which mean in the [DI] and in the [UL] to provide, though limited

by the backhaul connection, the desired higher data rates and improvement in terms of

Quality of Service (QoY) to the mobile users [21].

2.2.2 Architecture E-UTRAN

As the inclusion of femtocell technology is essential for the [LTEl evolutionary process, it
was necessary to develop the standardized [LTEl femtocell network architecture taking in
account [LTEISAE] requirements. The deployment of femtocells introduces a new network
architecture concept termed a two-layer or two-tier network, composed of two clearly
separated layers: the macro cell layer and the femtocell layer (introduced bellow in section
2.3). The femtocell network architecture has been defined to allow maximum flexibility
and scalability, to ensure that the deployment can be easily incorporated into the existing
structures. It was kept in the flattest manner due to the adoption of an all-IP networks in
[LTEl access network architecture (see Section. Interface S1 links [E-UTRANI (HeNBE)
to [EPC] and X2 interface is responsible for the communication and information exchange
between (since Rel-9 or later [HeNBl implementations). supported functions
and procedures are the same as[eNBlones (section, but some modifications were made
to the conventional macro cellular networks topology. The main difference is the possible
inclusion of a new interface, named Home eNodeB Gateway (HeNB-GW]), between [HeNBk
and [EPC] that leads to a logical division in S1 interface: SIIMMEI to carry control plane
information and S1-U for data plane. The[HeNB-GWlinclusion in the network architecture
is previously referred as a possibility because according to 3GPP technical specifications to
architecture [22] there are three possible variants of [HeNBI[E-UTRAN] architecture:
without with dedicated and with for
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HeNB-GW

A

HeNB SeGW

EPC

A

Figure 2.8: LTE femtocell Radio Access Network Architecture

When present, [HeNB-GW] serves as a concentrator for the [C-Planel specifically the
S1IMME] interface and in a manner that mobility issues would not require inter{MME]
handovers. Besides, it may terminate the [[=Plane] towards the and (S1-U)
providing support for [U-Pland multiplexing, enhancing systems with limited bandwidth
links. The communication between the and [MME)/S-GW] or [HeNB-GWI/S-GW] is
secured by the mandatory Security Gateway ([SeGW]) function. The[SeGW]establishes and
manages all Internet Protocol Security ([PSed) tunnels that each [HeNBl needs to ensure
the integrity of data exchanged with the network. can be implemented either as a

separate physical entity or co-located with an existing entity such as [HeNB-GWI

2.2.3 Access modes

Femtocells can support a limited number of users, so it is important to define the set of
users that are authorized to use each [HeNBl resources, in order words to define the access
mode. [HeNBk can be configured to operate in one of three available distinct modes[23]:
Open Access ([OAl), Closed Access (CAl) and Hybrid Access (HA).

e [OA] mode - allows all users to connect to [HeNBl usually applied in public places

such as airports.

e [CA| mode - only a restrict set of users is allowed to connect to [HeNBl The set
of authorized users is saved in a list, termed, Closed Subscriber Group (CSG)). It is

usually applied in home environments.
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e [HA] mode - [HeNBI provides services to its associated [CSGl members and to non-
[CSGl members, i.e., any [UE| may access the femtocell (with limited amount of [HeNBI
resources) but preference would be given to those [UEk which subscribed to the

femtocell. It is usually applied in enterprise environments.

2.2.4 Spectrum allocation

There are two possibilities to deploy femtocells in cellular network spectrum: dedicated
channel and shared channel. In dedicated channel deployment, a specific channel is allo-
cated for the femtocell network, which is not used by the macrocell; on the other hand,
in shared or co-channel deployment the two layers share all channels i.e. the totality of
the available spectrum. Due to the high cost and scarcity of spectrum, operators prefer
co-channel realization that increases the overall capacity and enhances spectral efficiency,

but causes several interference problems that must be dealt [24].

2.3 Two tier network

As previous referred the deployment of small, low power leads to the redesign of
the cellular network, dividing it into two main layers, as shown in figure 2.9 macro
cellular layer and femto cellular layer. Despite the numerous advantages in terms of
capacity, coverage and overall system quality, it also brings some problems/drawbacks
and challenges, specifically in terms of interference .

e e — —— — —
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Figure 2.9: Two layer network
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2.3.1 Interference challenges

To achieve high data rates, the received signal must have a high [SINR], depicted in equation
[2.1] meaning that each transmitter should not cause significant interference to base station

users. It is essential to maintain or enhance network capacity level.

s
SINR = +—— (2.1)

where S, I and N represent the desired signal, the interference signal and the noise,
respectively. When I and N have Gaussian distributions, the influence can be seen
applying the channel capacity concept to an Additive White Gaussian Noise [(AWGN])
channel with B Hz bandwidth and [SINR] known as the Shannon-Hartley theorem:

C = B x logy (1 4+ SINR) (2.2)

The interference impact in the overall network performance depends on the adopted air
interface technology, such as the applied in the downlink of [LTE] systems. In
order to guarantee the required to [eNDBl users, available spectrum (bandwidth)
is reduced, increasing the odds of occurring co-tier interference at the femtocell network
(explained above in section. The throughput of the network significantly decreases
with all types of interference. Severe interference problems lead to zones where the
degrades significantly, termed Dead Zones. Two-Tier network design equally leads to a

division in two types of interference: Co-Tier and Cross-Tier interferences.

2.3.1.1 Co-tier interference

Co-Tier type refers to the interference caused by elements from the same network layer
(e.g. Interference between [HeNBk) [25]. [HeNBk are low power base stations, with re-
duced coverage radius, so they are deployed close to users, possibly leading to co-tier
interference problems, for example, in residential or in enterprise environments, due their
dense deployment. To establish a communication link, the value should be above a
certain threshold defined by the used air interface technology taking in account the

requirements. When it is not possible to establish the link, the place has no coverage and
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usually is termed as “coverage hole”. This is even more frequent / worrying when
are working in mode (creating wider un-coverage areas). Co-tier interference type is
equally divided per communication direction, which means per [DI] or [ULL In the [UT]side
Co-Tier interference is caused by femto [UE] that act as source of interference to neigh-
bor [HeNBk. femtocells may avoid this type of interference due to the
division of the spectrum in sub-channels. The senses sub-channels conditions. When
an [UE] requires a certain number of sub-channels according to desired the [HeNDBl
allocates sub-channels subject to lower level of interference. The [DI] Co-Tier interference
is caused by a that acts as source of interference to neighbor femto [UEk. This is
very common due to the closed distance and dense deployment of [HeNBk. Sometimes a
simple wall cannot attenuate sufficiently the undesired signals from other [BSk. Windows
can be a concern too. [OFDMA] femtocells dynamically sense the air interface and allocate
the sub-channels according to sensing results, achieving minimum interference and maxi-
mum capacity. recommends the use of adaptive power control techniques at [HeNBk

(especially in [CAl mode when the serving has less power than the interfering one).

2.3.1.2 Cross-tier interference

Cross-tier is the type of interference caused by network elements from a different tier or
layer. (e.g. interference between [HeNBk and [eNBk and vice versa). Again, as in Co-Tier
type, this problem is more severe in the presence of [CAl mode femtocells. This type of
interference can be avoided if dedicated spectrum is used for the different layer elements
(spectrum splitting), but as already referred, it is a less efficient technique in terms of
resources and costs. It can also suffer interference if the bands were adjacent to each other
in the frequency domain (adjacent channel interference). In [OFDMA] systems the femto
[UEl can act as a source of interference to macro (eNB]) when the femtocell is placed
/located /deployed near the [eNB] because if femto [UE] is transmitting with high power
in certain sub-channels, those sub-channels become unusable for macro [BS] reducing the
overall efficiency. The solution is to restrict the femto [UEl transmission power. Another
type is when a macro[UEl acts as a source of interference to a femto [HeNBlare normally

isolated but due to low wall penetration losses, interference may happen outdoor. Here [UE]
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is transmitting with high power due to being far away from the macro [BS] so the [HeNDl
should allocate different sub-channels in order to avoid interference. In the [DI] cross-tier
interference can be caused by a [HeNBl close to a macro [UEl If the femto is working
in mode, the area around the becomes a dead-zone or hole in macro coverage.
If HeNB] was deployed close to [eNB], the femtocell coverage area would be reduced due to
the interfering signal from the macro Coverage is guaranteed only very near to the
femto In the [DI] interference management is mostly dependent on the sub

channels allocation [26].

2.3.1.3 Overcoming challenges

The adoption of an efficient interference management scheme leads to a reduction, miti-
gation or in the best scenario elimination of co and cross types of interference and conse-
quently to an enhancement in the overall network throughput. Several femtocells
interference management techniques were mentioned and explained in [27]. They are split
in three main sections: Interference Cancellation ([Cl), Interference Avoidance ([Al) and

Distributed Interference Management (DIM)).

On this thesis context, more relevance is given to an[[(] technique named and to an [Al
technique named spectrum splitting. [[C] schemes decode desired information, using along
channel estimates to cancel the interference. They require the complete knowledge of the
interfering signal’s characteristics and an antenna array at the receiver side, making this
techniques more suitable to apply in the [ULl communication and introducing the inherent
extra complexity to the [BSk. Extensively used in wireless communications, consists
in the detection and decoding of one signal per iteration, using the decoded bits from the
previous detected signal to cancel it from the combine signal in the next iteration, in order
to recover multiple packets . This technique has a complexity and latency proportional to
the number of desired signals [28]. For example, when two transmitters share one receiver

the common capacity is given by

s (5 (14 5)) (o (1 2))). e
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where S1 and Sy are the signals of transmitter 1 and 2 respectively.

When employed, [SIC] capacity gain is observable in [29]:

(2.4)

S1+ 5
=B x1 14— .
C X 0g2< + N )

The spectrum splitting or allocation consists in a set of different approaches that can
be adopted to manage sub-channels. In the dedicated spectrum approach, the
licensed spectrum is divided in two parts: one for each layer. It completely eliminates
cross-tier interference but it is inefficient in terms of spectrum reuse and cannot avoid [CIl
and caused by lack of synchronization and orthogonality, especially in dense femtocell
deployments. [[CIl is a major problem in [[TEFbased systems. Usually mobile operators
prefer using a co-channel approach [26], which means that all the available spectrum is
used by both layers, increasing the spectral efficiency but also the interference concerns,
especially [CI. One approach for reducing [[CIl from neighboring [eNBk and [HeNDBE is to use
enhanced frequency reuse techniques, such as Fractional Frequency Reuse (FERI), where
only the sub channels that are not used by macrocell, are allocated to femtocell [BSk. This
last approach is included in a set of proposed solutions [30] based on partial spectrum

allocation.
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Chapter 3

SC-FDE in the downlink

Block transmission schemes combined with frequency domain processing, such as [OFDM]
proved to be the most effective solution to support high rate transmissions over severe
time dispersive channels. Although, present an impressive tradeoff between performance
and processing complexity, has one considerable drawback: the high envelope
fluctuation of frequency domain data blocks. This high range of amplitude in the given
signal power, measure by the [PAPR] appears as a result of high bandwidth demands,
due to transmitter power amplifier nonlinearities and leads to the power inefficiency in
the Radio Frequency (RE]) section of the transmitter. Since the power efficiency became
a more relevant issue in mobile communications, a crescent interest in modulation
methods emerged, which when combined with [FDE] presents a similar favorable trade-

off (performance/low processing complexity) and considerable lower envelope fluctuations

than [OFDM|

3.1 SC-FDE receiver

In a system the signal is transmitted over a single carrier using a conventional mod-

ulation scheme such as [QAM] or [QPSK] at a high bit rate. A serious problem to serial

data transmissions is the [[SIl that can be seen as a signal distortion, in which one sym-
bol interferes with subsequent symbols, introducing errors in the decision device at the
receiver output, making the communication less reliable. This type of interference is usu-

ally associated to negative, multi-path propagation or the inherent non-linear frequency

21
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channel response effects. Thus, an efficient equalization, i.e. the compensation of the
distortion caused by channel frequency selectivity becomes essential. In [SC-FDE] systems
a nonlinear equalizer is implemented in [FD] employing [FFT] and the technique (pre-

viously explained in section [2.1.3.1]), achieving similar performances compared to [QOFDM]

with lower complexity, especially on channels with severe delay spread [31].

— Insert CP %\E J

| B FFT |t FFT - enoecr—| e -

Figure 3.1: Basic SC-FDE transmitter and receiver block diagram

The low [PAPR] nature of the systems allows an efficient power amplification
with non linear amplifiers [32]. systems present a good performance, being sub-
stantially more efficient in terms of power consumption than [OFDM] systems due to the
reduced [PAPRl Unlike [OFDM] systems, in which the decision about the transmitted bits
is done in the [FD] in [SC-FDE] systems the decision is performed in the [TD] which leads
to the inclusion of the [DEFT] block at the receiver side as shown in figure

3.1.1 Linear receiver

k {ék} {~ n} S n
% DFT W \><J IDFT ° Decision Device %

Figure 3.2: SC-FDE receiver structure block diagram

A [SC-FDEI receiver structure is depicted in fig. [3.2] where the received signal is sampled
and its[CPlremoved, resulting in[TDIsamples {y,;n = 0,1,..., N — 1} which after a N-sized
[DET], results in the corresponding block {Yx;k =0,1,..., N — 1}, given by

Y, = HpSy + Ni; k=0,1,.... N -1 (31)
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where Hj, denotes the overall channel frequency response for the k" frequency of the block
and IVj represents channel noise term in frequency-domain. To cope with dispersive chan-
nel effects, [FDE]is employed and it output, frequency-domain samples {gk, k=0,1,....N — 1}
are given by

Sk = FiYy, (3.2)

where the set of coefficients {Fy;k =0,1,..., N — 1} denotes the feedfoward [FDEI coeffi-
cients. To avoid the sub-channels noise enhancement and consequently degradation,
that usually occurs when an Zero Forcing (ZE) equalizer is used, it was employed the
Minimum Mean Square Error (MMSE]) optimization criteria instead. [MMSE] minimize
both effects of [SIl and channel noise enhancement [33]. The F}, applied is

Hy

= — 1k 3.3
BT ot [H? (3:3)

with the noise-dependent term, «, that avoids noise enhancement effects for low values of
frequency response Hj, denoted as the inverse of [SNRI value, more specifically given by
the ratio,

BNu’] _ o%

B[S = o (3.4)

where 012\, represents the variance of the real and imaginary parts of the channel noise com-

ponents {Ny;k=0,1,...,N — 1} and ng denotes the variance of both real and imaginary

parts of the data samples components {Si;k =0,1,...,N — 1}.

3.1.2 Iterative receiver - IB-DFE

performance can be further improved if an [B-DFEF] is used . In comparison to
linear equalizers, such as the previous described [EDE] the nonlinear Decision Feedback
Equalizer (DEE]), as proposed in [34], provides better performances, keeping or enhanc-
ing the favorable tradeoff between performance and complexity. Non linear equalizers
based in hybrid-solutions were also proposed, where time and frequency domain filters
were implemented in the feedback and forward operations respectively [34]. Although
this hybrid{DFE] approach presents better performances than linear [FDE] the number of

”feedback” taps increases with the number of rays leading to problems related to error
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propagation. [B-DEE] approach is a promising iterative technique for proposed
in [35], where the feedback and forward operations are both implemented in [FD] present-
ing low noise enhancement and block reliability on the feedback loop similar to turbo [FDE]
schemes with small error propagation associated [35]. If the estimates of the transmitted
block are reliable, the feedback filter can be employed to eliminate the residual [SIL An

IB-DFE receiver structure is depicted in figure [3.3

B}
TR
{F" 62}___ - =
IR, {8, A
Y, Y " Sn
RAOK DFT v (X) +{§> IDFT Decison Device o

Figure 3.3: IB-DFE with hard-decisions receiver structure

where for the i*" iteration, the DFE] output block samples are given by

$. = FO, - BYg, ", (3.5)
with
Yy = S Hg + Ng, (3.6)

where {Flgi);k =0,1,....N — 1} and {B,(:);k: =0,1,....,N — 1} are the feedfoward and

(i_l); k=0,1,..,.N — 1} represents a[DET]of the es-

feedback coefficients respectively. {Sk
timated (hard-decision) block of the previous[DEEliteration transmitted block {s,;n = 0,1,..., N — 1}.
Both feedfoward (F, ’gz)) and feedback (Bl(j)) [B-DFEI coefficients, are chosen to maximize

themSINR] which is seen as the [B-DFE] optimization.

2
”Y(i) E [fsk\z]

B[]

SINR®) =
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Considering a hard decision [B-DFE], the optimum B,(:) and F, (i), respectively, are

By = p (R Hy — ) (3.8)
and
4 OF 5
(@) K k
F o= , 3.9
S DT (39)
where k() is chosen to assure that the ”mean value of the channel”
‘ 1 N-1 "
A® = v g FVHp = 1. (3.10)

The « coefficient is given by equation [3.4] and the correlation coefficient from the previ-
ous iteration p(ifl), which is determinant to ensure a good receiver performance since it
supplies a block-wise reliable measure of the estimates employed in feedback loop. It is

defined as (1)
o Bl Vs E1S Vs

Els Pl E[SiF] (8.11)

P

. ~ (i—1
where (1) represents the data estimates associated to the previous iteration and Sk(Z )

its associated [DET] result. In order to reduce error propagation associated problems hard-
decisions per block and overall block reliability are considered in the feedback loop. There-

fore, for the first iteration the [B-DEE] receiver is simply reduced to a linear [FDEL

3.1.3 IB-DFE with soft decisions

As depicted in figure the [B-DEEl performance can be improved with the use of “soft
(@)

decisions”, 555), instead of “hard decisions”, §nZ , meaning the use of symbol averages
instead of blockwise averages. So applying the soft estimation, the equation (3.5)) can be
rewritten as

$" = F'vi - B 5,7, (3.12)

(i—1)

in which the soft decision estimates from the previous iteration, S} , i.e. the overall

block average of S5~ at the {DFE output’, is given by

§,07D _ p(iq)gk(ifl)? (3.13)
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. A (i—1
where pl=1) represents the block wise reliability of the hard decision estimates Sk(l ).
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Figure 3.4: IB-DFE with soft-decisions receiver structure

The receiver structure for [BEDFE| with “soft-decisions” is depicted in figure [3.4] being
the used feedforward coefficients (F,gl)) given by equation At the [DEE output, the
samples (5%Z )) are de-mapped into the corresponding bits by means of computing the
Log-Likelihood Ratio (LLR]) of each bit of the transmitted symbols. Assuming that the
transmitted symbols are selected from a constellation with gray mapping, then
sp = sh + jsg = +1 4+ j in which s and sg denote the real and imaginary parts of s,

respectively.

Thus, the [LLRk of “in-phase bit” and “quadrature bit”, associated to s,,, are

S 2l

LI® = st (3.14)
and
Qi)
. 25,¢
LS(Z):—SUZ : (3.15)

7

respectively, with {§£f);n =0,1,...,.N — 1} =[DFT {Slii);k; =0,1,..,N — 1}_

The variance o? is given by

2, (3.16)

1 . ) .
2 __ ~(7 ~ NG ~(i
ot = 5 F [ysn—sW] ~ e S0 180 5

where §,, = +1 4+ j are the hard-decisions associated to §,.
Therefore, the average symbol values conditioned to the DFEl output {5%);11 =0,1,....N — 1},
are

50) = tanh ( %(l)) + j tanh( @) = pls, T+ jp9s,9 (3.17)
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with pl pg denoting the reliabilities related to in-phase and quadrature bit of the nt*
symbol, respectively.
Consequently, the correlation coefficient that will be employed to compute the optimal

feedforward coefficients in order to minimize the [SINR] for a constellation, is

1Nl

T 2N

n:O

I(’L

>+pn (318)
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Figure 3.5: IB-DFE with hard and soft decisions performances with QPSK constellation

3.1.4 Multipacket Reception

Although all efforts to achieve perfect transmission links, it has proved to be complicated,
due to the unpredictability of the factors involved in the transmission process such as
noise interference level and collisions, which cause poor transmission conditions and con-
sequently the loss of the transmitted packets. This is even more critical in a scenario
of multiple and simultaneous transmissions to a common receiver, where the interference
level and the number of collisions increase. One of the major problems is the fact that
transmitters tend to increase their transmit power to overcome the bad transmission con-
ditions, such as high noise level. Several techniques were proposed to cope with lost packet
problem, namely the D| employed in this study in a reception technique denoted by
[MPRI denotes the capability of simultaneous decoding of more than one packet
from multiple concurrent transmissions [36]. As depicted in figure the suboptimal

[MPDI techniques can be categorized in two types: linear and non-linear (or subtractive
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interference) detection techniques.

MPD

(suboptimal)

Non-linear
or
Subtractive

|
| |
SIC PIC

Figure 3.6: Suboptimal MPD techniques

Linear

The Decorrelating and [IMMSE] are the most popular multiuser linear detectors, in
which a linear mapping to the soft output of a conventional detector is applied, in order to
reduce the However, there are fundamental differences between these two linear de-
tectors. Whereas the Decorrelating detector (highly analogous to equalizer) attempts
to completely eliminate the [MATl from all users, applying the inverse correlation matrix at
the match filter bank output, the [MMSE] instead tries to minimize the square of residual
noise plus interference applying a modified inverse correlation matrix at the match filter
bank output, obtaining better results than the Decorrelating detector which often results
in an unacceptable noise enhancement.

Subtractive interference or [[Cl techniques require reliable received signal estimation, mean-
ing an accurate description of what was transmitted as well as the channel effects in that
transmission. These techniques can be organized in two categories: the use of a parallel
Parallel Interference Cancellation (PIC) or serial/successive approach in the packet
detection process. As the name suggest, employs a serial approach i.e. just one
packet is detected per stage, according to their power at the receiver, starting with the
powerful one and so on. The packet is regenerated between the soft estimation of each
transmitted packet. Afterwards the regenerated packet is subtracted from the composite
received signal, allowing the subsequent packet detection to experience less On the
other hand in [PIC] approach the packets are detected in parallel, meaning all packets are

simultaneously detected and the resulting estimation is used to cancel some interference
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to the composite received signal. Although [PIC] presents a lower latency, it usually has a
higher level of complexity compared to approach which has a complexity and latency
proportional to the number of packets [28].

There are several [MPDlapproaches. In this study a[MPD|technique based on time diversity
[32] was considered, in which all transmitters involved in a collision (P), transmit several
copies of their packets under slightly modified transmission conditions, in order to allow
their separation at the receiver. So, the received content at the[UE{Y;;k =0,1,...., N — 1}

is

v\ =S, p+ NP, (3.19)
or the expanded expression
vl He o Hp| S| [N
= N S S I (3.20)

where L denotes the number of required retransmissions, meaning the temporal diversity
order and P represents the number of involved in the transmission.

As aforementioned in section [3.1.2] both feedforward and feedback filters are implemented
in[FD] being, for each iteration, the first responsible for partially equalizing the interference
and the second for the partial removal of the residual interference.

The iterative process gradually increases the reliability of the detected packet. At the first
iteration the feedback coefficients are zero and the equalizer is a linear equalizer.
In the iterative SIC receiver applied [37], each iteration consists in NP detection stages

(one stage for each collision) as depicted in figure
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Figure 3.7: Iterative SIC receiver detecting two packets involved in a collision

When detecting a packet its residual [SIlis removed, as well as the residual interference
from other packets. The receiver is composed by NP feedfoward filters, one for each
retransmission [ and NP feedback filters one for each packet p. This[SIC| receiver uses

the average values associated to a given packet §,, , , conditioned to [DEE] output given by

NP P
Skp = Fovd =" BP)S (3.21)
=1 p'=1

where the average values S, are computed as previously explained in section )

the optimum feedfoward that minimize [SINR] for a given packet and iteration are

(1)

F
l k,
R =t (3.22)
Tp
with
1 N—-1NP L (1) (D)
’}/p = N k’kam (323)
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being F, ,gl; computed from

2

P

v v

O DS EO Y 4 bl = B 11, NP,
p'#p

'=1

(1-p)H" S F

/

~

1
(3.24)

where the correlation coefficient p is defined as in equation [3.18 and reproduced in equation

for a given user p and iteration i.

=3 5 (s (80 + o e} o

n=0

So, the feedback coefficients are given by

ZFM Spp' (3.26)

L if p#p

0 if p=yp

with 5p,p/ =

3.1.5 IB-DFE receiver performance

The IB-DFE receiver decodes the [HeNBls L transmissions up to Njie, iterations. The

estimated data symbol S (i;, for a given iteration ¢ and [HeNBl p is

S0 — F"y, - BT 5l (3.27)

where F,giz’)l) and B(Z or with [ = 1,2, ..., L are the feedfoward and feedback coefficients
respectively. 5’,?; ) with p = 1,.., P are the soft decision estimates from the previous

iteration for all [HeNBk. S,gl;l) can be related to symbols hard decisions, S”,iigl) as

Sy~ pmD S (3.28)
SV = P, (3.29)

where P01 = diag(p; =0 pg 1)) are the correlation coefficients and Ay = [A(l) AI(CP)]T

is a zero mean error vector. Assuming an constellation, the correlation coefficient
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for a given [HeNBl p is
L Nl 1)
(i-1) _ (i-1) i
PV =0 n;) pb I+ (9, (3.30)

For the first iteration (i = 1), 5,?;1) is a null vector and PU~Y is a null matrix. As

) coefficients are selected to minimize the[SINR]

) and feedback B,(;;p

aforementioned, the F,gi}’f

for a given packet and a given iteration. This optimization problem can be written as the

minimization of [MMSE] E Uskm _ S’](CZ;J 2], of Skp :

NT T . ) 2
E H <Fz§Z) (HL S+ Nk)> - (B,(f; PE=D(PE=1S, 4+ Ay) + Pp5k> ] . (331)

P .

To obtain the optimal coefﬁcients,F,gl) and B

'p ko’ under the [MMSE] criterion , the gradient

of the Lagrange function is applied to equation [3.31

a2 . .
VJ=V (E Uskvp -8 } + (% — mg)) (3.32)
conditioned to
- LS N i) 0
A —1= v d RVHS -1 (3.33)
k=0 I=1
The following set of equations
V_od =0
FY
V.o =0 3.34
5, .
V/\;i)(] =0
were verified when
A = 1. (3.35)

NONEY (3.36)

L
i 4,0 l i
B, =Y FLVH, =i, (3.37)
=1
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@) _ TP kp
b = i op (3.38)
7%y |
Ug l; ‘ k,p’
N-1
i 1 & (i 2
2= LY E “S,i; ~ Sk ] . (3.39)
k=0

Assuming the Gaussian behavior of the overall interference Ny that affects the symbol
estimation, in accordance to [37], the symbol error probability Ps for a[QPSK]constellation

is denoted by

E E
P, ~ 2P, (77k: > \/Eb> — 9P, (’7’“ > 5) — 20 ( ;’) : (3.40)

op o, o,
where Q(z) is the well known Gaussian error function. Assuming that Ej, = 1, the Bit

Error Rate (BER]) for a given [HeNBlp is
BERY ~ Q <1> (3.41)
P (@) |- ’
Op

For an uncoded system with independent and isolated errors, the [PERI for a fixed packet

size of M bits is

. N\ M
PERY) =1~ (1~ BER) " . (3.42)

[PER] values are used to compute the HeNBk associated throughput at the receiver, denoted

as
W (1 — PER)

Th =
L Y

(3.43)

where W represents the data bit rate and L denotes the number of packet transmissions

used in the applied [MPDI technique (explained in section [3.1.4]).
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3.2 Femtocell interference characterization

This dissertation analyses the performance of the [B-DFE] receiver when multiple femto
(HeNBk) transmit. A downlink channel is considered. For the receiver
algorithm [37], using the receiver performance model presented in the subsection above
can be used to characterize the system performance. The [PER] and [BER] are defined
as a function, < BER; PER >= f(Hy; Eb/Np) , which depends on the channel and
on the transmission power. The energy per bit to noise power spectral density ratio,
Eb/Ny, is an important parameter in digital communication or data transmission. It is
a normalized [SNR] measure. FEb/Nj is equal to the [SNR] divided by the link spectral
efficiency in (bit/s)/Hz, where the bits in this context are the transmitted data bits. The
[SINTRI is normally used to characterize the interference caused by others transmissions in

the reception at the [UE] of the desired signal. It is defined as

Pgr

SINR = ———
Pnoise + PI

(3.44)

where Pr and P; denote the received power of the, desired signal from HeNB; and the
signal from the P-1 interfering [HeNBk. The received signal strength goes down as the
Pathloss (PI) (explained in section [3.3)) increases with the distance from the serving [HeNBl

The reception power is calculated using

Pr— PIL, (3.45)

where Pr denotes the [HeND] transmit power and [PT] represents the path loss value asso-
ciated to each link HeNB — UE .
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3.3 Propagation Model

The receiver performance is strongly influenced by the characteristics of the channel.
These characteristics depend upon the distance between the two antennas (transmitter
and receiver) and the signal path(s). To support the development of 4G, [TU-R] has
adopted a number of models [38] to characterize different transmission scenarios, including:
Urban Macro-cell scenario (UMal), Urban Micro-cell scenario (UMi) and Indoor Hotspot
scenario([nH]). For distances between 3 and 150 meters, common in femtocells hotspot,
the [nHl was chosen. The propagation condition, [LoS] or [NLoS| is assigned based on the
physical distance (UEl- [HeNBl) and the associated [PTlis computed as despited in equation
for each [HeNBI - [UE] communication link.

LoS =16.9 x logio(d) + 32.8 4+ 20 x logio(fe) if d<10 (3.46)

NLoS = 43.3 x logio(d) + 11.5 4 20 x logio(f.) if d>10

where d represents the distance between the p!* [HeNBl and the [UE given in m and f.
denotes the [HeNB] carrier frequency given in GHz. The effect of both pathloss models
adopted in terms of Ey/No(dB)= Pr — PL — Pyise, is depicted in ﬁgure. and
are valid between 3 and 100 m and 10 and 150 m respectively, where Ej /Ny from
is higher than from channels, for distances above 18 m.

=== InH o

= === Iy s

E,/N, (dB)

90 100 110 120 130 140 150

Figure 3.8: Propagation Models [nHt and [NLoS| Ej, /Ny influence
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3.4 Channel coefficients generation

In general, the received signal can be obtained by convolving (in [TD]) or multiplying (in
[FD) the transmitted signal with the impulse response of the channel. Therefore, the
received signal is:

Y, = Hp Sy + Ny, (3.47)

where H; and N are the channel response and the noise respectively. The Hj co-
efficient for a transmitter and a receiver is defined by a set of signal paths or rays, each
with a distinct delay and attenuation, characterized by the tap delay or clustered delay
line model :
Pay 7
: : (3.48)
Pey me)
where C' denotes the considered number of clusters. A cluster is characterized as a prop-
agation path diffused in space, either or both in delay and angle domains [38] or simply
as a set of rays. Each cluster delay and power, represented by 7(.) and P respectively,

are computed as follows.

3.4.1 Cluster delay generation

Depending if the propagation condition assigned was [LoS| or NLoS| the set of delays 7
are generated using a uniform distribution as followed, where 7, is the delay distribution

proportionality factor, o, is the delay spread and X. ~ Uni(0,1).
T; = _TTUTln(XC) (349)

Then the delays are normalized (by subtracting the minimum delay) and sorted in de-

scending order.

’

7. = sort(r, — min(r.)) (3.50)
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In the case of a LoS path, an additional scaling was done to compensate peak addition to

delay spread,

LoS Tc
=< .51
TC _D ? (3 )
where D is the Ricean K-factor dependent, scaling constant given by:
D = 0.7705 — 0.0433K + 0.0002K? 4 0.000017 K> (3.52)

3.4.2 Cluster power generation

Each cluster power or attenuation, P(’C) is computed based on the above explained delay

generation. P(’C) has an exponential distribution [38],

—Z

rr—1 (c)
P('c) = exp(—Te o ).107 10, (3.53)
where Z(.) ~ N(0, ¢?) denotes the shadowing term.
Then P(’C) is normalized,
F,
Po=— (3.54)
> P
c=1

and in the case of path, an additional specular component is added to the first cluster

Kpg
P = — 3.55
1,LoS KR + 1’ ( )
so the [LoS] cluster powers are
1 P,
PqLoS = + 5(0 — 1)P1,LOS7 (3.56)
Kr+1C |
21 P
c=

In this performance model it is assumed that the HeNB; transmits during L slots and that
the other P—1 also transmit simultaneously during the L slots. Let {s, ;7 =0,1,..., N — 1}
denote the data block from the HeNB; and {sy,;n =0,1,...,N — 1} from the HeNB,
and their corresponding frequency domain blocks, after applied an size-N [DET] operation,

{Sk1;k=0,1,..., N — 1} and {Sp; k = 0,1,..., N — 1}, respectively, where N denotes the
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number of data symbols.

The received content at the UE, {Yy;k =0,1,..., N — 1}, depends on the L channel realiza-
tions of the P [HeNBk (Hy ,;p = 1,..., P), P [HeNBk transmitted signals (Skp;p =1, ..., P)
and associated channel’s noise (Ny), and is given by equations and reproduced

bellow by convenience.
Y = B Spa + -+ HpSep + N, (3.57)

or the expanded expression

O (a0 o m] [sa] w0
=1 N I o R (3.58)
VR I ETCRRT] PR IVE

where Hj denotes the channel frequency response computed from tap delay values (3.48))

and N denotes the corresponding channel noise.

3.4.3 Channel modeling

The channel model is influenced by the interference pattern, modeled by ITU-R] [3§], and
by the spatial distribution of the and the[UEk. The two contributions are modeled
in the Hy; matrix coefficients. The signal attenuation associated to the transmission from
a and the [UE]is defined by the [PT], which depends of the distance and the channel
model and can be calculated using [38] (see equation [3.46)),

—PL(p)

&(l,p)=10"=20 . (3.59)

The coeflicients that form the H matrix are calculated assuming a reference transmission
power, so the equivalent [PT]is defined as P;, = Pr,,, — Pg, where Pr = Pr+ PL. Finally,
the coefficients for the L channel realizations of the p* [HeNB] are given by

E(Lp)HY. (3.60)
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So the received content at the [UE]L given by equation can be rewritten as

P-1
Y = €0 )HN 1 + > €U p) H ) Skp+ Ny, (3.61)
p=1

for a scenario with P-1 interfering [HeNBk.
The [PER] values for the iterative receiver can be calculated extending the models intro-

duced in sections [3.1.3] and [3.1.4l The linear one is a special case of the [B-DFE], where

the number of iterations (Nj.,) is equal to 1.

3.5 Performance results

This section presents a set of performance results for the proposed [B-DEElreceiver in time-
varying channels. It was considered a[SC-FDE]modulation, with[EET+block of N=256 data
symbols and a of 32 symbols, longer than overall delay spread of the channel. The
simulations were performed in MATLAB® following TTU-R] M.2135 simulation guideline

using the key simulation parameters summarized in Table

HeNB transmit power 21 dBm

Bandwidth 20 MHz

Minimum distance (d) between UE serving HeNB 3m

Carrier frequency (f.) 3.6 GHz

Thermal noise level -174 dBm/Hz

Channel model /PL ITU-R M.2135
InH : LoS or NLoS

Table 3.1: Simulation parameters

For each value of D (distance between serving [HeNBk) the [UEl reception performance
was measured considering the coverage range of HeN B; and a granularity of one meter,
for each value of D considered. The distance between (D) was set between 5 and
a maximum value defined by the propagation model adopted upper limit [38], considering

increments of 5 meters. The performance results are presented to a maximum distance of:
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D = 100 without retransmissions and D = 200/250 (for P=3/P=2)D = 200, to evaluate
the retransmission’s potential gains. To evaluate the receiver performance three main

study scenarios were defined (explained and discussed in detailed in the follow subsections):

1. without interference - 1 [HeNB} 1 [UE] (see section [3.5.1])
2. with simple interference - 2 [HeNBk; 1 [UE] (see section [3.5.2))

3. with complex interference - 3 [HeNBk; 1 [UE (see section [3.5.3)

It is important to refer that the number of uncorrelated channels is a receiver algorithm

[37] input variable, chosen according to the desired precision level.

3.5.1 Without interference

The experiment performed is illustrated in figure One [HeNBI transmits to a [UEL

(e

Heng, *——d;—»

~N

Figure 3.9: Simulation scenario used to find HeN B; range, with P=1 and L=1

The average range of the HeNB; transmission without interferences (i.e. with a single
[HeNBl) was measured in these set of simulations. The result is despited in figures
and which show that to have a [PERI] below 1% the UE should be up to 75 meters
far from the HeNB; or in terms of [SNR] it should not be bellow 15 dB.
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3.5.2 Simple interference

The experiment performed is illustrated in figure One [HeNB] transmits to a[UE] that

receives interference from another [HeNBl

@ )

UE

HeNB; HeNB,
- d, > d, >
- D >

Figure 3.12: Simple interference simulation scenario used to evaluate receiver
performance, with P=2 and L=1

Two kinds of receivers were analyzed: linear receivers and [B-DFE] receivers consid-

ering 4 iterations (N, = 4). The simulation performed with 2 [HeNBk simultaneously

transmitting to an [UE]l in which was applied an linear [FDEI receiver is depicted in figures

B.13l and B.14
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Figure 3.13: Throughput as a function of distance HeNB, - UE and HeNBs - UE

It is observable a significant HeNB1 coverage range decrease, due to the interference

from HeN By. 10 dB is the minimum [SINRI value that allows experiencing the maximum

throughput. The transition between the and the [NLoS| model is noticeable for the

distances of 10 and 90 meters.
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Figure 3.14: Throughput as a function of [SINRI
In figure is shown the results when the iterative receiver is used. It can be seen
that [B-DFE] increases the coverage range of the [HeNB| because [B-DFEI[SIC] technique is
capable of recovering the received signal within the coverage range as long as the received
power from both [HeNBk differ at least 5 dB as shown in figure [3.16]
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Figure 3.15: Throughput as a function of distance HeNB; - UE
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Figure 3.16: HeN By and HeN By [SNRl as function of distance

When the two reception powers are similar, [B-DFE] fails, and a dead zone exists in

the coverage area. In order to improve the coverage range and eliminate that dead zone,

multiple copies of the packets can be transmitted. The next experiment in figure [3.17]

depi

cts the result of applying the [MPDI technique, where it is required one retransmission

per [HeNBl involved in the collision, so L=2.
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Figure 3.17: Throughput as a function of distance HeNB; - UE

It is clear that the [MPDI technique appliance not only resolved the coverage hole or

dead zone problem, as well as significant enhanced the HeN By coverage area. However,

as shown in equation [3:43] it also reduce the available bandwidth.

250
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Figure 3.18: HeN By and HeN By [SNR] as function of distance, with L=2

3.5.3 Complex interference

The experiment performed is illustrated in figure One [HeNB] transmits to a[UE] that

receives interference from two [HeNDBk.

HeNB,

YV

Figure 3.19

As previously depicted in the simple interference scenario the [B-DFE]
technique is capable of recovering the received signal under a minimum difference in the
received powers from all [HeNBk difference; The capacity to recover from collisions remains
with three concurrent [HeNBE, although it presents a larger dead zone in the coverage area,

meaning that it needs a greater difference in the received power from all [HeNBk.
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Figure 3.21: HeN By, HeN By and HeN B3 [SNR] as function of distance

When the [MPRI technique is applied, i.e. when packets are transmitted twice per

[HeN Bl involved in the collision, it is observable a coverage gain as expected, although less

significant than the one verified in the simple interference scenario.



3.5. PERFORMANCE RESULTS 47

Throughput

SNR (dB)

_____________

. .
ob—=71 L | L L 1 oz | | | | (DS 1 | | | | | ==
100 110 120 130 140 150 160 170 180 190 200

90
Distance(m)

Figure 3.22: Throughput as a function of distance HeNB; - UE, HeNBs - UE and
HeNBs - UE

80—

757‘\ .-.-.HeNB !
70— 1

o : - - HeNB, o
. - HeNB3 i

60
55

50
45
40
35

25
20
15
10

30— : . . : -

"""""""" el EE T S|

I I \ I \ \ I \ \ T
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200

Distance(m)

)
h
1
1
v
1
\
L1

Figure 3.23: HeN By, HeN By and HeN B3 [SNR] as function of distance, with L=2

As depicted in figures and high values of throughput can be achieved with

low values of SNR] when the [MPRI technique is applied to resolve the three collisions. Due

to

the serial nature of the receiver considered, with 4 iterations, it can resolve collisions of

up to 4 [UEE, failing for the 5th less powerful [UEl signal. It is also important to refer that

for =10m there is a small variance in the [SNR] value , owing to the change of propagation

conditions, i.e. PT] models (LoS| to [NLoS)(see section [3.3).
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Chapter 4

(Green concern

The energy consumption is viewed as one of the near-future major concerns due to the
rapid growth of cellular networks, typically performance-oriented planned. Moreover the
exponential growth of mobile data traffic [39], requiring higher network capacity equally
leads to an increase of the energy consumption. These are the main reasons why great
attention is currently devoted to this problematic [40]. In this chapter, a brief introduction
to Green Communication(GC]) is carried out. This introduction includes the main concerns
and proposed technologies. Lastly, it is explained and tested the green algorithm proposed

in this thesis.

4.1 Green Communications

The rising energy costs and carbon footprint of operating cellular networks have led to
an emerging trend of addressing energy-efficiency amongst the network operators and reg-
ulatory bodies [41], [42]. From an operator’s perspective, reducing energy consumption
will also translate to lower Operational expenditure (OPEX]) costs. Telecommunication
networks and broadband access are proved to consume a huge amount of energy for data
delivery and this consumption is mainly drawn from and the increasing number of
deployed to address high capacity networks. In order to achieve a favorable tradeoff
between energy consumption and performance, an efficient use of the available resources
(BSk) should be done. This is the main idea behind the recently emerged concept of

[GCL Following this GC notion, several schemes and technologies were proposed. Taking
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advantage of the network traffic load fluctuation phenomenon, both academic and indus-
try studies proposed some switching on/off schemes [40]. Another popular approach is
to adjust [BSs transmit power, which leads to variable cell sizes, i.e. different coverage
areas per [BSk. This approach is commonly known as Cell-Zooming [43]. Finally, taking
advantage of the emerged low power [BSk, namely femtocells, some multi-cell cooperation
approaches were proposed [40]. The femtocells deployment is seen as the most promising
solution to enhance mobile networks capacity and coverage, and also constitutes a huge
step to achieve this green concern [44]. Although being more energetic efficient compared
to eENBk, the low power nature and consequently low coverage area, leads to a
network densification, i.e. the deployment of a large number of per area, raising
questions about the corresponding electrical energy consumption footprint. The main pro-
posal of this section is to improve of [HeNBk power amplifiers, using [B-DFF] transmission
scheme in the [DI] and to reduce the number of active [HeNBk, applying an switching-off
algorithm according to traffic load demands. The final goal is to achieve the main purpose

of green communications, energy saving in [BSk.

4.2 Green algorithm

Given the global increasing concerns (specially from the telecommunications community)
about the energetic consumption, it is proposed an [UE] - association algorithm,
whose main goal is to reduce the total BS energy consumption, adapting the network
layout according to data traffic demands, i.e. reducing the number of [HeNBk required to

serve [UEk in their deployment area.

4.2.1 System characterization

The DL of a with a dedicated channel deployment of macro and femto [BSk is
considered for this study, assuming the as transmission scheme. All [UEk are
under the [eNBl coverage. The macro-cell is seen as a fall-back solution applied when there
are no available or when the femtocell network layer reaches its maximum capacity.
An [UEl never experiences lack of coverage.

The proposed algorithm iteratively combines a switch-off scheme (turns off [BSk) with
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the previous explained and tested [B-DEE] receiver (see chapter , in order to achieve a
favorable tradeoff between [EE] and in the femtocell layer of the simulated wireless
network. To calculate the [PI] gains between [HeNBE and [UEk an indoor hotspot channel
model(InH) was used, based on ITU-R M.2135-1 indoor test environment [38], previously
explained in section For simplicity, it was assumed that the deployed were
configured to work in mode (see section , thus avoiding the [UEl association
security issues/constraints.

As this algorithm intends to reduce the energy consumption without compromising the
network performance, it was defined that a [HeNB]serves an [UE] only if it can guarantee a
minimum level of It is assumed that the total load of a [HeNB| p, should be below
90% when more than one [ULll is associated. So for each UE; the set of HeNBk that can
serve it without violating the following capacity constraints, v, is found:

N <09 if N>1

piy <1 if N=1
where N denotes the number of [UEk associated to a[HeNBland p denotes the [HeNBl total

traffic load given by
PU) = D Aet (i) (4.2)

Aesf(i,j) denotes each[UE portion in the HeNBltraffic load, including retransmissions due to
error recovery. An upper bound can be defined assuming that errors are always recovered.
Therefore, A,y can be computed based on:

A

Aeff(i,j) = L(l) X 1— PER(ij)7 (43)

where L;y and PER; jy represent the number of concurrent transmissions (see ex-
planation in and the average packet error rate, per for [UE] respectively,
whereas \(;) denotes ith [UE] traffic load requirement. All[HeNBk included in an [UEHHeNB]
association that respect the capacity constraints shown in equation [4.1] are added to a

group, named .
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It is from this set of possible associations, that, according to the follow explained
conditions, it is chosen the [HeNB| to provide coverage to the [UEl The five conditions

defined, are showed bellow ordered by deceasing precedence:

1. Highest ratio, #’())
e ¥

2. Minimum distance to [UE] (d; ;).

3. Highest p.

4. Lower )\eff~

5. More attached [UEk.

Based on [20], it was assumed that the power consumption of a [HeNBl under maximum
load is 15 Watts, which is divided in two portions: 2/3 associated to power dependency
and 1/3 to power offset consumption (independent of [HeNBl transmit power (Pr)). It
was fixed that all [HeNBk have the same transmit power (Pr) and load requirement A.

Therefore, the power consumption of a [HeNB| with traffic load p is:

Prijy(p) =10 x (p+a x (1 —p))+5x B, (4.4)

where o, 8 € [0 (offsets = 0),1 (load independent)] represent the HeNB energy profile

factor [20]. Finally, may work in one of two distinct modes:

e Active mode - The [HeNBl is serving his associated UFs holding a certain p value,

subsequently, the power consumption Py is given by equation [4.4}

e Sleeping mode - The [HeNBl| is turned off, meaning the power consumption Py = 0.
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4.2.2 Algorithm

The procedure of the algorithm is described as follows. The algorithm is presented bellow,

identifying the most relevant Steps. Then each identified step is explained.

for each A do

repeat

for each[UH do

for each do

if active then

Compute distance to [UE] (Step 1);

if reachable then
Compute :

-[PTl (Step 2);
- [PERI (Step 3);
- Aess and p (Step 4);
if Respect capacity constraints then
Apply selection conditions on 1 (Step 5);
end

Associate to [HeNDBE

else
| Associate to [eNB

end

end

end

end

for All[HeNBs do

if presents p =0 & All[UHs served then
‘ Sleep Mode (Step 6);

else

Active Mode;

end

end

until no possible changes in network layout;

Compute total energy consumption. (Step 7)

end
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Step 1: For each[TEl { UE ;0= 1,..., I} it is calculated the distance, d; j, to all reachable
and active [HeNB] {HeNB(j);j =1,...,J} , where I and J represent the total number of

UEs and HeNBs, respectively.

Step 2: The suitable PL model (LoS| or [NLoS)), chosen from is applied to each d; ;

value, and the respective channel coefficients are computed (see section [3.4)).

Step 3: For each[UE] is applied the [B-DEEl receiver function (with Niter=4)(see chapter
| in order to compute the packet error rate PER; j) associated to each received signal

from reachable )

Step 4: The effective load A.;y is computed using equation and the capacity con-
straints are applied, in order to select the set of available [HeNBE ().

Step 5: Each UE|; selects among all HeNBk in set ¢, according to the conditions defined
in section [£2.7]

Step 6: All HeNDBk with traffic load pjy = 0 when all reachable [UEk are served (by
another [HeNBl or by the [eNBI), are turned off i.e. they work in sleep mode in the following

serving time.

Step 7: Finally it is computed the energy consumption[4.4] derived from the final network

layout.

The algorithm ends when there are no changes from the previous iteration network layout,
i.e. no changes in the total number of active [HeNBk. The algorithm flowchart is presented

bellow.
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Initial network
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Figure 4.1: Green algorithm procedure

4.3 Simulation

The main purpose of this simulations is to investigate, in terms of energy efficiency, the
influence of combining the use of an [B-DFE] receiver and the switch-off approach
in a femtocells network. In order to validate the proposed algorithm a two tier network
scenario, as depicted in figure was chosen considering a [HeNB| dedicated channel

deployment therefore, avoiding the cross-tier interference problems. Mobility was not

N

g

( <<ﬁ>>

200 mr

considered.

100

100 m

Figure 4.2: Simulation scenario
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The algorithm applies [MPR] and cell zooming techniques, such as and [SIC], and
Zoom in to zero (turning off the [HeNBk) respectively. In order to evaluate the potential
gains of the proposed algorithm, the simulations were performed in MATLAB® following
ITU-R] M.2135 simulation guideline using the key simulation parameters summarized in
Table Each [UElis deployed under the coverage of two [HeNBl to observe the influence
of the applied techniques. The proposed algorithm changes the network layout according
to mobile users load requirements \. It was not considered heterogeneous traffic, i.e. is

used the same \ for all [UEk.

Central frequency (fe) 3.4 GHz
HeNB transmit power (Pr) -9 dB
Number of HeNBs 6
Number of UEs 6
Coverage (radius) 80 m
Deployment area 200 m x 100 m

Scheduling strategy

equal bandwidth per UE

Bandwidth

20 MHz

Thermal noise density

-174 dBm/Hz

Channel and path loss models

ITU-R M.2135-1

Load per UE (step value)

0.05 to 1 (0.05)

Table 4.1: Simulation parameters
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4.3.1 Performance results

In this section, the simulation results are presented and discussed, regarding the appliance
of the previously explained green algorithm (see section .

Figure depicts the number of active [HeNBk based on the load requirement per
[UEL considered uniform. It is notable that it is only necessary 50% of the [HeNBk in the

active mode, for A values under 0.5 , to achieve the desired performance and consequent

level.

>
T

o
T

N
T

w
T

Number of active HeNBs
T

-
T

)

| | | | | | | | | | | | | |
0.05 0.1 0.15 0.2 0.25 03 035 0.4 0.45 05 0.55 0.6 0.65 0.7 0.75 08 0.85 0.9 0.95 1

Load per user ( )\(i) )

o

Figure 4.3: Number of active [HeNBk as a function of [UEl load requirement, A

The reduction in the number of active base station is due to the association of multiple
[UEE to neighbor [HeNBk, instead of using only one [UEl per [HeNBl This joint association is
visible in terms of energy consumption per [HeNB] represented in figure [£.4] and in terms

of the total traffic load per [HeNBl depicted in figure

[
T
o
4
@

Energy consumption ( E_) (Watt)
T

0 0.1 0.2 0.3 0.4

05 0.6
Load per UE ()\i )

Figure 4.4: [HeNBF energy consumption as a function of [UE]load requirement, A
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It is important to notice that for A values under 0.5, the active [HeNBk present higher

energy consumption due to the higher traffic load associated to each one of them.

Traffic load (p)

05—

04—

03—

02—

B I |H|

0 0.1 0.2 0.3

Figure 4.5: total load p as a function of [UE] load requirement, A

0.4

05 0.6
Load per UE ( )\i)

In consequence of this reduction in the number of active [HeNBk, it is achieved a

considerable energetic gain, specially for lower values of A\, as shown in figure 4.6
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Figure 4.6: Total [BS's energy consumption as a function of [UEl load requirement, A

As there are only two concurrent [HeNBk, the maximum number of retransmissions was
limited to L=2, to avoid an excessive reduction in terms of available bandwidth. Owing to
capacity constraints applied to guarantee a minimum level of for A above 0.5 there is
no visible energy gains since each [HeNBl can only have one [UE] associated to it, meaning
that to ensure the total coverage all [ HeNBEk have to be in active mode. In this simulation
scenario there was no need to use coverage, since the applied receiver resolves all

interference problems and the same number of [UEs and [HeNBk were deployed.
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Conclusions

5.1 Final Considerations

This work intended to demonstrate the performance achievable of the [MPRI technique
using an [B-DFE] receiver in the [DI] of a [LTE-Al femtocell based network. As expected,
it is shown in chapter [3| that the iterative [SIC| receiver presents pleasant performance
results, enhancing the coverage range even in high interference scenarios. This
receiver “only” recover the signal, it does not prevent the existence of dead zones. The
appliance revel to be very efficient in this undesirable coverage holes elimination.
Although the applied [MPRI approach reduces the available bandwidth due to require
multiple packet retransmissions. The [B-DEF] receiver employing [SIC| was tested with
up to three [HeNBE, i.e. three possible collisions, but uses four iterations it is capable to
efficiently resolve up to four collisions (see explanation of [BEDFEISIC] receiver in section
3.1.4) ). The second part of this thesis (chapter intended to prove the applicability
of the receiver and techniques studied in chapter [3| to a simulated “real world scenario”.
Following the actual energy consumption increasing concerns, the receiver is used in a
developed green association algorithm which employs an switch-off algorithm. The energy
savings regarding the use of this algorithm shown in section [4.3.1] meet the main idea
behind the recently emerged concept of (see section . Considerable energetic gains
were achieved specially for lower load requirements. For higher load requirements it was
not possible to turn off serving [HeNBk due to capacity constraints applied to preserve the

provided The overall results show that the employed and developed technologies
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are a practicable solution to achieve a favorable trade-off between performance and [EE]
in wideband wireless networks, answering to the global demands (high data rates) and

concerns (low energy consumption and carbon footprint reduction).

5.2 Future Work

In this thesis it was employed [SCZFDE] in the [CTE-A] femtocell network [DI] studying
the performance of the [MPR] approach using an [B-DFE] [SIC] receiver. Based on the

pleasant performance results obtained in this thesis, it would be interesting to evaluate
the performance of this iterative receiver and techniques(MPDI and [SIC]) for both [UT] and

[DI] communication side, combining them with other techniques such as:
1. Cooperation between [BSk (CoMP) (see [45], [46])

2. Adjusting the [BY transmit power(Cell zooming) (see [47], [48])
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