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UNIVERSITY OF SOUTHAMPTON
ABSTRACT

FACULTY OF PHYSICAL SCIENCES AND ENGINEERING
SCHOOL OF ELECTRONICS AND COMPUTER SCIENCE

Doctor of Philosophy

Resource Allocation for Heterogeneous Radio-Frequency ahVisible-Light Networks

by Fan Jin

In recent years, mobile data traffic demands have been Benleaxponentially, and the conven-
tional cellular systems can no longer support the capadgtypahds. A potential solution for
meeting such demands may be Heterogeneous Network (Hetdbdmiques. A HetNet may
integrate diverse radio access technologies (RAT) suchM$3JTerrestrial Radio Access Net-
works (UTRAN), GSM/EDGE Radio Access and Network (GERAN)réMess Local Area Net-
work (WLAN) as well as possibly Visible Light Communicati@WLC) networks. The improved
channel gain of the HetNet techniques is achieved by emmottie small cells and by reduced
transmission distance. However, the deployment of Hetdlgirtiques also impose several tech-
nical challenges, for example the interference managerhantiovers, resource management and
modelling of HetNets.

A HetNet relies on multiple types of access nodes in a wisetestwork. These access nodes
can use either the same technology or different techndogié¢hen the access nodes employ the
same technology and use the same frequency band, a majterpristthe Co-Channel-Interference
(CCI) between these access nodes. We firstly investigatalimRaequency (RF) based HetNet in
Chapter 3, which is constituted by the macrocells and thedeefis. More explicitly, the impacts
of femtocells on traditional macrocells are studied, whHanrhacrocells are relying on Fractional
Frequency Reuse (FFR). The design, performance analysismimization problems of this FFR
aided two-tier HetNet is investigated. We found the adwgetaf FFR eroded in dense femto-
cell scenarios and the optimized network tends to becomeitst Brequency Reuse (UFR) aided
system. In order to mitigate the cross-tier interference,moposed a statics spectrum allocation
scheme, namely Swapping Spectrum Access (SSA). Both theg®&robability (OP) of femtocell
Mobile Terminals (MTs) in cell centre region and that of thaarocell MTs in the cell edge re-
gion is reduced by the proposed SSA. The optimized netwarigusur SSA is more robust to the
detrimental impact of femtocells.

Another constitution of a HetNet may rely on integratingfetiént technologies of wireless
communication networks. We focus on our attentions on a Eetidmposing by a RF femto-
cell and a VLC network in Chapter 4 and 5. An important compbrad this architecture is its
Resource Management (RM). We investigate the Resourceaiitm (RA) problems, under the
diverse quality of service (QoS) requirements in terms ¢& date, fairness and the statistical de-



lay requirements. Two types of MTs, multi-homing MTs and tirolode MTs are considered,

where multi-homing MTs have the capability of aggregatiagaurces from different networks,

while the multi-mode MTs always select a single network fogit connection. We proposed a
sub-optimal decentralized method for solving the RA protdef both the multi-homing MTs and

multi-mode MTs. The simulation results confirm the conceiveethod is capable of satisfying

the QoS requirements. Furthermore, we employ more sopdiistl transmission strategies for the
VLC network and study their performance in Chapter 5. Ag#ie, RA problems of the HetNet

relying on different transmission strategies are inveséd.
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Chapter

Introduction

1.1 Motivation

1.1.1 Motivations for Heterogeneous Networks

In recent years, mobile data traffic demands have been sedeexponentially, especially in the
Asia Pacific, region in North America and in Europe [1]. Theg keason for this rapid growth of
demand may be the explosive proliferation of intelligentifeodevices. Since the mobile devices
continue to rely on larger device screen, the image resol@nd mobile data traffic demands may
continue to increase in the near future. Apart from the impdomobile devices and increased
user population, another factor increasing the demanditosigced data rates may be the emerging
new applications of mobile devices. For example, sociavagking and other similar applications
tend to produce small but frequent data transmission, wimial contribute to the increased data
capacity demands.

Conventional cellular systems, such as the 3rd Genera8@) Universal Mobile Telecom-
munication System (UMTS) can no longer support the capatdtpands. A straightforward way
of meeting the growing data demands is to utilize more spectr Industry and academia are
working together on investigating the new frequency babadgh licensed and unlicensed. How-
ever, utilizing more spectrum may be limited by the scarotyavailable Radio Frequency (RF)
bands. Recently, alternative wireless transmission @olgies, such as Optical Wireless Commu-
nications (OWC) and Millimetre-Wave Mobile Broadband ®yss, have also been explored [2].
Another approach of increasing the capacity may be to ceaseiphisticated Modulation and Cod-
ing Schemes (MCS) [3]. At the time of writing, we are pradticaeaching the theoretical limit
of radio channel capacity, which is known as the Shannort [ However, the capacity gain
that may be achieved by improved modulation and coding igdii{5]. In addition to developing
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sophisticated MCS, improving to spectrum reuse is anotbgtéchnique of improving the capac-
ity gains, which may be achieved by employing reduced-pawetes or small cells and by cell
splitting.

On the other hand, the recent development of wireless téafjies has totally revolutionized
the communication systems. The International Telecomaations Union-Radio (ITU-R) com-
munications sector specified a set of requirements for th&éneration (4G) systems under the
International Mobile Telecommunications Advanced (IM@vanced) specifications. The 3rd Gen-
eration Partnership Project (3GPP) created the Long TemmfuEon-Advanced (LTE-A) solution
in order to meet the IMT-Advance specifications. Apart frdma wireless wide area networks, a
series of wireless local area networks (WLANSs) standardsuding IEEE 802.11a, IEEE 802.11b,
IEEE 802.11G, IEEE 802.11nm etc., have been establisheectmromic high-speed wireless ac-
cess. Since all the above wireless communication netwoeishrave a coverage area overlapping
with one anther, the future capacity increases therefore ttacome from a combination of diverse
networking solutions, which results in forming a hybridwetk for wireless access, termed as a
heterogeneous network (HetNet).

To summarize, while the data capacity demands continuectease the improvement in spec-
tral efficiency in homogeneous networks remains limitedngatio the Shannon limit. Hence, it
becomes essential to improve the overall network efficiemitly the aid of a HetNet architecture
and sophisticated signal processing technologies.

Generally, a HetNet relies on multiple types of access ninleswireless network. These
access nodes can use either the same technology or difteadmtologies. In practice, HetNet
deployments in LTE-A are defined as mixed deployments ctingisf macrocells, picocells, fem-
tocells and relay nodes [6]. However, a HetNet consisting ofacrocellular LTE network and a
Wireless Fidelity (Wi-Fi) network is a multi-tier and mubir-interface network. This architecture
may also be invoked as a form of HetNet. As suggested in [2)6lly wireless communication
technologies using the higher frequency bands, such aBl&ikight Communication (VLC) and
Millimetre-Wave Radio Communication, are developed asrapmnent of a HetNet. An example
of a HetNet is illustrated in Fig. 1.1

1.1.2  Challenges in Heterogeneous Networks

Although, HetNets constitute an effective solution of gasing the network capacity, the small-cell
deployment also imposes several technical challengesextmmple the interference management
[8], handovers [9], resource management [10] and modetingetNets [11]. In this thesis, we
focus our attentions on the interference management anesloerce management issues. Let us
hence we briefly introduce these two challenges.
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Figure 1.1: An example of a HetNet, which relies on macrocells, picocells, femto-

cells, relay nodes and VLC.

1.1.2.1 Interference Management

Sharing the same frequency band has the advantage of en#meiArea Spectrum Efficiency (ASE)
[12] and capacity, which is important in the face of a limitgzbctrum supply. However, the inter-
ference between these networks may become severe in tHapgpiag areas, if the spectrum access
strategy is not properly designed. In Chapter 2, we willadtrce the interference management is-
sues encountered in a macro-femto two-tier network, andtite-of-the-art will be presented in
Section 2.2.3. Furthermore, the interference managerssumt$ of two-tier femtocell HetNets will
be investigated in Chapter 3 and a semi-static resourceadibm scheme is proposed for mitigat-
ing the interference. Similarly, interference managenigrtiso a key challenge in macro-relay
networks, also known as multi-hop networks. At the time oiting, most HetNet studies are fo-
cused on developing solutions for a specific combinationedivork layers. The long-term frame-
work should be designed through an optimal distributionuoictions among the associated access

networks.

1.1.2.2 Resource Management

In HetNets, careful RA and sharing amongst the constituetwarks has to be performed. The
RA schemes have to maintain certain Quality-of-ServiceSRm@quirements. Since one of the
greatest challenges of future wireless communication oes\is to achieve the target downlink and
uplink data rates, the resource management scheme hasésigeet in for maximizing either the
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throughput or the spectral efficiency. Fairness is also aoitant issue of resource management
in wireless networks. In HetNets, the fairness problenearisot only in scheduling but also in RA
among the multiple tiers of the networks. In the context af thesis, a generic fairness notion
referred to asy-proportional fairness is used for designing the resouraaagement scheme of a
HetNet. Another important issue in designing the resouraaagement scheme considered in this
thesis is the delay requirements of mobile terminals (MT)ture broadband wireless networks
are expected to support a wide variety of communicationigeswhaving diverse QoS requirements.
Applications such as file transfer and email services aggively delay-tolerant. As a result, it is
important to consider the delay as a performance metricdditian to the data rate requirements,
which may require a careful cross-layer optimization [13jverse approaches may be conceived
for delay-aware resource control in wireless networks B3— For example, the average delay-
constraint may be converted into an equivalent averagecmatstraint using the large deviation
theory approach of [14-18]. In the thesis, we considereddleurce management design issues
associated with a variety of QoS requirements in Chapted4Cirapter 5.

1.2 Novel Contributions

The novel research aspects provided by this thesis are stipehas follows:

¢ \We investigate the performance of a downlink multi-celldii@nal Frequency Reuse (FFR)
aided two-tier femtocell network, where the interferencnagement issues are considered.
More specifically, we invoke the fluid model based method fabkvaluating the cellular in-
terference. Furthermore, we employ the stochastic gegrapproach for modelling the ran-
dom distribution of femtocells. Then the approximate per-Outage Probability (OP) and
the long-term spatially averaged per-tier throughput &f BF-R-aided scenario are derived.
We study the impact of femtocells on the existing FFR aidedrowlls. It is demonstrated
that the femtocells erode the performance of both the outdwxrocell MTs and of the in-
door femtocell MTs. The derived OP and throughput is veriiggimulations. In order to
mitigate the cross-tier interference, we propose a SpacBwapping Access (SSA) scheme
for this FFR-aided two-tier network for the sake of overcoghboth the adverse near-far
effects and the cross-layer interference. Our simulatisults show that the proposed SSA
scheme is capable of reducing the OP of both the macrocellai@®f the femtocell MTs:
These novel contributions were disseminated in papers “Janal No.2"and “Conference
No.1” in the publication list.

e We further extend the study of the downlink multi-cell FFexd two-tier femtocell network
to the optimization of FFR related parameters. More spetifiove formulate the optimiza-
tion in terms of maximizing the ASE of the macrocells. Twoidagyuidelines are consid-
ered, namely what we refer to as the area-proportional desid the QoS-constrained design
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are considered. Then, we solve the optimization problerimgesGenetic Algorithm (GA).
The simulation results demonstrate that the GA based aggiion process is capable of
achieving an improved ASE. Furthermore, an increased rnaltrASE is achieved by the
proposed SSA using a jointly optimized spectrum allocatind distance threshold policy.
These novel contributions were published in “Journal No.2"in the publication list.

o We investigated the Resource Allocation (RA) problems dhdonor HetNet scenario, where
both an RF femtocell and LED light based VLC are used for mlog indoor coverage.
More specifically, a RA problem is formulated, where we apply effective capacity ap-
proach of [14] for converting the statistical delay conisitisainto equivalent average rate
constraints. Furthermore, the fairness of MTs is studiedguthe a-proportional fairness
utility function defined in [21]. Two different types of MTaamely multi-homing MTs and
multi-mode MTs are considered. The RA problem is formulasda non-linear program-
ming (NLP) problem for the multi-homing MTs. We show mathdicelly that this NLP
problem is concave with respect to the RA probability matvikich hence can be solved
by convex optimization techniques. We proposed the duabrdposition based approach
of [22], in order to solve the QoS-constrained RA problem. 8\ demonstrate that the
RA problem is formulated as a mixed-integer non-linear pgogming (MINLP) problem
for the multi-mode MTs, which is mathematically intrackbln order to make the problem
more tractable, a relaxation of the integer variables imithiced. Then, we formally prove
that the relaxed problem is concave with respect to bothdalaeed network selection matrix
and to the RA probability matrix. Again, the proposed dualateposition approach is used
for solving the relaxed problem. Our simulation results dastrate proposed decentralized
approach is capable of achieving the same performance héthait of the centralized al-
gorithm. Furthermore, the effects of system parameterdierpérformance of this indoor
HetNet are investigated.These novel contributions were published in “Journal No.1in
the publication list.

e Rather than simply employing a Single Cell Multi-Point Tsamission VLC scheme, we
consider the RA problem of an indoor HetNet, relying on ddfg transmission strategies
for the VLC system. Four different transmission VLC strégsgare introduced, namely the
Single Cell Multi-point Transmission (SCMT), Unity Frequey Reuse (UFR) transmission,
Combined Transmission (CT) and Frequency Reuse (FR) tiasiem. Furthermore, the
performance of these strategies is compared. The simuolatigults illustrate that the FR-
2 transmission relying on creating attocells illuminatefilLlights is capable of achieving
the highest bit rate. However, this FR-2 transmission etshibe lowest bit rate, when the
LOS rays are blocked. The RA problems are formulated, foratheve-mentioned VLC
transmission strategies, where the RA problems are foteulilas NLP problems. Then
a distributed algorithm is proposed for solving the RA peshs. Our simulation results
demonstrate that the FR-2 transmission is capable of dnbi@ive highest effective capacity,
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when the statistical delay requirements are loose. HowelerCT transmission, which
transmits the same information from two adjacent LED lighttains the best performance,
when we tighten the delay requirements. Furthermore, théeRfocell system becomes
more reliable, when the VLC LOS blocking probability is higlThese novel contributions
were disseminated in “Journal No.3" in the publication list.

1.3 Outline of the Thesis

Let us now highlight the outline of this thesis, which is orgad, as shown in Figure 1.2.

Resource Allocation
of RF HetNet

Motivation & Contribution Macrocell, Femtocell & VLC Chapter 3

{} @ Femto & Macro HetNet

Chapter 1 Chapter 2

Chapter 6
(T T TTTTT T N Conclusions &
1 Future Work

Introduction HetNet Elements Review

Chapter 4 Chapter 5
— VLC Transmission

Strategies

VLC & Femto HetNet

Resource Allocation
of RF&VLC HetNet

Figure 1.2: Organization of the thesis.

Chapter 2 : An Introduction to the Key Elements of Heterogeneous Netaor

In Chapter 2, some key elements in HetNets are discussede e topology modelling
of macrocells, femtocells and VLC systems are introducedtl; the topology modelling
of macrocells is presented in Section 2.1, where three tgpesllular macrocell network
modelling techniques are introduced, as depicted in Fily. Specifically, the Wyner model
is investigated in Section 2.1.1, where the cellular nekwercharacterized as a 1-D linear
model. A specific drawback of the Wyner model is its inaccyiacapturing the randomness
of MTs, especially for downlink transmission. In order tgeowith this drawback, typically
the grid-based model is used in practical systems [23]. kti@e 2.1.2, the grid-based
cellular networks illustrated in Fig. 2.4 are introduced #me history of analysing the Other
Cell Interference (OCI) using a grid-based model was ptesenThe grid-based cellular
network may accurately capture the randomness of MTs. Hewrvélve characterization of
the OCI in a closed form remains an open problem. Instead safraisig the regular grid
based macrocell, some researchers assumed that the rcalbteorks were conveniently
modelled by a Poisson Point Process (PPP), which captwrestivork properties, as shown
in Fig. 2.8. The PPP based cellular network is introducedeictiSn 2.1.4. Then, we turn
our attention to femtocells in Section 2.2. In order to inyarthe coverage and enhance the
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capacity of cellular wireless networks, a routinely useldtsan is to reduce the cell size and
hence the transmission distance. One of most interesemglsremerging from the cellular
evolution is constituted by femtocells, as depicted in F&y9. Both the concept and the
brief history of femtocells was presented in Section 2.ZHen the modelling of femtocells
was discussed in Section 2.2.2, where four modelling aghesmwere introduced. We then
focus our attentions on the state-of-the-art in femtocellS$ection 2.2.3, including their
access control mode, mobility management, self organisatnd interference management.
One of the most significant challenges of the dense deployaidamtocells is the presence
of strong interference, when the femtocells opt for co-clehmleployment. We summarize
the key contributions on interference management techsidu Table. 2.5, Table. 2.6 and
Table. 2.7. Since the scarcity of RF bandwidth capable ofigdiog a reasonable spatial
coverage is a limiting factor, the increasing interest inG/kystems created a technology
complementary to the traditional RF systems. We brieflyoitiiced the history and the
state-of-the-art of VLC in Section 2.3. Specifically, thatetof-the-art of VLC technologies
was briefly presented in Section 2.3.1, including their niatilon schemes, multiple-carrier
techniques, as well as their networking issues, such asahgnission strategies, scheduling
schemes and the RA schemes. The key contributions on VLQitpeds were summarized
in Table 2.10, Table 2.11 and Table 2.12.

Chapter 3: Fractional Frequency Reuse Aided Two-Tier Femtocell NetaoAnalysis, Design
and Optimization

In Chapter 2, several key elements of a HetNet are introduce@hapter 3, we consider an
outdoor HetNet scenario, where the femtocells are ovedatd the traditional macrocells.
The inter-tier interference issues are investigated addeaded. Furthermore, we studied the
optimal parameter design in this HetNet scenario. Befor@nwestigate a two-tier HetNet, a
review of the classical FFR scheme is presented in Sectinli8.order to cope with Inter-
Cell Interference (ICl), the FFR scheme, as depicted in &g, is designed for reducing the
ICI and for improving the performance of macrocells. Thém system model of the FFR
aided two-tier femtocell networks is outlined in SectioB,3and the topology of the FFR
aided HetNet is depicted in Fig. 3.5. Two different spectrifocation schemes were con-
sidered for the femtocells. In the Full Spectrum Allocat{®isA) scheme, femtocells reuse
the entire available RF frequency bandwidth, whilst thetfaralls reuse the frequency band
that was not assigned in its over-sailing macrocell for S&petbpment, which was shown
in Fig. 3.6. In Section 3.4, we investigate a HetNet scenavitere the femtocells operate
the FSA regime and the system performance of FFR aided swdeimtocell networks re-
lying on FSA was studied. The per-tier OP is derived anajliicin Section 3.4.1. Based
on the OP equations derived, the long-term spatially aestagacrocell throughput is de-
rived in Section 3.4.2. Furthermore, the optimal FFR patameonfigurations are studied in
Section 3.4.3. We consider two design guidelines, name&\atka-proportional design and
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the QoS-constrained design. The optimization problem®utigk area-proportional design
and that under the QoS-constrained design were formulat&iablem 1 of Eq(3.28) and
Eg. (3.29), and as Problem 2 of E(3.31) and Eq. (3.32). These two problems are then
solved by GA. Later, we consider the scenario, where thedeefis develop SSA and the
corresponding system performance of FFR aided two-tietdeefl networks relying on SSA
is investigated in Section 3.5. Similarly, the OP of an ootdmacrocell MT and that of an
indoor femtocell MT is derived in Lemma 3 and Lemma 4, respelst Again, the optimal
design problems of the FFR aided two-tier network using S&Asalved using a GA. The
performance results of FFR aided two-tier femtocell neksaare detailed in Section 3.6,
where both the femtocell under FSA and that under SSA areisksc.

Chapter 4: Resource Allocation for Heterogeneous Visible-Light arilFemtocell

As we stated in Chapter 2, optical wireless systems may be@wmmportant component
of the integrated HetNet architecture. In this chapter, W eur attention from an outdoor
HetNet scenario to an indoor HetNet scenario in Chapter éyeva combined femtocell and
LED light based VLC are used for providing indoor coveragke Telated RA scheme is in-
vestigated in this chapter, where diverse QoS requiremsuath as the achievable data rate,
the fairness and the statistic delay requirements aredenesl. We briefly introduce the sys-
tem model of VLC using LED lights in Section 4.2, where the Vir@del of the room using
the LED light based VLC system is described. More specificéitie link characteristics of
VLC are presented in Section 4.2.1, where the optical VLGhokhis modelled as a 'two-
rate’ transmission channel according to zero LOS blockimayraon-zero LOS blocking prob-
ability scenarios. The corresponding received SNR andc¢hizable bit rate of Asymmet-
rically Clipped Optical Orthogonal Frequency-Division Mplexing (ACO-OFDM) aided
VLC are simulated in Section 4.2.3. Then, the indoor HetNetleh is described in Sec-
tion 4.3, where a combined VLC and RF femtocell network is kygd in a room, which
is illustrated in Fig. 4.7. Again, the channel characterssbf the VLC and femtocell are
presented. In order to take the delay requirement into adcthe average delay-constraint
may be converted into an equivalent average rate-corstraing the effective capacity ap-
proach. In this chapter, two different types of MTs: mulbirhing MTs and multi-mode
MTs are considered. The RA problem formulation was presefie both multi-homing
MTs and multi-mode MTs in the indoor HetNet considered int®ec4.4. More specifi-
cally, the proportional fairness approach is used in Sectid.1 and the RA problems of
multi-homing MTs and of multi-mode MTs are formulated in &g 4.4.2 and in Section
4.4.3, respectively. Then, in Section 4.5 we proposed ardiedized algorithms for solving
the RA problems, where the optimization problems were depmsited into several parallel
sub-problems and then the original problems were solvechbiegation approach. Our nu-
merical performance results characterizing the propogedlgorithms in the context of the
indoor HetNet are presented in Section 4.6.
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Chapter 5: Resource Allocation for an Indoor HetNet relying on Diffierd/LC Transmission
Strategies

In Chapter 4, the optimal RA problem is investigated. In Gbap, we extended this study,
under the consideration of different VLC transmissiontefyges. The topology model and
four different VLC transmission strategies are introduge&ection 5.2, where the SCMT,
UFR transmission, CT-2 and FR-2 transmission are preseMede specifically, under the
SCMT strategy all indoor LED lights operate by transmittangingle cell. In UFR transmis-
sion, each LED light operates by providing coverage for glsitransmission cell. In CT-2,
the neighbouring two LED lights are merged into a virtuahgmission cell. Finally, in FR-2
transmission, the entire available optical frequency bah¥LC is divided into two fre-
guency band, forming a VLC system having a frequency reugerfaf 2. In Section 5.3, the
performance of ACO-OFDM aided VLC is characterized by satiohs. Furthermore, we
investigate the QoS constrained RA problems, when diffeviC transmission strategies
are considered. In Section 5.4, we formulate the RA problefr@ indoor HetNet, where
both the femtocell and VLC are used. The proposed deceargdahlgorithm of Section 4.5
is used for solving the RA problems. The effective capacftyhe HetNet is evaluated by
simulations in Section 5.5.

Chapter 6: Conclusions and Future Work

In Chapter 6, we summarize the main findings of the entireégh&sirther potential research
topics are also outlined for the future. For example, we magke cognitive radio in the RF
femtocells, which allows femtocell users to exploit the xpleited spectrum opportunities
of the licensed systems. Finding an optimal RA scheme iadie for further research for
the sake of improving the bandwidth or energy efficiency ef tivo-tier femtocell HetNet.
For the indoor HetNet, we may invoke some more sophisticatagmission VLC strategies
of VLC. Furthermore, we may design a holistic joint outdond@ndoor HetNet architecture
and its optimal RA scheme.



Chapter

Introduction to the Key Elements in

Heterogeneous Networks

As stated in the previous chapter, a heterogeneous netwtygically composed of multiple radio
access technologies, architectures, transmission @otuéind base stations of varying transmission
power. Some networks may opt for the same air interface ftr beer-sailing macrocells and the
small-cell network relying on microcell, femtocells anébsebase stations. However, the availabil-
ity of the radio frequency (RF) bandwidth is a limiting factélence it is beneficial to develop new
complementary technologies may in support of a heterogeneetwork, for the sake of providing
an alternative connectivity solution for reducing the RRgestion. For example, optical wireless
systems using visible light exhibit several advantageduding their license-free operation, im-
munity to electro-magnetic interference, network seguaitd a high bandwidth potential [24]. In
this chapter, we focus our attention on the introduction esafrthese technologies, which will be
further exploited in the forthcoming chapters. The remainof this chapter is organized as fol-
lows. In Section 2.1, the topology modelling methods corestifor traditional cellular networks
are summarized. In Section 2.2, as one of the important elenoé small-cell technologies, fem-
tocell solutions are introduced, including their modejlend technical challenges. Then, we focus
our attention operating VLC system in Section 2.3. We brigftyoduce the history and principle
of VLC systems. Finally, we conclude this chapter in Secfigh

2.1 The Topology Modelling of Cellular Networks

The operational wireless systems rely on homogeneous fetwising a macro-centric planning
process. A cellular macrocell network illuminates theselith the aid of base stations positioned
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in a planned layout for supporting the MTs, in which all thesBe5Stations (BSs) have similar
transmit power levels, antenna patterns, receiver noisesfland similar back-haul connectivity
to the data network. The locations of the Macrocell Basei@tat(MBSs) are carefully chosen
through network planning, and the BS are configurations djtested for maximizing the coverage,
whilst mitigating the interference amongst BSs. The aitdl/performance modelling of cellular
networks is still a debated issue [25], pursuing three mppr@aches in modelling macrocellular
networks, as depicted in Fig. 2.1. The Wyner model of [26] esn widely used for analysing
cellular networks as a benefit of its simplicity and anaBftitractability. A more common and
practical approach relies on assuming that the BSs of eelhdtworks follow a regular grid such
as the traditional hexagonal grid model). Another receptiyposed modelling approach [27],
assumes that the network is abstracted to a convenient paioess (PP). ICl is a key issue in

studying cellular networks, hence we will brief;u introéute modelling the ICI.

Macrocell modelling

|

Wyner model Grid-based model

Poisson point process
model

Figure 2.1: The most popular cellular macrocell network models.

2.1.1 The Wyner Model

Celln-1 Celln Cell n+1

2R

Figure 2.2: The 1-D linear Wyner model.

The Wyner model of [26] has been proposed for the analysielifilar networks due to its
simplicity and analytical tractability, which is typicglinvoked for a simple BS topography and
assumes a unit-gain from each base station to the MTs caoadidad an equal gain that is less
than one to the MTs from the two neighbouring cells [26]. FB2 illustrates a typical One-
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dimensional (1-D) linear Wyner model, where there afel-D cells, along a line, indexed by
n, where each cell covers a segment of lengih Each BS in Fig. 2.2 is located at the cell
centre. As depicted in Fig. 2.2, the channel attenuatiowdxt each BS and its MT supported
is normalized to 1, while the inter-cell interference irdity is characterized by a deterministic
and homogeneous parametef0 < « < 1). As a result, the signal received by a given MBS is
the sum of the signals transmitted from within that cell @ufactora times the sum of the signals
transmitted from the neighbouring cells plus the ambientsS&n noise. Let us consider the classic
3G style Code-Division Multiple-Access (CDMA) systems goomicating over an Additive White
Gaussian Noise (AWGN) channel [26], assuming that the MTirsetll n and thekth MT in cell

n are denoted byC,, andk,,, respectively. As a result, the sigrig) received by the BS of celt in

an uplink scenario is given by:

Yn - Z V Pn,ann,kn + « Z \/ Pnfl,kn_anfl,kn_l

kn€n kn—IEKn—l

+« Z \/ Pn+1,kn+1Xn+1,kn+1 + Zna

kn+1€Kn+1

(2.1)

whereP, i, andX,, ;. are the transmitted power and the signal transmitted fraiink trans-
mitter (MT k,,) in cell n, respectively. Owing to the maximization total power coaisit, we may
haveE [| X, ,|?] = 1. FurthermoreZ, is a mutually independent zero-mean additive white Gaus-
sian process with a variance @f. Similarly, for the downlink, the signat,, ;. received at MTk,,

in cell n is given by:

Yo ko =V Pren Xk 0/ Po1 k1 Xn—1kn 1 + 0/ Prtt ks Xt 1 knsr + Znkes (2.2)

whereP, ;.. andX,, ;, now denote the transmitted power and the signal transnfitbeathe down-
link transmitter of BS» to MT k, respectively. Similarly, we also ha&[| X, ;|| = 1.

In [26], the Wyner model was proposed and used for deriviegtipacity of the uplink cellular
relying on Multicell Processing (MCP), which uses a higesgp@ptical backbone for sharing all
signals amongst the cooperating BSs, while consideringrafaming channel and a wideband
transmission scheme. These results were then extendect tauthors of [28, 29] to flat-fading.
Assuming that the flat-fading processes experienced batabt k,, and a cell may be modelled
by hn i, , EQ. (2.1) and(2.2) may be rewritten as:

Y, = Z Pn,knhn,ann,kn + « Z \/Pn—l,kn_lhn,kn_1anl,kn_1
k?nEICn kn—lelcnfl

(2.3)
ta Z \/Pn+1,k"+1hn,k"+1Xn+1,k"+1 + Zn7
k‘n+1€l€n+1
Yn7kn = Pn,k;" hn7k7zXn,kn + a\/Pn—l,k;nflhn—l,k" Xn—l,k;n,1 (2 4)

+ a\/Pn-i—l,kk_Hhn+1,ann+1,kn+1 + Zn,k~
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The Wyner model was then used for analysing the uplink thmpugof cellular networks both
in Single-Cell Processing (SCP) and Two-Cell-Site Prdogs6TCSP) in [30] and [31], respec-
tively. The authors of [32, 33] used the Wyner model for thirimation-theoretic analysis of
relying on pseudo-noise direct-sequence code-divisiolipteraccess (DS-CDMA). The uplink
sum capacity of Multiple-Input-Multiple-Output (MIMO) syems was derived under the Wyner
model in [34]. Recently, the Wyner model was extended toripaxate shadowing in [35].

Turning our attention to the downlink channel, the authd{86] invoked the Wyner model for
the analysis of the attainable average rates in the highaBtgrNoise Ratio (SNR) region, where a
simple low-complexity transmit preprocessing schemegjmglon the knowledge of the anticipated
downlink Channel Impulse Response (CIR) was invoked fonieliting the interference at the MT
with the aid of signal processing at the downlink BS trantamit

Cell n+1

Celln-1

Figure 2.3: The modified circular array based Wyner model derived from its 1-D

counterpart.

Later, a modified Wyner model was introduced in [37], in orttederive the average per-cell
sum-rate attained with the aid of joint multicell procegsiwhile considering both non-fading and
flat-fading channels. The modified Wyner model is depicteign 2.3, where the authors assume
that the cells are arranged along a circle. Furthermoreagsumed that the cellular BSs are located
at the boundaries of the cells and the MTs receive the sigratsmitted by the two BSs, which
are located at their cell edges. The key difference witheess the original Wyner model of [26]
is that the users are concentrated at the boundaries of feewkere no single dominant BS can
be identified. As a result, the users are hence in what isreefép as a "soft-handoff” situation
between these two BSs. Later, the Wyner model and the modifiecer model were widely used
for evaluating different constrained coordination sigae involved in cellular networks [38—41].

More recently, the authors of [42] verified the accuracy @& YWyner model by considering
both uplink and downlink transmissions. The authors @diza pair of performance metrics in
cellular systems, namely the outage and average throudgbp@valuating the accuracy of the
Wyner model. It was demonstrated that the Wyner model’'smpatera. can be accurately tuned for
characterizing the key trends of both the uplink outage &edaverage uplink throughput, when
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considering a sufficiently high number of simultaneous MAswever, the Wyner model becomes
inaccurate in the downlink analysis, even in the presenaeuaferous simultaneous MTs. The
authors’ conclusion [42] was that the Wyner model, whicblftsnodels the average interference
conditions, can be adapted to the handling of mean-basaitmetuch as the sum or the average
of the throughput. By contrast, it became inaccurate in iraganetrics that depend on the overall
statistics of the intercell interference, such as the aufgbability. However, the Wyner model is
nonetheless capable of capturing the outage behavious GMMMA uplink system in the presence
of a sufficiently high number of simultaneous users, whicingxplicit benefit of the law of large

numbers.

We summarize the aforementioned history of the Wyner moslediun analysing cellular net-
works in Table 2.1.

Year Authors Contributions

Proposed a one-dimensional cellular network model for
1994 | Wyner [26]
characterizing the capacity of the cellular uplink.

Shamai and Analysed the uplink throughput of cellular networks for both
1997
Wyner [30,31] single-cell and twin-cell.

Analysed the attainable average downlink rates in the high-SNR,
2001 | Shamai and Zaidel [36]
region of cellular networks by using Wyner model.

Derived the uplink sum capacity of cellular networks under the
2006 | Aktas et al. [34]
Wyner model relying on MIMO transceivers.

Proposed a modified Wyner model, where the cells are assumed to
2007 | Somekh et al. [37]
be arranged on a circle.

Extended the Wyner model by considering of the effects of
2010 | Kaltakis et al. [35]
shadowing.

Verified the accuracy of the Wyner model by considering both
2011 Xu et al. [42]
uplink and downlink transmissions.

Table 2.1: Brief history of the Wyner model and of the research inspired by it in

analysing cellular networks.

2.1.2 Grid-based Network

Recall from Eq. (2.1)-Eq. (2.4) that, the Wyner model only considers the interference iagiv
from two adjacent cells, where the users are randomly |dcatel the path loss is ignored. Hence
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A A

Cell 4

Cell 3

Cell 7

Figure 2.4: Regular grid based cellular networks.

the Wyner model is quite inaccurate in capturing the randositipn of MTs, especially during
downlink transmissions. Practising systems engineergesehrchers need more realistic models
relying on a 2-D network of BSs positioned on a regular heraggrid, or slightly more simply,
on a regular grid of circles, as seen in Fig. 2.4. The BSs agndady distributed and the coverage
area of each BS is modelled either as a hexagon or as a circle.

In contrast to the Wyner model, here we do actively considerpiath-loss effects between the
BS and the MT. There are two main models conceived for cheniatrtg the path loss, namely the
empirical models and the site-specific model [23]. Empirioadels are based on the statistical
characterization of the received signal, while site-djpeonodel rely on a certain physical basis
as well as on a vast amount of data regarding the geometryamatidn of the buildings, etc..
Since these deterministic models may require an excessieeird of computations, most of the
researchers invoke stochastic processes for modelling/élve-propagation. The simplest model
for a transmission channel is the path loss, which is inlgiE®portional to the distance between
the transmitter and the receiver [43,44]. If we denote te&adice from the transmitter to a receiver
asd, the path-losd. is given by:

L=Ad™", (2.5)

whereA is a function of carrier frequency., and we assume that it is constant for all paths between
a MT and a BS. Furthermore, is the Path Loss Exponent (PLE), which is typically in thegan

of 2 to 6 [43,45]. It had been confirmed by measurements tieap#th-loss model of Eq(2.5)

is reasonably accurate for distances spanning from 1 to 2@0kmS antenna heights in exceed
of 30 m in areas with little terrain profile variation [12]. Hee, this path loss model is reasonable
for the family of conventional cellular networks. Empitigasults have illustrated [45] that the
specific value ofA may be different for outdoor and indoor transmission chimria this treatise,

the empirical results of [46,47] are employed, where thbzgs of the outdoor channeldk,,; =
1’;37% and that of the indoor channel i$;,, = 1037, respectively. Furthermore, the multi-path
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fading effects will also be taken into account, which are elled by uncorrelated Rayleigh fading
model. In conclusion, the wireless radio frequency charm&libject to the path loss, as well as the
uncorrelated Rayleigh fading having a unity average powghen considering a typical CDMA
system, in contrast to the Wyner model, we should consideiirtterference emanating from all
cells around the serving cell. Again, it is assumed that tfieskt in celln and thekth MT in celln
are denoted byC,, andk,,, respectively. As a result, the received uplink sighiaht celln is given

by:

Y, = Z \/Pn,knLn,knhn,ann,k + Z Z \/Pn’,kn/Ln,kn/ hn,kn,Xn’,kn/ + Zn, (2-6)
kn€n n'#nk, €,

whereL,, i, andh,, i, denote the path loss of the channel spanning from the trées{MT £,,) to

the BS receiver in celk as represented by E(.5) and the uncorrelated Rayleigh fading channel
between the transmitter of MA,, to BSn, respectively. Similarly, the signal, ;,, received at MT
k,, in cell n in the downlink, is written as:

Yn,kn - \/Pn,knLn,knhn,kn + Z \/Pnlvk;n/ Ln/,k"hn/,k‘an/,k;n/ + Znykn' (27)
n'#n
Although the 2-D grid based network model is capable of aapguthe random locations of
MTs by considering the path-loss, the ICI represented bysdw®nd term of Eq(2.6) and Eq.
(2.7) remains a challenge to model accurately, owing to the sumfiiite variables.

The first analysis on the ICI was provided by Cooper and Netilen [48]. The paper studied
the uplink of a frequency-hopped system and analysed tHferpgance of this system in terms
of its Signal to Interference Ratio (SIR). The total inteeigce imposed by a cell other than the
desired one was calculated by integrating the interferempeession by considering a continuous
and uniform geographic distribution over a circular regagproximating a hexagonal cell. How-
ever, the analytic results derived in [48] was only for riestd values of the PLE and hence the
authors used numerical integration for calculating therfierence levels. Later, this integral based
approach was also used for analysing other systems, sutie &3-CDMA system [49], where
the PLE~ was fixed to be 4 and the circular cellular layout was assurdedextension of [48]
was published in [50] which included the effects of shadawiThe uplink of a CDMA system
was considered and the propagation loss from a MT to a BS wgeciuo both path-loss and
lognormal shadowing. The total interference encountandtieé presence of lognormal shadowing
is a random variable which is approximated by a Gaussiantiitibn, which was also assumed
in [51]. Another analytical approximation of the ICI undaetfixed SIR power control mechanism
was presented in [52], where an iterative method was prapioseletermining the ICI distribution,
which was shown to obey a log-normal distribution in the sciEninvestigated. When considering
a practical power control mechanism designed for maimgiai constant SINR, the ICI was char-
acterized in [53,54], where the SIR of each MT was considerdxt identical. The authors of [55]
relied on numerical integration approach for analysingitierference in DS/CDMA cellular net-
works, where the interference imposed by the grey shadeddadrEig. 2.5 was considered. By
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contrast, the interference arriving from outside of theygreea was ignored. Then this analytical
model was used for characterizing a call admission conttatimie [55].

Figure 2.5: A regular grid based cellular network, where the interfering area is

denoted by the grey shade [55].

The authors of [56] considered the effects of shadowing aati/cally derived an upper bound
expression for the ICI factor, defined as the ratio of intt-nterference to the intra-cell interfer-
ence. This parameter can be conveniently used in cellubampig calculations. In [57], specific
values of the ICI factor were derived by simulations for ddgepractical according scenarios, which
were also compared to the upper bound of the ICI factor deiiivg56]. The randomness of user
location within a cell was then considered in [45], where disribution of the interference arriv-
ing from a randomly located MT in another cell of the networkswderived. As a further advance,
the authors of [58] investigated the effect of mobile lomas on the Erlang cell capacity using a
simulation approach. The performance analysis of the kipfira multi-cellular MIMO systems
was studied in [59], where the distribution of the intral@elerference was approximated by the
Gamma distribution, while the ICI was calculated by numadrintegration.

Turning to the downlink channel, the authors of [60] consedethe downlink of orthogonal
resource based multiple access systems, such as the dowhlinTime Division Multiple Ac-
cess (TDMA) system or the downlink of an Orthogonal Freqyddigision Multiple Access (OFDMA)
system. As a result, the intra-cell interference was dgtaeoided. It was assumed in [60] that the
path-loss between an interfering BS and the target MT wased fimlue, which was equal to the
inter-cell interference intensity. As a result, if we assume that the target ¥7Tis in cell n, we
haveL,, , = aL,,, Vn' # n. This approach is capable of reducing the complexity ofucalc
lating the sum of the ICI and the results become tractablaeveder, similar to the Wyner model,
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this approach does not take the randomness of MT locatidosagtount. Hence this approach is
inaccurate in downlink analysis. Later, the authors of @iEnded this approach to the analysis of
the ICI in multiple-antenna aided broadcast channels. Ttmensum rate of random beamforming

was derived for downlink multiple-antenna aided systenthémpresence of ICI, for a large number

of MTs.

Then, in contrast to the ICI factor based approach used in6[g0 Kelif et al. proposed a
'Fluid Model’ [20, 62, 63] for characterizing the ICI in theanlink of cellular systems, where the
discrete BSs of the cellular networks were modelled as airamun. The outage probability of
downlink transmissions in an Orthogonal Frequency Divididultiple Access (OFDMA) system
was derived in [62]. The simulation results illustrated tbasonable accuracy of the 'Fluid Model’
in characterizing the downlink ICI. Hence, in this treatie 'Fluid Model’ is used for analysing
the performance of cellular networks. Therefore, we wittaduce the principles of the 'Fluid

Model’ in the following.

2.1.3 The Fluid Model of Inter-Cell-Interference

First interfering BS ring

Figure 2.6: A Hexagonal cell-based network, where the Fluid Model is used for

analysing the downlink interference.

The key characteristic of the Fluid Model is that it replaaagiven finite number of interfering
BSs by an equivalent continuum of BSs, which are spatialiyritiuted in the network. Since the
BSs are regularly located in the classic grid-based netsydtkis reasonable to assume having
spatially distributed BSs. We consider a regular hexaggridlbased cellular network, where each
BS is located in the centre of a hexagonal, as seen in Fig A2.4 result, the density of BSsss
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may be expressed agps = $ 1. Let us consider a M. at a distancel,, from its serving BS.
Then the power of the received signdl may be written as®, = P,Ad,,”. Given a distance
from MT u, the area of the elementary surface may be formulateda®. Hence, the equivalent
number of the interfering BSs jspszdzdf and their contribution to the downlink interference is
given by P, Az~ ppszdzdf. For analytical convenience, the cell boundary is appraxéu as the
circle, which is represented by the inner circle printed @stikd line in Fig. 2.6. The first-tier
of interfering BSs is represented by the outer circle pdritedashed line in Fig. 2.6. Then the
distance from the first-tier of interfering BSs to the MTis 2R — d,,. We also assume that the
network boundary is characterized by a ring of BSs at a distaifr,,;, and hence the distance from
the network boundary BSs to the Milis (R,,;, — d,,). The MT u may suffer from the interference
imposed by the BSs located in the first BS ring of Fig. 2.6. Thiea total downlink interference

I received by a MT at a distanek may be written as:

2 Rnbfdu
I = / / P,Az7 7 ppgzdzdf
0 2

R—du (2.8)
_ 2nPApps

v —2
Since the PLEy may be larger than 2 in practical scenarios and the netwaukdery radiusi,,;,

[(2R —d)2 — (R — du)Q"y] .

tends to infinity, then the Eq2.8) may be further approximated by:

2P A
Iy = 2 2PBS (2R —d,)*7". (2.9)
v —2
As a result, the signal to interference ratio (SIR) may be@gmated by:
-9 ;7
sip— =% (2.10)

ompps (2R — d,)*~ "

Let us now verify the accuracy of Fluid Model in approximatithe downlink received SIR.
The simulator assumes having a regular hexagonal netwardtingted by several rings around a
central cell. Fig. 2.7 illustrates the SIR of a target MT asiraction of the distance from the MT
to the serving BS, when we assume that the transmission pBwequals toi6dBm, the carrier
frequency is 2GHz and the radius of the cell is 1 km. Obsemn fFig. 2.7 that as expected, the
SIR of the target MT decreases when this MT moves away frorsg¢héng BS. The SIR of the MT
becomes higher, when the PhLEs higher, because the desired signal’s link is always shdinan
the interfering link. It is clear that Eq2.10) derived by the Fluid Model is quite accurate for all
the considered. Hence, the Fluid Model is capable of tracitie characteristical of the downlink
ICI quite accurately. Later, Keliét al. extended the Fluid Model to sectored wireless networks
in [64], where the outage probability was validated by Mo@&rlo simulations. In [65, 66] the
effects of log-normal distributed shadowing were congdeelying on the Fluid Model.

Similar with the Section 2.1.1, we summarize the key countiims on analysing the ICI using
the grid-based model in cellular networks in the contextatfl& 2.2 and Table 2.3

In the Chapter 3, we will simplify our macrocell model as the circle model, as a result the density of

BSs pBs equals to Tr_zl?z
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Figure 2.7: The SIR of a target MT versus the distance between the serving BS

and the target MT, for the cell radius of R = 1km.

2.1.4 The Stochastic Geometry Based Poisson Point Process Model

Instead of assuming the regular grid based macrocell BEs)dtwork is now assumed to obey a
convenient Poisson point process (PPP) which capturesthrk properties. In probability the-
ory, a PPP is defined as a particular random process chazaujea set of isolated points scattered
along a line or across a Two-Dimensinal (2-D) plane or in &€&Hbimensional (3-D) space, where
the number of points within any compact set is a Poissonildiged random variable and the num-
bers of points in disjoint sets are independent of each ¢8¥gr As a result, the cellular network
model consists of BSs arranged according to a homogened¥ BPintensity A in the Euclidean
plane [27]. Fig. 2.8 illustrates a realization of a PPP basstvork in a20km x 20km region
having an intensity of 0.2 pointkm?, where the dots denote the macrocell BSs. Hence, the total
number of BSs is a variable, with its expectation value beiggal to400 x 0.2 = 80. Assuming
that the MTs are only associated with the nearest Bs, thévoehidaries are shown, which forms a
Voronoi diagram in Fig. 2.8.

The stochastic geometry based approach conceived fotaraietwork BS modelling has been
considered as early as 1997 [68], where two independens®ojgrocesses representing the MTs
and the BSs were considered. However, the key metric cotestity coverage has not been in-
vestigated. Subsequently, the PPP based abstraction madellso advocated in [69], and it was
shown that the PPP model results in lower bounds of the atiéncellular performance, while
the traditional hexagonal systems provide an upper pednom bound. The PPP model of the BS
positions of the BSs has been attracting more and more iatterih [27], PPP model based cel-
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Year Authors Contributions

Analysed the performance of an uplink frequency-hopped system,
Cooper and where the total ICI is calculated by integrating the interference
1978

Nettleton [48] expression considering a continuous and uniform user density over

a circular region.

Extended the contribution of [48] by considerating the effects of
1991 | Gilhousen et al. [50]
lognormal shadowing.

Obtained an upper bound for the uplink ICI factor, which denotes
1994 | Viterbi et al. [56]
the ratio of ICI to intra-cell interference.

Derived the distribution function of the uplink interference
imposed by a randomly located mobile terminal in a interfering
1999 | Evans and Everitt [45]

macrocell. Hence, the effects of random user locations within a cell

were studied.

Proposed an alternative approach for calculating the ICI, where
2001 | Ho et al. [55] only the interference emerging from the most significant

interference area is taken into account.

Proposed an iterative method for approximating the uplink ICI
2002 | Staehle et al. [52]

under a power control mechanism.

Extended the contribution of [50], and the total interference was
2003 | Elayoubi et al. [51]
approximated by a Gaussian distribution.

Table 2.2: Brief history of the analysis of ICI for cellular networks using grid-based

model: Part I.

lular networks were analysed, where a comprehensive framkewas conceived for deriving the
coverage and the average rate of single-tier cellular mswender the assumption that the down-
link channel was subject to Rayleigh fading. Recently, takdation of the PPP model for real
BSs deployments was provided in [70], where the actual ioeatof the BSs were collected from
Ofcom, the independent regulator and competition authdamitthe UK. The authors applied the
maximum pseudo-likelihood goodness-of-fit technique tthétn to show that the PPP model was
as accurate as the regular grid model [71]. Inspired by thesdts, numerous researchers started
to use the PPP-based abstraction model for studying thelarefietworks. The authors of [72]
considered the PPP-based cellular networks and the asbbiandover probability. The effect of
the BS density on the attainable downlink performance of-B&&d cellular networks was investi-
gated in [73]. Later, the authors of [74] extended the cbntion of [27] and the outage probability
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Year Authors Contributions

Used the method of [56] and the specific values of the ICI factor
2004 | Kolahi et al. [57]

were derived by simulations for diverse scenarios.

Analysed the uplink performance of multi-cellular MIMO systems,
where the distribution of the intra-cell interference is
2006 | Tokgoz and Rao [59]

approximated by the Gamma distribution and the inter-cell

interference is calculated by numerical integration.

Analysed the downlink performance of cellular networks. The path
2007 | Kim et al. [60] loss between the serving BS and the target MT which was equal to

the inter-cell interference intensity «.

Proposed a ’Fluid Model’ for characterizing the ICI in the
2007 | Kelif et al. [20,63] downlink cellular, where the discrete BSs of the cellular networks

were replacing by an equivalent continuum of BSs.

Extended the ’Fluid Model’ to sectored wireless networks, where
2008 Kelif et al. [64] the outage probability was validated by the Monte Carlo

simulations.

Evaluated the effects of log-normal distributed shadowing relied on
2009 | Kelif et al. [66]
"Fluid Model’.

Extended the approach of [60] for analysing the downlink ICI in
2011 | Moon et al. [61]

multiple-antenna broadcast channels.

Table 2.3: Brief history of the analysis of ICI for cellular networks using grid-based

model: Part II.

was derived under the consideration of the user densityrdardo mitigate the ICI, the authors
of [75, 76] studied the benifit of interference coordinatioiPPP-based cellular networks, where a
random clustering model was proposed and each clusteritgtbe intercell interference nulling
technique. More recently, the authors of [77] considered@taided cellular networks, where
the macrocells were subject to the PPP model. The averagepeobability of PPP based cellular
networks was analysed therein. Turning our attention taiffiimk, the coverage probability was
derived for a randomly chosen mobile user relying on powetrobin [78]. The brief history of
the PPP model used in analysing cellular networks is surzexin Table 2.4.

Although the interference statistics can not be readilyioled, the exact distribution of SJR
is obtainable, upon assuming the presence of Rayleighdaainthe downlink. Then we will
present the technique of analysing the cellular networkopmance, relying on PPP-based ab-
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Year

Authors

Contributions

1997

Baccelli et al. [68]

Proposed the stochastic geometry based approach for cellular
network modelling, where the MTs and BSs were modelled as two

independent Poisson processes.

2000

Brown [69]

Proposed the PPP based abstraction model.

2011

Andrews et al. [27]

Analysed the downlink PPP model based cellular networks, where
the coverage and the average rate of downlink cellular networks

was derived.

2012

Vu et al. [72]

Evaluated the handover probability of PPP model based cellular

networks.

2012

Lee et al. [73]

Analysed the optimal tradeoff between the performance gain by
increasing the BS density and the resultant network cost
accounting for energy consumption, BS hardware and backhaul

cables.

2013

Yu and Kim [74]

Extended the contribution of [27] by considering thes effect of user

density.

2013

Akoum and Heath [76]

Investigated the interference coordination in PPP-based cellular
networks, where a random clustering model was proposed and

each cluster exploited intercell interference nulling technique.

2013

Renzo and Guan [77]

Analysed the downlink performance of the multi-cellular MIMO
systems, where the average error probability of PPP based cellular

networks is derived.

2013

Novlan et al. [78]

Derived the uplink coverage probability for a randomly chosen MT

with power control in PPP model based cellular networks.

Table 2.4: Brief history of the PPP model used in analysing cellular networks.

23
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Figure 2.8: PPP based network in a 20kmx20km region with intensity 0.2
point/ km?. The macrocell BSs are denoted by the dots and the cell boundaries

are constituted by a Voronoi diagram.

straction model.

Consider the cellular network model illustrated in Fig.,2vBere the BSs are arranged accord-
ing to a PPPY of intensity A\, while each of the MTs is associated with the closest basierstaVe
assume that the cellular BS set is denote@a$he downlink channel is subjected to uncorrelated
Rayleigh fading having a unity average power and the path-l@hen the poweP, received at a
MT at a distance of from its BS isP, Ahr ", where the random variablefollows an exponential
distribution with unity mean. The SIR of the target MEerved by BS is formulated as:

-

h: -r. .
SIR, ; = ) .
Zkeb/j ik ik

(2.11)

Then, the cumulative distribution function (CDF) of SlRnay be written as:

Fsir,, (6) = P(SIRi; < 0)

hij’l“;~
=P —r— <4
> keas; ikt (2.12)

— . 0l . It
=P |hi; <0r], Z hikTi
ked®/j

We assume that = Zk@/j h; kr; . Exploiting the fact thak follows an exponential distribution
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with unity mean, as a result, E(R.12) may be rewritten as:
Fsir,, (0) =P (hi,j < or] jz)
=1-P (h@j S HT'Z]I)
—1 _/ P (hm- <60r].I| I) fr(I)dl
—o0 (2.13)

— 1B [P (hiy <0111

=1-E; [exp (—Hrzjlﬂ

—1-£(-0r7,),
where f;(I) denotes the Probability Density Function (PDF) of the \@&d, and£; represents
the Laplace transform of the variablewhich may be expressed as:

Lr (—Hrzj) =E; [exp (—QTZJ-I)}

_ 0. Y
_E<I>,Ihi,k\2 exp Grm- Z h%krm§
ked/j

=Eon,, H exp <—9rzjhi7kr;l;y) (2.14)
ked/j

28y [T B oo (~0r7,07)
ke®/j

2 exp [—)\//R (1= [exp (~0r],0)] rd?“)] :

where the equality of (a) follows from the i.i.d. distribeni of |k, .|? and from its further in-
dependence of the point proceds The equality of (b) follows from the Probability Generafin
Functional (PGFL) [79] of the PPP and the integration rediodenotes the interfering region.
Then the Laplace transform of the variablenay be rewritten as:

Ly <—97“Zj) = exp —27?)\/ <1 - / exp (—HTZJ,T_V:U) exp (—z) dm) rdr]
L 0 0

o0 1
= exp —277)\/ l——————|rdr (2.15)
0 1+ Hrmr v

- , 2
= exp —WACA,TZ-’]-HW} ,

where we haveZ, = [ 1+1 1 ds. As aresult, the CDF of SIF is given by:

Fsir,; (0) =1 —exp [—ﬂ)\Cyrin% . (2.16)

Recall from Eq.(2.16) that the CDF of a MT’s SIR, assuming a distange from the serving BS,
is subject to the BS density of PPP based abstraction modeharoutdoor PLE.

Having introduced the above three modelling methods ofttoachl cellular networks, we will
then shift our attention to the emerging subject of smdllteehniques, which have shorter trans-
mission link, lower transmission power and hence tend teigeohigher network capacity.
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2.2 Introduction of Femtocell

Both the topology and architecture of cellular networks @anelergoing a major paradigm shift
from being voice-centric, circuit switched and centralptimized for coverage towards becoming
data-centric, packet switched and capacity-oriented [BA¢ traditional methods of increasing the
amount of spectrum or deploying more macro base stationsfailatyp keep pace with the data
explosion. One of the effective techniques of improving ¢beerage and enhancing the capacity
and data rate in cellular wireless networks is to reduce #ilesze and hence the transmission
distance. In recent years, enormous gains have been reapedhfe efficient spatial reuse of the
spectrum by increasing the higher area spectral efficieAsya result, one of most logical trends
emerging from the cellular evolution are constituted by timells [81, 82]. Femtocells are small
and they are covered by inexpensive, low-power base s¢dtiah are generally consumer-deployed
and connected to the operators, core network through ths’usigital Subscriber Line (DSL),
optical fibre or cable broadband internet connection [8@8]L A typical femtocell is shown in Fig.
2.9, where different femtocell subscribed MTs are capableoanecting to the femtocell access
point for both uplink and downlink service provision. In ttedowing, we will firstly introduce the
brief history of femtocells, then the modelling methodsfiamtocells are highlighted, followed by
the technical challenges and existing solutions.

-l A Femtocell

\J

Mobile operator’s
core network

DSL Modem Router

Figure 2.9: A typical femtocell

2.2.1 Brief History of Femtocells

The concept of femtocells evolved from the idea of smallsgellhere a macrocell would be split
into a number of smaller cells having a reduced transmit p@and a radius of perhaps a few hun-
dred meters [84]. The birth of contemporary femtocells gaérin the early 1990s, when South-
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west Bell and Panasonic developed an indoor femtocellisaltihat reuses the same spectrum as
the macrocells [85]. Later, Alcatel announced a Global &ydor Mobile Communications (GSM)
based home base station to be brought to the market in 20Q0IfB&cent years, different types
of femtocells have been developed and promoted based @musair interface technologies, ser-
vices, standards and access control strategies. For exaBtpfemtocells use the Wideband Code
Division Multiple Access (WCDMA) based air interface of Warsal Mobile Telecommunication
System (UMTS), which is also referred to as the UMTS TerigsRadio Access (UTRA). These
femtocells are capable of communicating through IP bastglanks, which make it more applica-
ble to femtocells. More recently, the Worldwide Interofslity for Microwave Access (WiIMAX)
and Long Term Evolution (LTE) femtocells opted for OFDMA &egit physical layer technology.
These femtocell are capable of providing a variety of higtadate services for the MTs [87] and
the LTE femtocells are referred to as Home evolved Node B&dB$) [88]. In 2007, the Femto
Forum (now called Small cell Forum) [89] was formed in ordempromote the standardisation
and wide scale deployment of femtocells all around the watldccelerates small cell (femtocell)
adoption in order to change the shape of mobile networks @antbikimise the potential of mobile
services. It is predicted that the future LTE and LTE-A netvgowould rely on femtocells for the
provision of high-quality indoor cellular coverage. As ault, femtocells are likely to be deployed
on a large scale in the near future.

2.2.2  Femtocell Network Modeling

The femtocells are overlaid onto the traditional cellulaaamocells, hence, forming a two-tier cel-
lular network. The addition of femtocells requires an etiolu of the traditional cellular model.
Generally, four two-tier cellular network modelling appohes have been deployed [80]. We will
then briefly introduce these approaches.

The first model simply consider all the channel gains (inclgdhose of the interfering chan-
nels), without specifying the precise spatial model fontagous BSs [90—-93]. This model simpli-
fies the channel model of the two-tier cellular network ang ingoke game theory, power control
and resource allocation. In some studies [90, 91], thesenehayains obey Rayleigh distribution
and to a first order they are determined by the locations ofriresmitting sources. However, this
model is inaccurate for system performance analysis, shepath-loss is inaccurately modelled.

The second approach assumes that a single femtocell isatfdp@ single macrocell [94-96],
which leads to a fairly sparse femtocell deployment, as seEig. 2.10. In the downlink, the inter-
ference imposed on the femtocell MTs is assumed to be agrawiy from the traditional macrocell
BSs, while the interference between the femtocells is wagle In the uplink, the interference is
bound to come impinge neighbouring MTs transmitting to tleecmcell BSs. The main limitation
of this model is that the performance of macrocell MTs maybwaccurately characterized, be-
cause both the femtocell interference and the inter-ctdHi@rence imposed by other macrocells is
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Figure 2.10: A single femtocell BS is 'dropped’ in a single hexagonal macrocell,
where the radius of the macrocell is 1km. The macrocell BS and the femtocell BS

are denoted by the dot and the cross, respectively.

ignored, even though in practice the macrocell MTs’ perfamge is significantly affected by the
interference generated by the femtocell.

Another approach is to assume the regular grid model for ocalirBSs, and assume that the
femtocells are randomly placed within the macrocells [9%3},Las shown in the Fig. 2.11. In
the downlink, the interference imposed on the femtocell Mrgerges from both the macrocells
and the neighbouring femtocells. The interference infeeaggon the macrocell MTs emerges from
both the neighbouring macrocells and the neighbouring deeils. Similarly, in the uplink, the
interference measured at the femtocell BSs arrives frotn thet neighbouring marcocell MTs and
the neighbouring femtocell MTs. This model is capable ofrabgerizing the interference of this

two-tier cellular network.

The fourth model assumes that both the macrocells and fefte@re randomly placed. More
specifically, both the macrocell BSs and the femtocells aseirmed to be PPP based [104-108].
Fig. 2.12 illustrates this model. An appealing aspect of #pproach is that the random locations
of the femtocells actually allows significantly improved thi@matical tractability and the SINR
distribution can be found explicitly [80]. This may allowetfiundamental impact of different PHY
and MAC designs to be theoretically evaluated in the future.

2.2.3 Technical Challenges in Femtocells

The deployment of femtocells will economically benefit betid-users and network operators. On
the one hand, the end users accessing femtocells can acmiéwgroved signal quality owing to
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Figure 2.11: The PPP model based femtocell BSs are randomly distributed across
the regular hexagonal macrocell BS grid in a 20km x 20 km region, where the
intensity of the femtocell BS deployment is 0.6 point/ km?. The macrocell BSs and

the femtocell BSs are denoted by the dots and the crosses, respectively.

the reduced transmit-receive distance. On the other heord, the operators’ point of view, femto-
cells will improve the indoor coverage, hence conveyingrgdamount of indoor traffic. Having
good channel conditions enables the femtocells to provigle ttata rate services for the users by
using higher-throughput modulation and coding schemeghé&umore, a femtocell usually serves
a small number of users compared to a macrocell. Hence thldesthe femtocells to provide a
better QoS for their users, compared to the macrocells. Frdmsiness perspective, femtocells
can provide an excellent platform for the operators to miseértheir revenue and to increase their
network capacity without any further investment in maceditdar network upgrades. Furthermore,
there would be no need to lease land for new BS sites and tbiielky cost no longer affects the
operators. These savings reduce the overall network costs.

However, femtocells also pose a number of design challerejated to the choice of access
modes, mobility management, handovers, self-organisatiecurity and interference management,
as depicted in Fig. 2.13. These challenges will be more itapbwhen the deployments of femto-
cells becomes denser in urban environments. In this seetiembriefly discuss the above technical
challenges.
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Figure 2.12: The PPP model based femtocell BSs are randomly distributed across
the PPP model based macrocell BSs in a 20km x 20km region, where the intensity
of the macrocell BSs and the femtocell BSs is 0.2 and 0.6 point/ km?, respectively.

The macrocell BSs and the femtocell BSs are denoted by the dots and the crosses,

respectively.
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Figure 2.13: The key technical challenges in Femtocell systems.
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2.2.3.1 Femtocell Access Control Mode

Femtocells are capable of supporting several MTs, and heneeof their important issue is the
design of femtocell access control. Three popular accegsatanodes have been defined in [81]:
Open Access mode, Closed Access mode and Hybrid Access mbidb, are described below:

e Open Access modén this mode, the MTs may unconditionally access the fegit@nd all
MTs are treated equally from a camping perspective and edso & charging perspective.

e Closed Access mod&his access control mode allows femtocell access to aatestrset
of MTs, which is referred to as a Closed Subscriber Group (C8Grmal service is only
expected for the set of MTs belonging to the CSG.

e Hybrid Access modd his access control mode only allows a limited amount ofénetocell
resources to be assigned to all MTs. However, the MTs whoudrscsibed to the femtocell
may be able to get preferential charging in comparison tosusko are not subscribed to the
cell.

In general, the choice of access modes has a direct impatteanterference in the system.
The open access mode constitutes a superior approach fretwark capacity point of view, and
it provides the potential solution for sophisticated ifgéegnce coordination.It was shown in [109]
that the open access induced improves the overall capakcityeonetwork, mainly because the
macrocell users are capable of connecting to nearby feftgpeéhen its performance under the
macrocell is deficient. However, this mode may complicagehtindoff and security issues. More-
over, from the femtocell end users’ view, the owner who pasg the femtocell access point and
pays both for the back-haul and electricity, might not wenfemtocell resources to be shared with
everyone. As a result, the closed access mode is more likddg tleployed in the home environ-
ment. In this treatise, we assume that the indoor femtopallyson the closed access mode, hence,
only the subscribed MTs are capable of accessing theimggefeimtocell. Hybrid approaches allow
the connectivity of non-subscribers with the explicit pession of femtocell subscribers, while re-
stricting the amount of available resource. The femtocels reserve part of the capacity for their
subscribers. It has been shown in [110, 111] that the hylmidss mode is capable of providing an
improved overall network performance while maintaining @oS of the femtocell users. The com-
parison of these access modes was provided in [94, 112] dangthink and downlink, respectively.
More details on the access modes and on their impact were gijé13, 114].

2.2.3.2 Mobility Management and Handover

Since the coverage area of an individual femtocell is snrallthe deployment of femtocells may
be unplanned, it would be impossible for a femtocell to keapk of its neighbours for supporting
handovers. Hence, the provision of mobility managemenné& af the most challenging issues.
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Handover scenarios may include femtocell-to-macroceficmmcell-to-femtocell and femtocell to

femtocell handovers. Although femtocells may rely on éxgtmobility procedures, a number

of unique challenges arise that require special consideraDne of the most difficult aspect of

femtocell mobility is that they are typically not directlpinected into the core networks where
the mobility procedures are usually coordinated. The ldck lmw-delay connection to the core

network may result in significant handover signalling dslay

The available literature studied various handover degialgorithms for the two-tier macrocell-
femtocell network [115-123]. More specificity, the handowechanisms between macrocells and
femtocells based on the signal strength were proposed B+fi1l7, 120]. The handover decision
algorithms were adjusted according to the traffic-typeedatin [118,119]. Furthermore, handover
algorithms based on the velocity of MTs were conceived il 123]. A summary of mobility
management and handover solutions is provided in [124].

2.2.3.3  Self Organisation

Since femtocells are installed by end users or private prisets often in almad hocmanner and the
locations of femtocells can with vary time, this makes ttalitional network planning and tools
designed for configuring and optimising a femtocell netwankisable. As a result, the femtocells
have to be able to self-configure and optimise without inipgra substantial impact on the existing
cellular system. Due to these features, femtocells arerafsored to as a specific type of Self-
Organised Network (SON) [82].

Numerous efficient self-organization techniques have lssigned for femtocell networks.
In [125] a coverage adaptation technique was proposed fotofell deployments in UMTS net-
works that exploited the knowledge of mobility events ofdnd users for optimizing the femtocell
coverage. Each femtocell sets its transmission power téue ¥aat on average minimizes the total
number of attempts of roaming users to connect to such a éaihtd he results illustrated that the
self-optimization technique was capable of improving thdoior coverage for femtocells and re-
sulted in a reduced number of 'mobility events’ in the corewmek. An efficient self-organisation
approach was proposed in [126] for OFDMA femtocell networkkere the femtocells were ca-
pable of dynamically sensing the air interface and of turthrgysub-channel allocation. This ap-
proach provides a good solution for the sub-channel assghproblem. Similarly, the related
power control and channel assignment allocation problere wonsidered and solved based on
self-organisation approaches in [106,127-129]. The astbb[130] investigated the benefits of
femtocell placement optimization. A range of researché&gs eonsidered the benefits of having
cognitive capabilities for the femtocells that were abldyoamically sense the prevalent spectrum
usage by the macrocell and carefully adapt their transomissior optimizing the overall usage
of the spectrum [96, 131, 132]. However, purely cognitiv@rapches are known to exhibit low
convergence speeds and precision [80]. As the number obtmiid increases, the problem of
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self-organisation would become more challenging and hémeeommunity needs more research

in this area.

2.2.3.4 Interference Management

Perhaps one of the most significant challenges imposed byathge deployment of femtocells is
the possibility of stronger, and less predictable interfiee. Basically, there are two main modes of
femtocell deployment: the orthogonal channel deploymedtthe co-channel deployment [133].
In the orthogonal channel deployment, a unique channeldsatkd for the femtocells, which is
a dedicated channel and hence it is not used by the macrodall Mowever, in the co-channel
deployment, the femtocells may reuse the same spectrune asabrocells. Due to the high cost
of licensed spectrum, the co-channel deployment is muatufad by the operators. As a result,
there is a risk that the macrocell and femtocell MTs imposeriarence on each other. Fig. 2.14
illustrates the interference scenario in a two-tier mderato network for the uplink and downlink,
where the solid lines denote the desired signal, while tisbeld lines represent the interference.

Serving Signal

Interference

P

Figure 2.14: Interference scenarios in the macro-femto two-tier networks for the

uplink and downlink.

As shown in Fig. 2.14, two different types of interference defined in this two-tier network

architecture:

e Co-tier interference: This type of interference occurs aghoetwork elements that belong
to the same tier in the network. As depicted in Fig. 2.14, tlsstier interference occurs
between neighbouring femtocells. To be more explicit, atéeal MT may cause uplink
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co-tier interference to the neighbouring femtocell BSs. tmother hand, a femtocell MT
may also suffer from the downlink interference from the héiguring femtocell BSs.

e Cross-tier interference: This type of interference ocamm®ng network elements that belong
to different tiers in the network. As depicted in Fig. 2.1He tco-tier interference occurs
between femtocells and macrocells. To be more explicitpadeell MT may impose uplink
co-tier interference to
on the macrocell BSs. On the other hand, a macrocell MT maysaiffer from the downlink
interference arriving from the neighbouring femtocell BSs

Unlike the macrocells, which are designed for predeterchgeographic locations and are typ-
ically modelled as a regular tessellated hexagonal lafigeetocells are dispersed rather randomly.
Owing to the femtocells’ unplanned deployment, some fegiteenay be situated close to a MBS
and hence the Femtocell Base Station (FBS) subscribers suidfier from a high cross-tier inter-
ference from the MBS. The opposite also happens, when metusers roam in the vicinity of a
FBS and these MBS subscribers will suffer from a high crassitterference imposed by the FBS.
The former problem is referred to in the literature as thd-Cehtre Region (CCR) problem, while
the latter is termed as the Cell-Edge Region (CER) problera.c@llectively refer to them as the
classical near-far problem [134].

Recognizing these challenges, sophisticated technigaastieen proposed for mitigating the

interference in two-tier networks, which are summarizeBig 2.15.

Interference Management

Interference Cancellation Interference Avoidance
'
|
|

Combined
Successive Parallel Power  Frequenc Power
interference interference 9 R V' control & | Others
. . control planning
cancellation cancellation Frequency
planning

Figure 2.15: The summary of interference management techniques conceived for

femtocells.

Two popular interference management approaches have béeedlin [81], as seen in Fig. 2.15.
Interference cancellation techniques allows the receigabtract the interference with the aid of
jointly signal processing between multiple cells. Howewube interference is avoided/reduced
when the system relying on interference avoidance tecksiqu
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Different types of IC techniques have been adopt to cope thighinterference encountered
in two-tier macro-femto networks [135-142]. The authorgl®5] considered a dense femtocell
scenario and proposed a successive interference caimef&iC) method in order to cope with
the uplink co-tier interference, where the femtocells @aped through the joint processing of all
the femtocells’ signal using the same frequency band. Thalation results illustrated that the bit
error rate (BER) of the system improved significantly witke #id of the cooperative interference
cancellation technique. A similar SIC method was used i6]18 cope with the downlink co-tier
interference. By contrast, SIC method was used in [137, &@8itigating the uplink cross-tier
interference, while the downlink cross interference wasceded by SIC in [139, 142]. These
simulation results illustrated that the SIC techniquesenspable of improving the performance
of the two-tier network. Both the SIC and parallel interfeze cancellation (PIC) methods were
investigated for coping with the cross-tier interferentgli43]. The majority of the IC techniques
require some knowledge of the interference charactesistis a result, these algorithms can be
complex and hence may be more suitable for BSs, which sugygfesir employment for uplink
interference management [83]. We summarize the key coititts of IC techniques in Tables. 2.5

Year Authors Contributions

Deployed both the SIC and PIC methods for the sake of
2010 | Branco et al. [142]
mitigating the downlink cross-tier interference.

Proposed the SIC method for mitigating the downlink co-tier
2010 | Alade et al. [135]
interference, where the femtocells cooperated through joint

processing for all the femtocells’ signals using the same frequency
2011 | Hu and Mao [136]
band.

Proposed the SIC method in order to cope with the uplink
2011 | Kaufman et al. [137]

cross-tier interference.

Used the IC techniques in the MIMO based macro femto two-tier
2013 | Ghani et al. [143]
networks.

Table 2.5: Key contributions of interference cancellation techniques.

In addition to IC, interference avoidance compose an ingmbrinterference mitigation ap-
proach. Power control constitutes a key technique in ieterfce avoidance by carefully adjusting
the transmission power of femtocells. Dynamic power adjastt setting can be performed either
in an open loop power setting (OLPS) or closed loop poweimge{CLPS) mode. In the OLPS
mode, a transmitter adjusts its transmission power basdts oneasurement results or predeter-
mined system parameters. In the CLPS mode, the femtocelbtadis transmission power based

on its coordination with the macrocell.
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For the downlink scenario, if the power of a FBS is controbed optimised, the nearby macro-
cell MT can be sufficiently protected well. The authors 0f41845] used this idea for reducing the
downlink cross-tier interference, where the transmisgiower of a FBS was set according to its
position. To be more specific, the FBSs placed near a MBS raagrnit at a higher power, while
those far away from a MBS may assign a lower transmission powkis approach only relies
on topological/positional information. There are also sgpower control approaches adjust the
transmission FBS power relying on the QoS requirementseaif MTs, such as the SINR require-
ment [146, 147] and the outage probability (OP) requirenfies8]. However, these contributions
only focused on single femtocell configurations and did motsider any cooperation between the
femtocells and macrocells.

In order to characterize this interaction, game theoretidels were used for designing the
power control in the downlink of two-tier macro-femto netk® [149-154]. The broad cate-
gories of game theoretic models are the non-cooperativeanpgerative game models. In a non-
cooperative game, every BS (both FBS and MBS) selfishly miaeignits own utility function.
Hence, solving a non-cooperative game constitute a OLP®agip. By contrast, the MBS acts
as a leader, while the FBSs act as followers in a cooperatinweegand this represent a CLPS ap-
proach. In [149, 150], the downlink power control problenmtwb-tier networks was modelled by
a so-called Stackelberg game, which is a cooperative gatmegdme was formulated as a math-
ematical program relying on equilibrium constraints, ame lbest response constituted for a single
leader-multiple follower game was derived. In [151], botmfcooperative and cooperative games
(Stackelberg game) were proposed for solving the resuttistibuted power control problem. It
was shown that there exists an optimal number of FBSs to bleydspin the network covering a
fixed area. Later, the author of [152] suggested the idea @ihacnoperative game and modeled
the power control problem by using a utility function, whelifferentiated classes of MTs hav-
ing distinct access priorities and design requirementewensidered and modelled. Similarly,
each femtocell maximized its utility function under the sileration of the associated queue sta-
bility constraints in [153], and a distributed algorithm smaroposed for femtocells to decide their

downlink transmission power.

Apart from game theory techniques, Reinforcement Lear(iRlg was also used to solve the
power control problem. In [154], the authors proposed aibigied power management based on
a specific form of multi-agent RL, which was also known asritisted Q-learning. The decisions
about power allocation were made in a distributed manneedan the paradigm of independent
learning, where the agents were unaware of the other agestishs.

Turning to the uplink, power control techniques are alscab#m of optimising the transmis-
sion power of MTs for the sake of mitigating the co-tier andssrtier interference. Similar to
the ideas in [146], in [155], the MTs of each femtocell estiegiathe interference imposed on the
neighbouring MBSs and adjusted their transmission powehabthe estimated interference did
not exceed a pre-defined threshold. Game theory techniqaesdiso been used for solving the
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uplink power control issues. The authors of [156] assumatlttie macrocell and femtocell MTs
participated in a non-cooperative power control game andiaheal the utility function evaluated for
the femtocell MTs as a reward function plus a penalty fumct®y solving the maximization prob-
lem, the paper derived a relationship which finds the higfesstible cellular SINR values for the
femtocells. However, instead of implementing interfeepower constraints at the femtocell MT,
in [95], the authors assumed that such constraints weredatpby the MBS, which controlled the
interference received from the femtocell MTs through mgcthe interference. Then a distributed
interference-price bargaining algorithm was proposedHisr Stackelberg game. Furthermore, the
utility function was modified by taking ito consideratioretmMT’s QoS requirements in [157], and
an iterative algorithm was proposed for deriving the optipmaver for both the femtocell MTs and
macrocell MTs. We summarize the key contributions of poveertiol in Tables. 2.6

Year Authors Contributions

Proposed an OLPS mode to control the transmission power of
2007 | Claussen [144] femtocells, where the power was adjusted according to their

positions.

Proposed a non-cooperative power control game and model the
Chandrasekhar
2009 utility function as a reward function plus a penalty function,
et al. [156]
where the uplink cross-tier interference issue was solved.

Proposed a distributed power management method based on a
Galindo-Serrano
2010 form of multi-agent RL, where the decisions were made based on
et al. [154]
the paradigm of independent learning.

2011 Bennis and Perlaza [149]| Modelled the downlink power control problem as a cooperative

Stackelberg game, and the best response for this one

2013 | Guruacharya [150] leader-multiple follower game was derived.

Induced the idea of non-cooperative game for solving the downlink
2012 Ngo [152] cross-tier interference issue, where differentiated classed of users

design requirements were considered.

Assumed the interference power constraints were imposed by the

MBS, which controls the received interference through pricing
2012 | Kang et al. [95]
processes. A distributed interference price bargaining algorithm

was proposed.

Table 2.6: Key contributions of power control techniques.
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Apart from power control, frequency band planning is als@n@portant interference avoidance
technique in two-tier networks. This approach is basicafigd when the macrocells also rely on
some frequency reuse techniques. The basic mechanisns ofitihod divides the entire frequency
band into several sub-bands, which may be assigned to thmoedls and femtocells so that the
interference can be reduced. In [158, 159], the authors efkfinso-called interference-limited
coverage area, where orthogonal channel deployment waatege By contrast, co-channel de-
ployment was used beyond this area. As a result, the upbmkdtink interference arriving from
the MBS at the femtocell MTs was reduced. However, the cgleadacrocell MTs were not pro-
tected in this approach. The authors of [160] extended dieia for the sake of mitigating the uplink
interference in OFDMA femtocell networks. The cross-tigerference was reduced by forcing the
macrocell MTs interfering with the femtocell to use only sodedicated subcarriers. Furthermore,
the co-tier interference was mitigated by an auction atori

Frequency band planning techniques have become more Bogtgid and their design is more
challenging, when the femtocells deploy multi-carrieft@ques. The authors of [161] considered
having a 100 MHz LTE-Advanced bandwidth consisting of fiverieas, where an autonomous
carrier selection scheme was proposed. Each femtocellfakbse one and only one primary
component carrier. The allocation of an additional secondamponent carrier was possible, if
and only if its performance impact on the neighbouring cels estimated to be acceptable. This
approach relied on existing MT measurement reports, hdredi's have to be capable of spec-
trum sensing. Similar MT measurement reports were explddgedynamic frequency planning in
OFDMA based two-tier macro-femto networks in [161-163].

Clustering algorithms were recently used in coping with ¢betier interference by assigning
different subcarriers to the neighbouring femtocells. @bthors of [164, 165] proposed a cluster-
based resource allocation scheme, where the clusters wenenined by the topology-related in-
formation on the femtocells. In each cluster, a specific femit was elected to act as the cluster
head according to the MT measurement reports, while the teéheocells in this cluster were clus-
ter members. The cluster head carried out the subcarragagibn in its cluster. Graph-colouring
algorithms were also used for mitigating the co-tier irgeghce, while minimizing the number
of colours, under the assumption that the number of sulecardas larger than the number of
femtocells [166, 167]. We summarize the key contributiohBeguency planning in Tables. 2.7

In OFDMA systems, the researchers always combine the dyn&metjuency planning with
power control schemes in order to further mitigate the fetence. In [169], a fixed transmission
power was assumed and the optimal subcarrier assignmerdesiged. Then, given the optimal
subcarrier assignment, the optimal transmission powerdeased subsequently. After several
iterations between optimizing these objective functionthpthe optimal power allocation and
subcarrier assignment were derived. The authors of [172}€Brfried out the subcarrier assignment
and power allocation separately, where cluster-baseditidges were proposed for solving the
subcarrier assignment problem and the resultant tranemipswer was then adjusted in order to
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Key frequency planning techniques

Year Authors Contributions

Proposed a frequency reuse approach for macrocell, where the
2008 Kim and Lee [168] femtocells used the frequency band that are orthogonal to the

overlaid macrocells.

Defined a interference-limited coverage area, where orthogonal
2009 Bai et al. [159]
channel deployment was employed in this area.

Proposed an autonomous component carrier scheme, where each
femtocell chose one primary component carrier. The allocation of
2009 | Garcia et al. [161]

the secondary component carriers was based on the performance

impact on neighbouring cells.

Proposed the graph-colouring algorithm by minimizing the
2012 | Liang et al. [167]
number of total colors.

Proposed a cluster-based resource allocation scheme, where the
clusters are determined by the femtocells’ position. One femtocell
2014 | Hatoum et al. [165]

was elected to be as cluster head and this femtocell applied

subcarrier allocation within each cluster.

Table 2.7: Key contributions of frequency planning techniques.

guarantee the QoS constraint. A cognitive approach wasiedrer femtocells in [131] and [173]
in order to sense the unused subcarriers. Then, oppoitusigicarrier selection algorithms were
proposed. The femtocells relies on a sophisticated powsraaapproach designed for fulfilling
the QoS constraints. We summarize the key contributionsegiiency planning in Tables. 2.8

Apart from the power control and frequency planning sohsgjosome researchers proposed
MIMO-aided two-tier macro-femto networks and used the MINtf@nsmission techniques as a
interference avoidance solution. For example, a beamts®mealgorithm was proposed in [174],
where the cross-tier interference was reduced by adaptieelucing the number of transmission
beams. The technique of interference alignment was emglioyl 75] and [176] in order to cope
with both the cross-tier and co-tier interference both veitld without considering use-selection,
respectively. The authors of [177] relied on the CoMP coheeyl proposed downlink MIMO-
aided transmit pre-coding cooperation between macrondifemtocells.

There are also a range of other interference avoidanceitpe®sused in literatures. For ex-
ample, the authors of [98] proposed a time-hopped CDMA-dbabwysical layer and sectored an-
tenna techniques for CDMA femtocell networks for reducinggage probability. Cross polarization
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Year

Authors

Contributions

2010

Lien et al. [173]

Used the cognitive approach for femtocells for sensing the spare
subcarriers and an opportunistic subcarrier selection algorithm
was proposed. The femtocells further operate power control

approach to fulfil the QoS constraints.

2014

Ngo et al. [169]

Proposed an iteration algorithm, where optimal subcarrier
assignment was derived with the fixed power assumption, and then
the optimal power was determined with the derived subcarrier
allocation. After several iteration the jointly optimal resource

allocation was presented.

2014

Abdelnasser et al. [171]

Proposed a joint resource allocation algorithm, where
cluster-based algorithms were proposed to solve the subcarrier
assignment problem and the transmission power was adjusted

according to the QoS constraint.

Table 2.8: Key contributions of combined power control and frequency planning

techniques.

aided techniques were used in [178], where the femtocditoreright-hand circular polarization
(RHCP), and macrocell make use of left-hand circular ppédidon (LHCP). The results illustrated
that the employment of cross-polarized assisted trangmisgas capable of increasing the attain-
able system capacity. We summarize other key interfererazeagement techniques in Tables. 2.9.

Albeit there are numerous open challenges, femtocellstitatesan efficient approach in im-
proving the indoor coverage and providing high-data-ratevises [88]. Having introduced the
rudimentary concepts of femtocells, let us now turn oungitb@ in the next section to a less well-

explored area of wireless communications, namely to VLGesys.

40
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Year Authors Contributions
Chandrasekhar and Proposed a time-hopped CDMA aided physical layer and
2009
Andrews [98] sectorized antenna techniques for CDMA femtocell networks.
Used cross polarized techniques, where femtocells rely on RHCP
2013 | Jacob et al. [178]
and macrocell makes use of LHCP.
Considered MIMO based two-tier networks and used the technique
Guler and Yener
2014 of interference alignment for the sake of mitigating both cross-tier
et al. [176]
and co-tier interference.
Induced the concept of CoMP and proposed a downlink MIMO
2014 | Elsherif et al. [177]
pre-coding cooperation between macrocell and femtocells

Table 2.9: Other key interference management techniques.

2.3 The Visible Light Communication Systems

In the time of writing, there is an increasing requirement ifcreased data transmission rates.

Wireless access networks constitute a key element of dolgiglvis goal. However, the availability

of RF bandwidth at frequencies which support a reasonallitaspoverage is a limiting factor. As
a result, alternative wireless transmission techniques t@abe explored. The increasing interest
in the VLC system is justified by its significantly wider speeh, compared to the rather congested
RF spectrum used by state-of-the-art wireless communitaitsystems [179]. As depicted in Fig.
2.16, the available optical bandwidth is about 10 000 timighdr than the entire RF spectrum.
Furthermore, the optical frequency band is unlicensed amténfree, which may further reduce
the service-provision costs of the operators. As a resptical wireless communications systems
have been one of the technologies complementary to theitraali RF systems.
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Figure 2.16: The electromagnetic spectrum [179].
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The idea of using optical signals for communication may gtklia 1880, when Bell proposed
the idea of a "photophone” [180], which allowed for the tramission of sound via optical signhals
between two buildings. However this idea only became maaetfwal after 1966, when Kao and
Hockham demonstrated that glass fibres 'may’ be used asnisgisn lines for light, akin to coax-
ial cables used for electronic signals [181]. Later, Gfadled Bapst [182] motivated contemporary
optical wireless communications research in 1979, withptieenise of gaining access to thousands
of Terahertz of bandwidth.

A typical optical communication system consists of a traittem which encodes a message into
an optical signal, a channel, which carriers the signal aretaiver, which decodes the message
from the received optical signal [183]. The most commonlgdusomponents of optical wireless
communication transmitters are laser diodes and Light fiftrgiDiodes (LED). Compared to LDs,
LEDs are cheaper and they have a longer lifetime. Furtherntbe high optical output power of
LDs poses potential risks for human eyes. As a result, LEBtdidpased VLC systems attracted
substantial attentions and may more feasibly be operatewloor scenarios. For VLC, typically
high-power white light sources are used, which is generayegellow and blue lights. The yellow
emission has a slow time constant compared to the direct latimtu of the blue emitter drive
current, hence only the blue "channel” is used for commuitina. At the receiver side, typically
a filter is used to pass only the blue light from the LED’s einiss The lights is then focussed
onto a photodetector using some optical components. Tleephtbtodetector converts the wireless
optical power to a current. This current is finally convertedh voltage, which is then amplified
before data recovery.
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Figure 2.17: A stylized VLC system architecture.
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Since white LED lights are capable of providing high-brigggs illumination, the associated
VLC systems may have a wide area of applications in indoonai@s. In this treatise, we will
focus our attention on indoor VLC systems. An indoor VLC amelrcan be characterized by the
optical wireless channel discussed in [184]. The channil gathe VLC channel consists of
lines of sight (LOS) from the LED chips as well as of the reflmt$ of the walls or objects in the
room [185, 186]. The multiple copies of the transmitted algmpinging at the receiver will have
different propagation delays and the power in each of thelirbo@isummed by the photodetector at
the receiver. These delays may cause Inter-Symbol Inggréer (ISI). The amount of ISI depends
on the transmission scenario influenced by the room preserdistribution of LED lights and
LED properties. For example, it was assumed in [186] thatighals arriving at the receiver with
a delay of more than half of the symbol period after the firghal contribute to ISI. Hence, if the
bandwidth of the transmitted signal is limited to 20 MHz, tigquist symbol period is limited to
25 ns. As aresult, ISI will occur, only if the transmitted @aymbols experience delays larger than
12.5 ns.

A stylized VLC system architecture is illustrated in Figl2, where the transmitter consists of
a conventional wireless communication system and an additioptical driver, while the receiver
uses photodetectors in order to convert the optical signalitrent. In practice, the transmitter is
an LED array, which is mounted on the ceiling of a room, asaediin Fig. 2.18, for example,
and the receiver is a VLC enabled device.
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Figure 2.18: Example of a indoor LED light based VLC system.

We summarise the advantages of LED based VLC systems oveniRFgnication systems as
follows [187]:

e The virtually unlimited bandwidth of over 350 THz.
¢ Unregulated spectrum available for immediate exploitatio

e White LED lights currently penetrate many areas of our dhiéy They are replacing the



2.3.1. State-of-the-Art in VLC Technologies 44

incandescent light bulbs.
e The existing power line communication system can be patytised as its backbone.
e Since the wall-penetration of light waves can be ignoreid, ilherently secure.
e Transmitters and receivers are of low cost.

¢ Visible light with limited intensity is free of any health soerns. As a result, VLC can be
used in hospitals, private homes, etc.

¢ No interference with RF based operational systems.

Although VLC systems exhibit several advantages over théittonal RF systems in indoor
scenarios, a range of future challenging tasks have to bévegk Firstly, VLC using illumination
sources is naturally suited to broadcast applicationssiypporting an uplink transmissions might
be problematic [2]. Secondly, it has been shown that thegon@htely line-of-sight (LOS) optical
wireless systems exhibit a poor performance in the presehobstructing objects. Thirdly, the
coverage of each optical access point is limited comparedltolar RF networks.

2.3.1 State-of-the-Art in VLC Technologies

Early research on the LED light based VLC systems focusedersimply simulation of the re-
ceived SNR, which was analysed in [185, 188], but the astmtiaodulation schemes were not
considered. However, modulation constitutes an essqudialof the physical layer design, since
the signal modulation required for communication direettfects the illumination. At the current
state of the off-the-shelf illumuniation components andtptetectors, VLC is readily realizable
as an intensity modulation and direct detection (IM/DD)dzhscheme [189], where only the sig-
nal intensity is used for conveying information. In [190jetBER performance was characterized
under the consideration of a on-off keying (OOK), where bjries and Os were transmitted as the
presence or absence of light. This meant that the LED wagduom and off constantly. More
sophisticated modulation techniques were explored for \ék§&tems later [186, 191, 192]. Pulse-
Amplitude Modulation (PAM) was invoked for baseband traission in [186], where the received
SNR and the achievable transmission rate were also evdlu&igrthermore, Colour Shift Key-
ing (CSK) was standardised in the IEEE 802.15.7 [191] anchirbg an important potential future
modulation scheme in VLC systems. The performance of th&EIB&.15.7 CSK physical layer
was evaluated in [192]. More recently, Jiang, Zhang and Blatmied an uncoddd-CSK scheme
relying on a joint Maximum Likelihood (ML) Hard-DetectioiD) based VLC system, where both
simulation-based and anlytical BER results were deriv€@8]1Pulse Position Modulation (PPM)
is another option proposed for indoor VLC systems [184], ietiee modulating signal is encoded
into 2M legitimate time-slots fon/ —array PPM. Furthermore, a generalized form of PPM termed
expurgated PPM (EPPM) was introduced into a VLC system [194]
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In order to provide higher data transmission rates, mehgarrier techniques have also been
used in VLC systems. In [186], quadrature-amplitude-matioih (QAM) based discrete multi-
tone (DMT) transmissions were developed and the BER pegoom was evaluated. OFDM has
also been extensively studied, which was shown to achieteerdtes exceeding 500 Mb/s using a
single LED [195]. There are two popular types of IM/DD aidgdical OFDM (OOFDM) systems,
namely the Direct Current-biased Optical OFDM (DCO-OFDNI®4] and ACO-OFDM [197].
Later, ACO-OFDM and DCO-OFDM were compared in [198]. Higloeder phase shift keying
(PSK) and QAM have also been considered in OOFDM aided VL@&gys. The attainable BER
performance was evaluated for quadrature phase shift¢g¢@RSK) based OOFDM VLC systems
in [187], where realistic channel estimation, time syndigation and forward error correction
(FEC) coding was used. Recently, Zhang and Hanzo conceivdiitlayer modulation (MLM)-
aided OOFDM, where a double turbo receiver was proposeaiiatly detecting the MLM signal
and a genetic-algorithm-aided weight optimization wasped for seeking an increased MLM bits
per symbol throughput [199].

Apart from the physical-layer studies, the realization ohabile communication system re-
quires efficient networking solutions. Optical propagatimaturally creates confined "cells” of
which are either limited by the beamshape or the walls antitipas within buildings. The early
study in [185] simply assumed that all LEDs in the room cduotia single transmission cell and
they active only a single LED light for transmission accaoglito the MTs’s position. As a re-
sult, the exploitation of the LED lights is inefficient, seonly a single MT is scheduled for each
transmission slot. Alternatively, the same informationyrba sent in the downlink from all LEDs.
A straightforward way of improving the exploitation of LE@hts is to simply transmit a differ-
ent signal simultaneously from every LED light. Hence, the&D lights formulated as a single
transmission "cell”. This idea was employed in [200] and al¢hors referred to the VLC solution
based network as a Light Fidelity (Li-Fi) network. Howevamajor problem of this cell formula-
tion is the interference amongst the neighbouring LED &ght order to cope with this issue, more
sophisticated cell formulation schemes should be employed

There is a paucity of studies on the cell formulation of VL@x€ET he authors of [200,201] pro-
posed a Fractional Frequency Reuse (FFR) cell formulatioinfloor LED based VLC systems.
A key issue of this cell formulation approach is the handosiice switching between frequencies
every few meters during the MT's movement degrades the suseperience. Another approach
appeared recently, which employs the idea of Coordinatelti{faint (CoMP) of RF wireless sys-
tems. Cheret al. proposed a joint transmission scheme, where the same fregiuweas employed
to all regions [202], and a MT was served by multiple nearbyDUEhts. Later, Liet al. em-
ployed Zero-Forcing Beamforming in an indoor VLC system idey to reduce the interference
imposed [203].

Another important issue in indoor VLC architectures is @saurce management mechanism.

When multiple MTs are under the coverage of a given VLC systef has to be carefully per-
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formed based on prevalent QoS requirements. The RA problamdiscussed in [204], where
multiple-carrier techniques were employed and the simplesinission model of [185] was used.
In Chapter 5, we will investigate the RA issues when the imddeD based VLC system relies on
various transmission models, including the radical UFRdnaission, Frequency Reuse transmis-
sion and the more sophisticated cell coordination transions

Furthermore, it is of paramount importance to develop catpe techniques, which can be
combined with optical systems for providing a seamless datgice. The early study of [205]
mentioned the potential cooperation of VLC and RF systentslevihe benefits of cooperative
optical communications were studied in terms of varioubnéal aspects in [203,206-211]. Hou
and O’Brien proposed a fuzzy-logic (FL)-based decisiorkimg algorithm for vertical handovers
in an integrated optical wireless and RF systems [206]. Theauthors of [207] used the RF signal
for the localization of MTs. Later, the widely used Wirel€&sdelity (WiFi) network was considered
to be a complementary element of VLC system in [208], wher@nplffied vertical handover
mechanism was proposed. Similarly, Chowdhury and Katz][208sidered a hybrid VLC and
WiFi scheme in an indoor scenario, where the mobility isafédTs were investigated. Later, the
authors of [211] proposed a protocol supporting both hatizloand vertical handover mechanisms
for the MTs. The associated load balancing and cell forrarassues were investigated in [203].
In Chapter 4, we will investigate the relevant RA issues urdiday-guarantee constraints in a
hybrid VLC and femtocell system. We summarize the key cbatibns on VLC technigues in
Tables 2.10-2.12.

Early exploration of VLC techniques

Year Authors Contributions

Proposed the idea of ”photophone”, which allowed for the
1880 Bell [180]
transmission of sound via optical signal.

Demonstrated that glass fibres would be used as transmission lines
1966 | Kao and Hockham [181]
for light akin to coaxial cables for electrical signals.

Motivated contemporary optical wireless communications research
1979 Gfeller and Bapst [182] | with the promise of gaining access to thousands of terahertz of

bandwidth.

Presented the advantages and drawbacks of the infrared medium,
1997 | Kahn and Barry [184]
comparing to those of radio and microwave media.

Table 2.10: Key contributions of VL.C techniques: Part I.
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Key contributions in VLC system
Year Authors Contributions
Carruthers and Proposed the Direct Current-biased Optical OFDM scheme for
1996
Kahn [196] VLC system.
Characterized the BER performance under the OOK modulation
2001 | Tanakat et al. [190]
scheme for VLC system.
Komine and Evaluated the received SNR and illumination without the
2004
Nakagawa [185,188] consideration of modulation schemes at the network level.
Demonstrated the BER performance for QPSK based optical
2007 | Elgala et al. [187]
OFDM VLC system.
Derived the BER performance for QAM based DMT transmission
2008 | Grubor et al. [186]
aided VLC system.
Proposed the asymmetrically clipped optical OFDM scheme for
2009 | Liang and Evans [197]
VLC system.
Demonstrated the achievable data rates for optical OFDM based
2010 | Vucic et al. [195]
VLC system.
The Colour Shift Keying modulation scheme was standardised in
2011 IEEE standard [191]
IEEE 802.15.7.
Compared the ACO-OFDM and DCO-OFDM schemes, and it was
2011 Mesleh et al. [198] shown that ACO-OFDM typically requires a lower average optical
power than DCO-OFDM.
Evaluated the performance of IEEE 802.15.7 CSK physical layer of
2013 | Singh et al. [192]
VLC system.
Proposed a multi-layer modulation scheme for intensity-modulated
2013 | Zhang and Hanzo [199]
direct-detection optical OFDM aided VLC system.
Noshad and Proposed a generalized form of pulse position modulation (PPM)
2014
Brandt-Pearce [194] scheme called expurgated PPM in VLC system.
Proposed an uncoded M-CSK scheme relying on the joint
2015 | Jiang et al. [193]
Maximum Likelihood Hard-Detection VLC system.

Table 2.11: Key contributions of VLC techniques: Part II.
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Key contributions in VLC system

Year | Authors Contributions

Proposed the idea of the potential cooperation of VLC and RF
1998 | Heatley et al. [205]

systems.

Proposed a fuzzy-logic based decision-making algorithm for
2006 Hou and O’Brien [206] vertical handover in the integrated system of optical wireless and

RF technologies.

Used the RF signal for the localization of MTs in the hybird VLC
2010 | Wang et al. [207]

and RF systems.

Proposed a vertical handover mechanism in a hybrid WiFi and
2011 | Rahaim et al. [208]

VLC system.
2013 | Chen et al. [201]

Proposed a Fractional Frequency Reuse cell formulation scheme

for indoor LED lights based VLC system.
2013 | Tsonev et al. [200]

Proposed a joint transmission scheme for indoor VLC system,
2013 | Chen et al. [202]

where the same frequency was employed to all conflicting regions.

Chowdhury and Investigated the mobility issues of MTs in a hybrid VLC and WiFi
2013
Katz [209] indoor scenario.

Investigated the resource allocation issues in a hybrid VLC and
2014 Jin et al. [210] femtocell indoor scenario, under the consideration of diverse QoS

requirements.

Proposed a protocol combined with horizontal, and vertical
2014 Bao et al. [211] handovers mechanisms for MT, under the consideration of the

mobility of MTs.

Investigated the load balancing and cell formulation issues in a
2015 | Li et al. [203]

hybrid VLC and WiFi system.

Table 2.12: Key contributions of VL.C techniques: Part III.
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2.4 Chapter Summary and Conclusions

A heterogeneous network relies on multiple access techajguhich may contain the existing cel-
lular network and new small-cell technologies, such asdegits and VLC systems. In this chapter,
we introduced the modelling of these technologies, whiéerttodelling of the traditional cellular
network was developed in Section 2.1, where three diffem@odelling methods were discussed.
The Wyner model is a simple model conceived for analysingptir@ormance of cellular networks
for both the uplink and downlink. The brief history of the Vyrmmodel used in analysing cellular
networks was summarized in Table 2.1. While the Wyner magl&@idely used in information-
theoretic performance analysis, researchers populagyhesgrid-based model for characterizing
a more realistic cellular network scenario. However, a igedrawback of the grid-based model
is that the analysis of ICI is untractable. Early reseactoaiculated the other cell interference
using integration based approaches. In 2007, Kldl. proposed the Fluid Model for deriving a
tractable expression of other cell interference, whenguttie grid-based cellular network model.
We introduced this method and evaluated its accuracy inZ=ify.Since the Fluid Model is capable
of characterizing the grid-based cellular network quiteusately, we use this model in the analy-
sis of two-tier heterogeneous networks in Chapter 3. Marenly, the stochastic geometry based
PPP model was proposed for analysing the cellular netwarksiall cells. The key difference with
respect to the above two models is the random position of 8& Bhe advantage of this model
is that analysis of ICI becoming tractable. We also presktite derivation of received SINR by
using the PPP based model.

Compared to the traditional cellular networks, the redeafcsmall cells has attract growing
attention. Femtocells constitute an efficient techniquangfroving the throughput of indoor sce-
narios and hence may be seen as an important complementtohditeonal cellular networks. In
Section 2.2, we touched upon several key aspects of fentgpcemmencing from the history of
femtocells, their modelling and the technical challengésere are three popular femtocell network
modelling methods. The layout of these three models argtiifited in Fig. 2.10, Fig. 2.11 and Fig.
2.12, respectively. The proliferation of femtocells mayise further challenges upon the existing
networks and hence requires further research. The tedtuiahenges of femtocell networks and
the associated key contribution were listed in Tables 25-2part from the RF solutions, the op-
tical wireless techniques also constitute network impargmnall-cell solutions. In Section 2.3 we
briefly introduced the features of LED based VLC systems aodiged overview of current VLC
technologies.



Chapter

Fractional Frequency Reuse Aided
Two-Tier Femtocell Networks: Analysis,

Design and Optimization

3.1 Introduction

In Chapter 2, we introduced several key elements of hetasmges networks, including the topol-

ogy and the modelling of macrocell networks, femtocells ¥h€ systems. These wireless com-
munication systems may provide overlapping coverage inesareas, hence forming a heteroge-
neous network. In this chapter, we consider an RF heterogsneetwork scenario, where the
femtocells are overlaid onto the traditional macrocellaurtlfermore, we consider an advanced
frequency planning arrangement technique, where the ro@itsaely on the FFR.

The main limitation of cellular networks is the ubiquitousl] which is particularly damaging
in the CER of systems employing the radical UFR, which theaesh community aspires to in
the context of both the UMTS and in its LTE. In the open litarat several solutions have been
proposed to cope with ICI, such as time-domain techniqukse.sb called, Almost Blank Subframe
(ABSF), is one of the proposed time-domain techniques. fdiyuit is a straightforward practical
solution for avoiding the strong IClI is to allocate orthogbfrequency bands within adacent cells
and reuse them in a certain pattern, leading to traditiofal & more sophisticated technique of
exploiting the available frequency band is constitutedh®yEFR, where each macrocell is divided
into a CCR having acess to the cell-centre’s frequency lfarehd the CER having access to the
cell-edge’s frequency banH.. A typical FFR frequency allocation structure is depictad-ig.
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3.1, where the entire frequency band is divided into fougdiency bands. Since the FFR scheme
is capable of significantly reducing the ICI for the CER, FF& Ibeen adopted in the 3GPP LTE
initiative [212] and in the WiMax [213] system.

P

Figure 3.1: The spectrum partition for FFR scheme, where the whole frequency
band is divided into four frequency bands. The CCR has access to the frequency

band F,., and the CER has access to the frequency bands F}, F5 or F3.

As we stated in Chapter 2, femtocells, which constitute amemical solution conceived for
improving the indoor coverage, may be overlaid onto theiticadhl cellular, forming a two-tier
cellular networks. In this chapter, we will investigate afekign our two-tier cellular networks,
when the new incoming femtocells are overlaid on the FFRreehaided macrocells. Prior re-
search on twin-layer cellular structures characterizeith lfoe UpLink and DownLink scenarios.
Some of these contributions [98, 134] derived the OP relginghe shared spectrum access policy
by considering the coverage issues. In contrast to the dtsectrum access policy, several au-
thors [214, 215] considered assigning orthogonal spemsaurces to the central macrocells and
to be nomadic femtocells in order to eliminate their cr@gset interference. In addition to the
above-mentioned centralized approaches, the authorspf 78] proposed a distributed and self-
organizing femtocell management scheme conceived for Okbiksed cellular networks. How-
ever, most of the contributions in the literature stipuflate implicit assumption of UFR aided
macrocells. Recently, some of these contributions [78,21F considered the FFR aided two-tier
network system. Specifically, the authors of [216] analythedcross-layer interference aspects and
proposed a power allocation scheme. However, the intergnalt and inter-femtocell interference
effects were not considered. The authors of [78,217] peavichluable analytical results, however
the consideration of cross-layer interference was beyban scope. In this chapter, we consider
a multi-cell OFDMA network [84], where the femtocells areeokaid onto the static FFR aided
macrocells, rather than focusing on the conventional widelestigated UFR aided macrocell.

The FFR scheme does not have to be time-invariant, it can plemented statically or dynam-
ically controlled. According to the time-invariant strgye all parameters are configured in advance
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and are fixed for a certain period. By contrast, for the dyrdfiR scheme, some of the parameters
are adjusted according to the instantaneous channel dfid inéormation related to the network.
In this chapter, we focus our attention on the static FFRreeheln the static FFR scheme, the
selection of some critical system parameters, such asdlj@dncy reuse factors and the SINR or
distance threshold used for identifying the CCR and CER, sigwyificantly affect the attainable
system performance. Several contributions were focusdtheoptimal parameter design issues
of FFR aided cellular networks [218-222]. The contribusig20] and [221] studied the overall
performance of cellular networks relying on the distanaeghold based FFR scheme, where the
effect of distance threshold on the average cellular tHipugwas evaluated. By contrast, the au-
thors of [218] and [222] investigated the overall performamf cellular networks relying on the
SINR threshold based FFR scheme. Again, the effect of thartis threshold on the average cel-
lular throughput was evaluated. These contributions stittie optimization problems by invoking
an exhaustive search. Later, the authors of [219] focusei #ttention on finding the optimal
distance threshold, where the average cellular througivpatformulated as a function of the dis-
tance threshold. However, these contributions only dsedithe FFR design issues of single-tier
networks or only touched upon the experimental design &spdo the best of our knowledge,
the performance of FFR aided two-tier femtocell networks hat been analysed and the FFR
parameter design issues of these two-tier networks haveesot studied.

Against the above background, in this chapter, we considsovenlink multi-cell OFDMA
network [84], where the femtocells are overlaid onto théisfaFR aided macrocells, rather than
focusing on the conventional widely investigated UFR aidegcrocell. A range of important
guestions arise in this specific context, such as the imterée aspects of the twin-layer network
and the FFR-related design parameters. To answer thesiogges

e we employ stochastic geometry [68, 79] for modelling thedan distribution of femtocells
and derive the approximate per-layer OP in a FFR environnWatalso involve the interfer-
ence imposed by other macrocells, which was not considerga8j 134].

e we study the impact of femtocells on the existing FFR aidedrowells, where the per-tier
OP and the per-tier ASE are derived. Furthermore, we opéirthie FFR-related parameters
in order to achieve the maximum macrocell ASE with the camsition of our own QoS
constrains.

e In order to reduce the cross-tier interference, we propdSpegtrum Swapping Allocation
(SSA) for the femtocells over-sailed by the FFR aided magtedor the sake of overcoming
both the adverse near-far effects and the cross-layeféngégice. Similarly, the correspond-
ing optimal parameter design issues are also investigaiggresented.

This chapter is organized as follows. In Section 3.2, wegnethe review of the classical
static FFR scheme, where the performance of the FFR scheifhgsigated. In Section 3.3, we
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describe our FFR aided two-tier network model. Section BaBarates on the FFR aided two-tier
network relying on Full Spectrum Access (FSA) and then threesponding optimization problems
are presented. The proposed SSA will be studied in Sect®nFanally, our numerical results are

provided in Section 3.6 and our conclusions are offered otiGe 3.6.

3.2 Review of the Classical FFR Scheme

In this section, we will review the classical static FFR suoke where the topology model, the
downlink OP and the performance of the FFR aided macrocedlgaestigated.

3.2.1 Cellular Topology
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Figure 3.2: The topology of the FFR aided cellular network, where the radius of

the macrocells is 1km and the macrocell BSs are denoted by the triangles.

We adopt the regular grid-based cellular network model shiowFig. 2.4 of Chapter 2. The
topology of a FFR aided multicell cellular network is illeested in Fig. 3.2. For analytical conve-
nience, we model the macrocells as a circle with a radiug,pfand coverage area @f| = 7R2,,
where the central target macrocell base station (MBS) imaanded by a single ring of adjacent
MBSs. We denote the MBS set és In this chapter, we assume that the CCR and CER are iden-
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tified by a predefined distance threshdlj as depicted in Fig. 3.2. Furthermore, we denote the
distance threshold ratio hy = %, which is the ratio of the interior cell centre radius to tledl c
radius. The total available bandwidfh is partitioned into four orthogonal frequency bands,

Fi, F;, and F3, obeyingF' = F,. + F + F, + F3, whereF, represents the bandwidth of the CCR,
while F;,i € [1,2, 3] represents the bandwidth of the CER of one of the three atjaedls. We
also assume that the same transmission power is assigrnieel @R MTs and to the CER MTs,
where each MBS transmits at its maximum power allowaRge

As we mentioned in the Chapter 2, we assume that the down ik ¢hannel is subject to
uncorrelated Rayleigh fading with a unity average powermogagation loss, where we adopt the
COST231 model [47] for characterizing the propagation {ask. Given a MTk,, located at a
distance from its serving MB%:, the received signal}, . may be written as:

Ykm =V PmLm,km hm,kam,km + Z V Pm’Lm/,kmhm/,kam’,km/ + ka> (31)

m'€Zm

whereL,, i, andh,, ;, denotes the propagation path loss and the uncorrelateciBlayhding
channel spanning from the MB& to the target MTk,,, respectively. The pathloss,, 1, is
calculated by Eq.(2.5) of Chapter 2. The MTk,, may suffer from the interference imposed by
the neighbouring MBSs, where the interfering MBS set is deth@sZ,,. Furthermore X, ;..
andZy, denote the signal transmitted from MBSto MT £,,, and the mutually independent zero-
mean AWGN with variance?. Owing to the power constraint, we may hae|X,, j,,|*] = 1.
As aresult, the SINR,,, i, of the MT k,,, served in macrocetl is given by:

g b = PmLmJCm |hm,km |2
T Py Lt g | P o |2+ 02

(3.2)

Let us now employ continuous rate adaptation anellee the SINR discrepancy between the SINR
experienced and the SINR required for meeting the target, BERh is given by.zo = ﬁ
[223]. We opted for BER= 107 in this chapter. Then the instantaneous transmission-jate,

for MT k,, served by MBSn is written as:

Tk = 1082 (1 + —gm;'”> - (3.3)

3.2.2 Downlink Performance of the FFR Scheme

In this section, we present some downlink performance te$fol FFR aided macrocell networks.
It is assumed that OFDM is employed so that intra-cell iltenfice is avoided. As we stated in
Subsection 3.2.1, the transmission power of each MBS is.fiXélden using the FFR scheme, the
CCR and CER are identified by a predefined distance thresholfthe main system parameters
adopted in our simulations are summarized in Table 3.1.

Firstly, we characterize the OP of the outdoor MTs. We assiltakean outage occurs, when
the instantaneous received SINR of a transmission fallawbel predefined SINR threshold. As
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Table 3.1: Notations and System parameters of the FFR aided two-tier femtocell

networks
Symbol | Description Value
fe Carrier frequency 2 GHz
No Thermal noise density -174 dBm/Hz
By Bandwidth of a subcarrier 15 kHz
R, Radius of the Macrocell 1000 m
Ry Radius of the Femtocell 20 m
Ao Fixed outdoor pathloss 1037%
Aj Fixed indoor pathloss 103.7
Y1 Outdoor pathloss exponent 4
Yo Indoor pathloss exponent 2
Wap Wall penetration loss 5 dB
P.aB MBS transmit power 46 dBm
Prap FBS transmit power 13 dBm

illustrated in Fig. 3.3, the OP increases when the distarmm the serving MBS is increased,
approaching 0.6, when the MT is located in the cell edge, vithemetworks employ traditional
UFR. In general, employing the FFR scheme enhances the CER MNR. As a result, the OP
is reduced for the outdoor CER MTs compared to that of the UgHeme. In more detail, the OP
recorded for a MT located at 1km from the serving MBS (the ltaup of a macrocell) reduces
from 0.6 to 0.12, when the FFR regime is employed in our sitiara.

Furthermore, we also compare the downlink long-term thinpugy of the outdoor MTs in Fig.
3.4. Since we assume that OFDMA is used in our scenario, tienez of the received noise
equals taByy, Ny, whereByy,, and Ny denote the bandwidth of a subcarrier and the thermal noise
density, respectively. Similar to the OP, it is observed tha outdoor MTs benefit to a certain
degree from using the FFR scheme for the CER MTSs. In moreldgtailong-term throughput of
a MT located at 1km from the serving MBS (the boundry of a meeltpincreases from 0.2 bit/s
to 2 bit/s, when the FFR is employed in our simulations.
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Figure 3.3: The downlink OP of the outdoor MT's, where the SINR threshold is set
to be 0dB. The OP results are characterized by the color, where the distribution
of OP of the UFR aided networks is illustrated on the left and that of FFR aided
networks is illustrated on the right. The simulation parameters are listed in Table

3.1.

3.3 System Model of FFR Aided Two-Tier Femtocell Networks

The topology model of a two-tier multicell OFDMA cellular tneork using the FFR strategy is
illustrated in Fig. 3.5, where the over-sailing macrocelte overlaid on top of the femtocells.
Similar with the parameter setting in Sec. 3.2, we model taerocells as a circle with a radius of
R,, and coverage area | = 7R2,, where the central target MBB,,, is surrounded by a single
ring of adjacent MBSs3,,,,, i € [1,...,6]. Again, we denote the MBS set & The FBSs are
represented by the small circles having a radiug pfin Fig. 3.5, which are randomly distributed
obeying a homogeneous Spatial Poisson Point Process (S&dling to an area-density &f
Hence, the average number of femtocells per macrd¢églis A\|C|. We denote the FBS set hy;
which is overlaid onto macrocell The union of the FBS set is denoted ¥y In addition to the
above BS configuration, we assume the outdoor macrocell Mbe independently and uniformly
distributed in each cell. Similarly, the indoor femtocellT®l are independently and uniformly
distributed in each femtocell coverage. The MBSs and FB&skethe classic Round Robin (RR)
scheduling strategy. Furthermore, the MBSs and FBSs iilsimit their signals at their maximum

power allowance, which are denoted/ds and Py, respectively.
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Figure 3.4: The downlink long-term throughput of the outdoor MTs. In more
details, the long-term throughput results are characterized by the colour, where
the distribution of downlink long-term throughput of the UFR aided networks is
illustrated on the left and that of FFR aided networks is illustrated on the right.

The simulation parameters are listed in Table 3.1.

Again, We opted for the FFR strategy for the macrocells. Thal tavailable bandwidtl' is
partitioned into four orthogonal frequency bands, I, F» andF3, obeyingF = F,. + Fy + F5 +
F3, whereF,. represents the bandwidth available for the CCR, whilei € [1,2, 3] represents
the bandwidth available for the CER of one of the three adjacells. We assume thdf. =
pFandF, = F; = F», = F3 = %F. We also assume that the same transmission power
is assigned to the CCR MTs and to the CER MTs. As we stated ipt€h&, the co-channel
developed two-tier networks may suffer from serious irerfice. In this chapter, we consider two
different spectrum access (SA) schemes. In Section 3.4amlstforward full spectrum access
(FSA) scheme is invoked for this FFR aided two-tier femtbisetwork, where the femtocells reuse
the entire available frequency bandwidth However, in order to reduce the cross-tier interference,
a spectrum swapping access (SSA) scheme is proposed ioi58c3, where the femtocells use
the specific frequency bands, which are orthogonal to thésigeautdoor macrocell MTs. More
explicitly, the femtocells opt for using the frequency bahdt was not assigned in its hosting
macrocell. For the cell-centre region of the macrocell af.F8.5, F. and F; are available for
CCR and CER outdoor macrocell MTs, respectively. Then thguency bands, and F3 become
available for femtocell transmission. The detailed SSAtetyy is elaborated in the context of Fig.
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Figure 3.5: The topology of the FFR aided two-tier cellular network, where the
radius of the macrocells and that of the femtocells are 1km and 20m. The MBSs

and femtocells are denoted by the triangles and small circles.

3.6.

In this chapter, we assume that the down link (DL) channaliligext to uncorrelated Rayleigh
fading with a unity average power, as well as to wall-pettistnaloss and propagation loss. Since
the technique of OFDMA is employed, the effect of noise isligdge comparing to the interfer-
ence. The thermal noise is neglected for analytical sirtplielowever, the effects of noise will be
taken into account in presenting the simulation result$d£pandd52 denote the distance from an
outdoor macrocell MT to theath MBS B,,, and to thefth FBS B/, respectively, whilel!, anddff
denote the distance from an indoor home MT tostith MBS B,,, and to thefth FBSB;. We also
denote the distance from FB%; to MBS B,,, by dJ,.

Note that we havek,, > R/, hence we can make the assumptidfi; ~ d.,, as depicted in
Fig. 3.7. We can readily derive the relationshigf, — dfc <dl < al, + df[. Since the radius
of indoor areaRi; is relatively small compared to the macrocell size, our aggion holds for
dy < df,.

The DL propagation loss between a BS transmitter and a MT idefied as we stated in
Chapter 2:L = Ad", whereA is a constant that depends on the carrier frequefacy denotes



3.3. System Model of FFR Aided Two-Tier Femtocell Networks

59

CCR CER Femtocell

Cell 1 F. Fy Fy + Fy
CCR CER

Cell 2 F. E, Fy + F3
CCR CER

Cell 3 F, F; Fy + F;

Figure 3.6: An example of the spectrum-swapping scheme.
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Figure 3.7: A femtocell which is denoted by the small circle is overlaid onto a
macrocell denoted by the larger circle. The MBS, FBS and a indoor femtocell MT
are denoted by the triangle, the cross and the square, respectively. The distance
between the FBS and the MBS is dfn, and the distance between the indoor femtocell
MT and the MBS is dZ,. Since the radius Ry of the femtocell is much smaller than

the macrocell radius Ry,, we may have di, ~ dl,.
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the length of this transceiver link, white is the pathloss exponent. Furthermore, we denote the
outdoor and indoor fading constant Hy, and A, respectively. Finally, we denote the outdoor and
indoor pathloss exponent by and~,. The detailed channel model parameters are summarized in
Table 3.1.

3.4 FFR aided two-tier femtocell networks with FSA

In this section, we will investigate the FFR aided two-tietwork combined with FSA. As we
stated in the Sec. 3.3, femtocells reuse the whole avaifadtpiency bandwidti¥' in FSA. The
per-tier OP of both the outdoor macrocell MTs and the indeantbcell MTs will be derived first,
where an outage occurs, when the instantaneous receivedf3Rransmission falls below the
SIR thresholdz. Then the long-term spatially averaged macrocell throughngll be formulated.

Finally, we characterize our optimal network design in teofithe attainable macrocell throughput.

3.4.1 Per-tier Outage Probability

3.4.1.1 Outdoor Macrocell MTs” OP

The outdoor MTs roaming in the macrocell suffer from the interference imposed by the inter-
fering MBSs® \ B,,, which use the same sub-band, as well as from the interf€&BBsV. As

a result, the associated SR, of this outdoor macrocell MT located at a distanceiﬁffrom the
MBS B,,, is given by:

L2 (d9) ™" him

P.i (30 \=7 P o\ ™M ’
> A= (do) lhi+f§PAoJ;/V (df> 9f

m/#m

whereh and g denote the exponentially distributed channel attenuadionnity mean w.r.t. the
MBS and FBS, respectively. Hei& denotes the wall-penetration loss. With the aid of Lemma 1,
we can derive the approximated OP of outdoor macrocell MTamFFR aided two-tier cellular
network relying on FSA.

Lemma 1. We consider an outdoor macrocell MT, at a distance of d% = [ from the serving

MBS. The OP of this outdoor MT is then approximated as:

Fona (ll) = 1= exp [~Gra = 7ACy, () | i 1< D,

(3.5)
2
Fmy (1) = 1 — exp [—@x - mcwz?(m)ﬂ Jif 1> D,
N 2071 o 217 oo 1
where we have (] = =R, 2R =0T G = 31 —2)R2, (2B Rom—1) (1D Cyu = Jo 1+?als

and K = P:—fw, respectively.
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Proof. Recall the Eq. (3.4), we may rewrite the SIR of a outdoor MT as:

fj—g (d2) " hip

gm - Z P! (do )_'Yl h + Z Pf <d0)7'\/1
Im , , R g
migm 0™ =LA ! (3.6)
ho
I + I

— P -7
where we have I; = (d%)y1 zm,#m (d%,) M b and I = (dgb)71 Zfe\I/ —PmJ;/V (d?) gf-
The Eq. (3.6) holds since we assumed that each MBS transmits equal power.

The OP of an outdoor MT is the probability that its SIR is below a threshold x, given

by:
F(z) =P [&n (d9) < 2]
=1 —Phy >zl + I)]

=1-Ep i1, {Plhm > (I1 + B) |1 + D)}
(3.7)

=1—Ep4p, [exp(—z (I1 + I2))]
=1—Ey, [exp (—zI})|Ey, [exp (—z15)]
=1-Lp ()L, (2),
where £, and L}, denote the Laplace transform of the variable I; and I», respectively. We

will then derive the Laplace transform of I; and I, separately. The Laplace transform of

the variable I is given by:

Ly (x) = Ep, [exp (—z11)]
> [exp (—2E(11))]
=exp | —x (dgb)“ Z (d%)_y1
m/#m
Recall from the results derived in Chapter 2, the sum received downlink interference is
evaluated by employing ’Fluid Model” when the cellular macrocells developing UFR, as
stated in Eq. (2.9). As a result, we may have the following equality for CCR MTs (d$, < D):

27 o0
(d%)% Z (dgu)ﬂl = (dgz)%/ / 2" M prpszdzdd
; 0 JoR,—do
o " (3.9)

_ (dg)% 2:PMB;S (2Rm _dg)Q—%,
) —
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where pyprps = # denotes the density of the grid-based MBSs '. However, when the
MTs roam to the CER, the density of interfering MBSs is 3m\+Bs' As a result, we may have
the following equality of CER MTs (d9, > D):

2w poo
(@) 3 @) =) [ e S g
m’;ﬁm 0 2Rm_d%
(3.10)

2TpMBS 2—1
= (d9)" =222 (9R,, — d© .
(m) 3(%_2)( m m)
Substituting the Eq. (3.9) and the Eq. (3.10) into the Eq. (3.8), the Laplace transform

of Iy is given by:

Lr(x)>exp [(d9)" > (d)
mm/ (3.11)
20M g
G(n = 2)R%,(2VG Ry — )= ]

= exp [—

where we have G = 1 when d9, < D and G = 3 when dY, > D under the FFR scheme. As a
results, the lower bound of £y, is derived. In this chapter, we approximate the real L, by

its lower bound of Ly, for the sake of deriving the OP. Hence we made the approximation

that: £, ~ exp [_G 2Tz ]

(y1—2)R2,(2V G Ry, —1)(11—2)

Meanwhile, the Laplace transform of the Poissonian shot-noise process I» is given by:

P
L, =Ep, |exp (d%)yl Z Pm—fW (d?) " gr
few
O\7 O\~
=Ey,, H Ey, [exp( (dm) Kzxg (df) )]
few
1

Feu |14 (o) Ka (d?)ﬂl (3.12)

= exp [—A //R <1 1+ (d%)il Kwt”l) tdt}

21 / " (1 ! tdt
=exp |—27 —
P o 1+ (dO)" Kat—

The equalitly of a in Eq. (3.12) follows from the Probability Generating Functional

(PGFL) of the SPPP [224] and R denotes the FBS interference region. Assuming that

=

L As we stated in Chapter 2, when the hexagonal model is used, we have pyrps = R -

2
m
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(d%)ﬁ/1 Kat™n = 8%1, we may futher derive the Laplace transform of I, which is written

as:
02 2
L1, =exp {—7?)\071 () (KCC)'U] , (3.13)
where Cy, = fooo L -ds and K = PP—fW, respectively. Substituting Eq. (3.11) and Eq.
14572 m
(3.13) into Eq. (3.7), we arrive at Lemma 1. O

3.4.1.2 Indoor Femtocell MTs’ OP

The indoor MTs served by the FBB; suffer from the interference imposed by the surrounding
MBS set® and the neighbouring FBS sét\ B. Owing to the near-far effects, femtocells suffer
from serious interference only in the scenario, when theyarated near the over-sailing MBS. As
aresult, the MBS'’s interference is dominated by the ovéinganacrocell [98]. In this chapter, we
will ignore the MBS interference arriving from the other maeells. However, the effect of other
MBS'’s interference will be considered in the simulations.

Considering the FBS3, at a distance odifn from the MBS B,,, the SIR; of the associated
indoor MT located at a distance d}f is given by:

R (df) " g
& = S - . (3.14)
P f 7 Pf I 71
AZL (dm) hm + féf AoW2 <df/> gf

We can now derive the OP of the indoor femtocell MTs with theeafiLemma 2.

Lemma 2. Let us consider an indoor femtocell MT, given the distance of df, = 1 from the

reference FBS By to the MBS B,,,. The OP of the indoor home MT may be expressed as:

2
9 /Rf exp <—7r)\0717"'72/2(t]m)”1)
0

H=1-—= d 1
Frlal) R% 1+ Ll rar; (3.15)
K
where we have J = Agxlfl/?' Specifically, assuming outdoor and indoor pathloss exponents

of 41 = 4 and v, = 2 2, respectively, the OP of the indoor home MT is formulated as:
Fp(xll) =1— (3.16)

where z(z,1) = 217*%£, and H (z,1) can be derived from [225], which may be written as:

2Here, 2 = 2 is assumed in order to derive the closed-form OP. In reality, the indoor path-loss exponent

is larger than 2. We will opt v2 = 3 for our simulation results.



3.4.2. Long-Term Spatially Averaged Macrocell Throughput 64

iy(z)
H = eV | By y(x)Rf — Zy Zy(.%')
z(x,1)
" (3.17)
—iy(x
+ ex/z(ac,l) y(ﬂj)R _|_ Zy Zy(x)
z(z,1)
where Ei is the exponential integral function, with y(z) = V.

Proof. Let us now consider an indoor femtocell MT. Similarly, given the distance dl, = ,

dl = r, the SIR & (df;, d§> of Eq. (3.14) is rewritten as:

gr
Is+ 1,

§rr) = (3.18)

where we have I3 = f;;"—fofl*“ﬂ r2h,, and I = A(?Iflﬂ r2 zf/;ﬁf dfc,gf/. The OP of an indoor

home user is given as:

Frlz|(t,r)] =1 =Plgy = x(I3 + I1)]

(3.19)
=1-Ly (m)£14(x),
where Ly, and Ly, are similarly derived from Eq. (3.11) and Eq. (3.13), yielding:
C1,(2) : (3.20)
ol 1+x P’”AI Grl=mr2 '
A 2
2 I 71
Lr(z) =exp |—7Cyr3 <A0W2 :U) ] . (3.21)
Assuming that the femtocell MTs are uniformly distributed, Fr(x[l) is given by:
2 [fs
Fi(z|l) = —2/ Flz|(l,r)] rdr. (3.22)

Substituting Eq. (3.19), Eq. (3.20) and Eq. (3.21) into the Eq. (3.22), we arrive at Lemma

2. O

3.4.2 Long-Term Spatially Averaged Macrocell Throughput

Let us denote the total number of MTs per macrocelllhy and the number of macrocell users

located in the CCR and CER ky,,, as well adJ,,,,, respectively. Hence, we havg,, = U,,, +
Un,. Since we assumed that the macrocell users are uniformibdiged in the circular region
of Fig 3.5, the probability that a user lies in the CBRU,,,, = 1) or in the CERP (U,,, = 1) is
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given by:w? and1 — w?, while the average number of users located in the CCR and €gRen
by: Uy, = w?Uy, andU,,, = (1 — w?) Uy, respectively. As a result, the probability that there
is at least one user in the CCR is given Xy, P Uy, = k] =1 — (1 — wQ)Um. Similarly, the
probability that there is at least one user in the CER is gineh — w?Um,

We note that the OP corresponding to the distance formuld&qof(3.5) is the conditional
cumulative distribution function (CDF) of the users’ SIRelite the joint CDF of the SIR and the
distance may be written a&(z,1) = F(z|)P (d$ = ). As a result, the CDF of the spatially
averaged SIR is given by:

D
Fn0) = [1= (1 =)™ [ Fo ) it 1< D,
0 D
. ) (3.23)
2Um H

Hence, the probability density function (PDF) of the sgbtiaveraged SIR for the CCR and CER
users is directly given by the derivative of the CDF, written

dFm, (z,w)
fo, (2, w) = === if [ <D,
£ ()= @) P (3.24)
frny (7, w) = =2 ==, if 1> D.

According to the Eq(3.3) in Section 3.2, the long-term spatially averaged macrdbediugh-
putT,, is expressed as:

Ty, (w) = /O " loga(1 + %)fml (z,w)dz. (3.25)

Ty (w) = /000 loga(1 + %)fm2 (z,w)dz. (3.26)

In the next subsection, we will move our attentions to disahe parameter design issues for
the FFR aided two-tier femtocell networks.

3.4.3 Optimal Design of FFR Aided Two-Tier Network Using FSA

We will then focus on the optimal design of the FFR aided tigogystem using FSA. Specifically,
we will optimize the spectrum allocation factorand distance threshold factor The appropriate
selection of these parameters is expected to significafilgtahe performance of the network. We
will determine the parameters in order to achieve the maiM$E S,,, of macrocell, which may

be formulated as: 1—
pTmy (W) + 5T, (w)

Sm(p7w) = 7TR2

(3.27)

3.4.3.1 Area-Proportional Design

The authors of [217,218,221] selected a fixed distancetibteé$actor and the spectrum allocation
factor was determined by so-called ’area-proportionaigies where havep = w?, when the
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macrocell users are uniformly distributed in the macracelUnder this criterion, the spectrum
allocated to the CCR users is proportional to the CCR area. opimization problem using this
design may be formulated as:

Problem 1:
(p*,w*) = argmax Sy, (p,w) (3.28)
(0<p,w<1)
subject top = w?. (3.29)

Upon eliminating the constraint of EQ3.28), the optimization Problem 1 may be rewritten as:

1—w?

Ty (w)- (3.30)

w* = arg max w?T,, (w) +
(0<w<1) 3

3.4.3.2 QoS-Constrained Design

In addition to the area-proportional design, we also preagQoS-constrained design approach,
where we stipulate a QoS requirementhat the guaranteed long-term spatially averaged CER
throughput per MT is at leastw.r.t CCR throughput per MT. Hence, the system parameteys ma
be adjusted to trade the data-rates required by the CCR nwlcusers against those of the CER
macrocell users. As a result, the optimization problemaisiris design approach may be formu-

lated as:
Problem 2:
(p*,w*) = argmax Sy, (p,w) (3.31)
(0<p,w<1)
subject tal},, > 1T, u, (3.32)
_ Ty () _ Ty @) i : ]
whereT,,, , = i andT,, ., = 30— 0 denote the long-term spatially averaged through

put (bit/s) per subchannel per CCR MT and per CER MT, respalgti

Note that the constraint imposed by Inequali3y32) is a linear constraint, hence the problem
can be solved by the method of Lagrange multipliers. Thevopti p* is located at the extremal
points of Inequality(3.32), which may be written as:

(1-w?) T ()]

*=11+3
p + 90 w2 T, (W)

(3.33)

Upon substituting Eq(3.33) into Eq. (3.31), the optimization Problem 2 is rewritten as:

* * 1—p"
w* = arg (0?3%(1) P Ty (w) + Tme2 (w). (3.34)
Here we note that if we set = 37;’"2 (E‘:))), then we gep* = w? from Eq. (3.33). As a result,
my

our design becomes equivalent to the area-proportionardesience we may say that the area-
proportional design is a specific case of our QoS-constaiesign.
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3.4.3.3 Solving Problems of Eq. (3.30) and Eq. (3.34)

Since no closed-form equations have been found’jgrand7,,,, we solve the optimization prob-
lems of Eq. (3.30) and Eq. (3.34) using a Genetic Algorithm (GA), which attempts to mimic
computationally the processes by natural selection dperat order to solve the optimization
problems. Developed by J. Holland in the 1960s and 1970s] [@26etic algorithms provide a
framework for studying the effects of such biologically pired factors as mate selection, repro-
duction, mutation, and crossover of genetic informatioB7[2 The GA constitutes an attractive
adaptive global search method, where the fithess of eveiyido@l within the population of so-
lutions is evaluated, then multiple individuals are ranfioselected from the current population
of candidate solutions (based on their fitness), and areoppately modified (recombined and
possibly randomly mutated) to form a new population. The pepulation of the next generation
of candidate solutions is then used in the next iteratiorhefdlgorithm. The GA process hence
leads to the gradual evolution of the population to bettartEms of the problem to be solved than
solutions that they were created from, just as in naturdléiem. The basic framework of a genetic
algorithm is adpted from M. Mitchell [228] in her interegitbook as follows:

Step 0 Initialization. Assuming that the data are encoded in toihgs. Specify a crossover
probability or crossover rate, and a mutation probabilitynoitation rate.

Step 1 The population is chosen, consisting of a set of chromosome

Step 2 The fitness function is calculated for each chromosomedrptipulation.

Step 3 Iterate through the following steps until reaching the maxm allowance.

— Step 3a Selection. Using the values from the fitness function fraep 2, assign a
probability of selection to each chromosome, with higharefis providing a higher
probability of selection.

— Step 3b Crossover. Select a randomly chosen crossover point fereMio perform the
crossover with the crossover probablility. Then performssover with the parents se-
lected in Step 3a, thereby forming two new offspring. If thessover is not performed,
clone two exact copies of the parents to be passed on to thgemsvation,

— Step 3c Mutation. With the predefined mutation probability, perfomutation on each
of the two offspring at each crossover point. The chromosotinen take their place in
the new population.

e Step 4 The new population of chromosomes replaces the currentlgim.

e Step5 Check whether termination criteria have been met. If cayesmce is achieved, stop
the iterations and report results; otherwise, go to Step 2.
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We will then use such framework of the GA to solve our problefisq. (3.30) and Eq.(3.34).
The optimization process using the GA is briefly summarizetbows:

1. Initialization. The GA randomly generates a humber okptal solutions, hosted by a so-
called population, which may be composeddf,; number of L-bit (candidate solutions)
chromosomes and each chromosome represents an individteta® threshold. In the
simulations, we used/;,,; = 40 andL = 12.

2. Calculate the fitness functiaf(w) of each chromosome in the population. The individ-
ual fithessF'(w;) is computed as the individual's performance relative td tfethe entire
population, which may be formulated as:

P (@i) Ty (wi) + 2T ()
S [ @) T (w1) + 20T, (1)

Flw;) = : (3.35)

whereT,, andT,, are given by Eq(3.25) and Eq.(3.26) for FSA, respectively. If we opt
for the "area-proportional desigrp;* satisfies Eq(3.29). If we opt for the ’QoS-constrained
design’,p* satisfies Eq(3.33)

3. Repeat the steps (a)-(c) below, uiloffspring have been created:
(&) Select a pair of parent chromosomes from the currentlptipn, with the probability

of selection being an increasing function of fitness.

(b) With probability p., arrange for the cross-over of the pair at a randomly chosént p
to form two offspring for the two 'parent’ individuals. Wetshe so-called cross-over
probability top. = 0.7 in our simulations.

(c) Mutate i.e. 'deliberately perturb’ the two offspringtivia probability ofp,,,, and then
place the resultant chromosomes in the new population. A& aisnutation probability
of p,, = 0.05 for avoiding premature convergence to a suboptimum value.

4. Replace the current population with the new population.

5. Goto step 2.

3.5 FFR Aided Two-Tier Network with SSA

To mitigate the cross-layer interference, SSA scheme,mikidescribed in Section 3.3, is proposed
in the FFR aided two-tier femtocell networks. The OP arriaeavith the aid of our solution will
be then derived. The corresponding optimal network desifjraiso be presented.
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3.5.1 Spectrum Swapping Access

As we discussed in Section 3.3, both the outdoor and indoos May suffer from cross-layer in-
terference in conjunction with FSA. In the SSA, the femttscalill reuse the specific frequency
bands, which are orthogonal to the over-sailing macrocdtsr example, for the center macro-
cell seen in Fig. 3.5, the MBS may assi@h and F; to the outdoor CCR MTs. To avoid the
cross-layer interference emanating from over-sailingnoagdls, the femtocells in macrocell 0 may
access frequency bands and F3. With the aid of our SSA, the cross-layer interference istaty
tially reduced. Specifically, the cross-layer interfereigavoided for the outdoor CCR macrocell
MTs. The outdoor CER macrocell MTs only suffer from the ifdeznce arriving from the femto-
cells located within other macrocells. For the indoor feretbMTs, the cross-layer interference
emanating from the over-sailing MBS is avoided.

3.5.2  Per-Layer Outage Probability

3.5.2.1 Outdoor Macrocell MTs” OP

When employing the proposed SSA strategy, the outdoor roelti@ Ts roaming in the CCR of
macrocellm suffers from the interference imposed by the neighboring\Btm’ # m, m' € Z,,,.
Hence, the SIR,, of a CCR MT located at a distance @ff, from the MBSB,, is given by:
P -
o () " b

> I (d9) T b

m'€Lm

(3.36)

The outdoor macrocell MTs roaming in the CER may suffer fromninterference imposed by the
interfering MBS setZ,,, which share the same frequency band within the CER MTs, &ritido
FBS set located within the other macrocélls Hence we may formulate the SH, of a CER
MT located at a distance af,, from the MBSB,, as:
P, oy M
o (d him
En = 75 (%) . (3.37)

I B et 2 e (49) Ty

The OP of the outdoor macrocell MTs is formulated in Lemmar3far proposed solution.

Lemma 3. Given the distance of d, = I from the MBS B,,, the OP of this outdoor user
for our proposed spectrum-swapping solution is written as:
‘7:7]7311 (1E|l) =1- eXp (—<1£C) 71f l < Da
(3.38)
Fh(x]l) =1 —exp (—ng - )\l2vKacS) ,it 1> D,

( R2,—12sin? §—Icos @
d2VKzx

2
where we have S = (%2 — fow arctan ) d9>, assuming v = 4.
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o %////

Figure 3.8: The topology of the FBS interference analysis when the outdoor MT

marked by ’A’ is roaming towards the CER, where the interfering FBS region is

denoted as R’.

Proof. We first consider an outdoor macrocell MT. Comparing Eq. (3.36) to Eq. (3.4), the
OP of an outdoor macrocell MT located in the CCR is simply derived by removing L, of

Eq. (3.7).

However, as for the CER users, they suffer from the FBS interference imposed by the

FBSs located upon the neighbouring macrocells. Here we denote the FBS interference

—a
region R’. Similarly to Iy, we assume I = Zjelf\zpo Pi—fW <d?j> ' gj, and the Laplace

transform of I5 is given by:

1
L. = - 1-— tdtdo | . 3.39
I5 exp [ /// ( 1+ (d,,?m)al thc”) ] ( )

Let us now discuss the integral interval R’. If a CER MT roams at a distance [ from the

MBS, as shown in Fig. 3.8, given the angle /BAC = 6, we have AB = \/R2, — [? sin®

lcos @, hence the distance from the CER user to the FBSs varies from AB to co. As a
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result, Ly, is rewritten as:

21 o) 1
Lig = exp | = 1 tdtdo| . (340
Is exp [ /0 / R2,—12 sin2 0—1 cos @ < 1+ (d%)“ th%) ( )

Hence, assuming v; = 4, the OP of the CER MT is given by Eq. (3.38) and Lemma 3

follows. O

3.5.2.2 Indoor Femtocell Users’ OP

Under the SSA scheme, the target femtocell’s indoor home @isdures interference from the
nearby FBS set denoted ;. As a result, when considering the target FBS at a distance of
df, = 1 from the target MBS, the SIRy of the associated indoor home MT located at a distance of
dfc from the target FBS3; may be expressed as:

Py (r\" 7
(1) o

Py 7\ " ’
2o pret; AW <de) gf

As a result. We use the Lemma 4 characterizing the OP of trmbmidome MT of the proposed

& (d%dfc) = (3.41)

spectrum-swapping solution in the FFR scenario.

Lemma 4. Given the distance d, = [ from the reference femtocell f to the macrocell f
and the target SIR threshold of z, the OP of the indoor home user involving our spectrum-

swapping in the FFR environment is given by:

2 2 2
Fi(x) = Fi(xll) =1~ R—?JA(:U) T [;,A(w)R?] , (3.42)
2
where we have t = %, A(xz) = wACy, (Jz)n, and also J = ﬁ. Furthermore, I'(s, x)

is the incomplete gamma function, which is written as:
x
I'(s,x) = / t5 e tdt. (3.43)
0

Proof. Now we consider an indoor femtocell MT located at a distance r from its serving
FBS. Observing that its SIR under our proposed solution is independent of the distance

d},, Bq. (3.41) may be rewritten as:

& (r) = mg f} . (3.44)
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where we have d; =7, I5 = Zf’eIf dfu)_“gf/ and J = ﬁ. Then the OP of the indoor

home MT’s SIR under our proposed solution may be expressed as:

Fi(@lr) =1=Plys(r) 2 2l =1 = Ly (2r™J), (3.45)
where Lr,(-) is similarly given by:
272 2
Ly (xr™?J) = exp <—7T)\C717° n (Jx) 71> . (3.46)

Since we assumed that the indoor home MTs tend to be uniformly distributed in the

coverage region of their FBS, the OP of an indoor home MT benefiting from our proposed

solution may be written as:

‘7:]13(3:) =E, [v¢(r) <0 <r < Ry]
2 [fr Py 2
T exp (—WAC,YIT 1 (Jx)ﬁ) dr

—1- =
Rfc 0
272 2
Assume t = — and A (z) = 7AC,, (Ja)7 (3.47)

M
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3.5.3 Long-Term Spatially Averaged Macrocell Throughput with SSA Scheme

3.5.3.1 CCR Throughput
We note that the OP of Eq(3.38) is the conditional CDF of the CER MTs’ SIR. Similarly the
Section 3.4.2, the long-term spatially averaged througtgpgiven by:
whm 9] o x
2 [/0 logs <1 + ;) fh, (x)dm] dl.

Um
Ty (@) = [1= (1= w?) ]/0 R
Eq. (3.48) may be rewritten as:

(3.48)

_ 20M
We assume thal = (1 —2)RZ, (2Rm—1)1 -2 !

whm 9] > 1
— { / logs (1 + vt) e_TdT} dl
)" Lo (3.49)

=0 [
2 e (V) Ei(~V)dl,

wRm
= {1 - (1 —wQ)Um} /0 —W
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whereV = (7172)1%22(1;1?1 e The integral(3.49) is difficult to solve. Noting thal” < 1,

we may invoke the approximation thatp (V') ~ 1. The Taylor series of the exponential integral

term in EQ.(3.49) is given by:
Ei(V)me+InV -V, (3.50)
wheree is the Euler-Mascheroni constant [225]. When assuming 4, the long-term spatially

averaged CCR throughput under the SSA is approximated as:

Un 2—w 8 2 w(l—e)—4

wln?2

(3.51)

- 10g2w+ 2F1(2767 77

R,|
wheres F} (a, b, ¢, z) denotes the Gauss hypergeometric function [225]. Furtbesnthe ASE of
CCR MTs using SSA regim#g,,,, i

1
6ow? In 2

3.5.3.2 CER Throughput

We note that the OP of Ed3.38) is the conditional CDF of the CER MTs’ SIR. As a result, the
spatially averaged CDF of the SIR for the CER MTs is given by:

Fr(2) = (1 - w?m) / el 2 il (3.52)

whereFh,, (z|1) is given by Eq.(3.38). Similarly to Section 3.4.2, the long-term spatially agd
macrocell throughput (bit/s/Hz) in the CER is expressed as:

T, (W) :/Ooologg(1+ ), (z)dz, (3.53)

d]:m2 (x)

wheref},, (z) = denotes the PDF of the spatlally averaged SIR for the CER NFls-
thermore, the ASE of CER MTs using SSA regisig, i

3.5.4 Optimal Design of the FFR Aided Two-Tier Network with SSA

In this subsection, we will focus our attention on the optimesign of the FFR aided two-tier
system using SSA. Similar to Section 3.4, we also considemtka-proportional design and the
QoS-constrained design relying on our SSA strategy in oralerchieve the maximum ASE of
macrocell. We also use a GA to solve the above pair of optitiizgoroblems, wherd’,,, and
T, Will be numerically evaluated from E¢3.51) and Eq.(3.53), respectively. The optimization
process using the GA is briefly summarized as follows:

1. Initialization. The GA randomly generates a humber okptal solutions, hosted by a so-
called population, which may be composeddf,; number of L-bit (candidate solutions)
chromosomes and each chromosome represents an individteta® threshold. In the
simulations, we used/;,,; = 40 andL = 12.
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2. Calculate the fitness functiaki(w) of each chromosome in the population. The individ-
ual fithessF'(w;) is computed as the individual's performance relative td tfethe entire
population, which may be formulated as:

P* (@) T, (wi) + 20T, (w0)
St [ @) T (w1) + 20T, (w1)

whereT,, andT,, are given by Eq(3.51) and Eq.(3.53) for SSA, respectively. If we opt
for the "area-proportional desigry;* satisfies Eq(3.29). If we opt for the 'QoS-constrained
design’,p* satisfies Eq(3.33)

3. Repeat the steps (a)-(c) below, ufiloffspring have been created:

(&) Select a pair of parent chromosomes from the currentlptipo, with the probability
of selection being an increasing function of fitness.

(b) With probability p., arrange for the cross-over of the pair at a randomly chosént p
to form two offspring for the two 'parent’ individuals. Wetshe so-called cross-over
probability top. = 0.7 in our simulations.

(c) Mutate i.e. 'deliberately perturb’ the two offspringtivia probability ofp,,,, and then
place the resultant chromosomes in the new population. A& aisnutation probability
of p,, = 0.05 for avoiding premature convergence to a sub-optimum value.

4. Replace the current population with the new population.

5. Goto step 2.

3.6 Numerical Results and Discussions

3.6.1 Simulation Assumptions

In this section, the downlink performance of the FFR aided-tisr network is characterized by
simulations. The system topology considered is illustrateFig. 3.5, where the macrocells and
femtocells are represented by a circle having a radiug,pfand Ry, respectively. Again, it is

assumed that the transmission power of the MBSs and FBSegtfixheir maximum. As a result,
the power allocation problem is not considered. As we stat&ection 3.3, the effect of the noise
is ignored in the OP analysis, since the noise power is nbigigompared to the interference.
However, the effect of noise will be taken into account in simnulations. The distance threshold
based FFR scheme is considered. Hence the macrocell MTecated in the CCR, when the
distance from its serving MBS is shorter than the distancestiold. Otherwise, the MTs are
located in the CER. The per-layer OP is investigated firseralthe performance of both the UFR
aided two-tier networks, as well as that of the FSA based Re&dawo-tier networks and that of
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the SSA based FFR aided two-tier networks are considered.STR threshold for the macrocell
MTs and that for the femtocell MTs is set to béB and20d B, respectively. Then the long-term
spatially averaged macrocell throughput formulas of E}25), Eq. (3.26), Eq. (3.51) and Eq.
(3.53) are verified by simulations. Later, the optimal parametezd@und, where the performance
of both the area-proportional design and that of the QoStcaimed design are presented. The
distance threshold is assumed to be spanning fral05R,,, to 0.95R,,. Again, the system
parameters are summarized in Table 3.1.

3.6.2 Per-Layer OP for Both the Outdoor Macrocell MTs and the Indoor Femtocell

MTs
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Figure 3.9: The OP of an outdoor cellular MT versus the normalized distance from
the MBS, for the target SIR threshold of z = 0 dB. The OP performance of UFR
aided two-tier networks, FFR aided two-tier networks using FSA and FFR aided
two-tier networks using SSA are compared. Three scenarios are considered, where
a) no femtocell is overlaid onto the macrocells, b) low density of femtocells are
overlaid onto the macrocells (Ny = 10 per macrocell), as well as c) high density of
femtocells are overlaid onto the macrocells (Ny = 100 per macrocell). All system

parameters were summarized in Table 3.1.



3.6.2. Per-Layer OP for Both the Outdoor Macrocell MTs and the Indoor Femtocell MT6

Fig. 3.9 illustrates the OP for an outdoor macrocell MT asrafion of the distance from the
MT to the serving MBSB,,,, when we set the target SIR threshold to 0dB. Observe fron8Rig
that as expected, the OP increases, when the user movesHeo®QR to the CER. In general,
employing the FFR scheme enhances the CER MTs’ SIR. As atréisellOP is reduced for the
CER outdoor users compared to the UFR scheme. With the ailRf the interference emanating
from other MBS is reduced. As a result, there is an OP reductiden the outdoor user moves
from the CCR to the CER. Naturally, introducing femtocellgl Wwnpose additional interference
on the outdoor macrocell MTs. More explicitly, when the ttier network employing the FSA
strategy, as an increasing number of femtocells, the adganif the FFR scheme gradually erodes
for the CER users, especially for the MTs located far fromatering MBS. By contrast, the OP
of an outdoor macrocell MT is significantly reduced in bote @CR and CER with the aid of the
proposed SSA strategy. Additionally, we also verified thenfaas of Eq.(3.5) and Eq.(3.38) in
Section 3.4 and Section 3.5, respectively. We demonstthtgaur theoretical results are accurate
for both the FSA and SSA strategies.
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Figure 3.10: The OP of indoor MTs versus the distance from serving FBS to the
MBS, for the target SIR threshold of 2 = 20dB and Ny = 10. The OP performance
of FFR aided two-tier networks using FSA and FFR aided two-tier networks using

SSA are compared. All system parameters were summarized in Table 3.1.

Fig. 3.10 shows the OP of an indoor femtocell MT as a functibthe distance from the FBS
to the central MBSB,,,, when we set the target SIR threshold to 20dB and the averagmber
of femtocells per cell to 100. For the FSA, the indoor MTs maffes from a high OP, when
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their serving FBS is near to the MBS, especially for the distarange(< 0.1R,,,) owing to the
high MBS interference. However, when the FBS is sufficiefdlyaway from the MBS, the OP is
rapidly reduced. On the other hand, the OP of the indoor Mppated by our SSA remains low,
because the interference emanating form the neighbouB®g ks significantly reduced owing to
the attenuation of walls. It is also observed that the aitalyOP formulae accurately predict the
OP, as confirmed by the simulations. It is noted that the SSAlt®in an constant OP trend for
the femtocell MTs, which is independent of their positiofhis is because that the femtocell MTs
using SSA scheme suffer the interference which is domainayethe femtocells overlaided onto
the neighbouring macrocells. As a result, the overall fatence suffered by the femtocell MTs
may be independent with the distance from its serving FB8danhderlaided MBS.

3.6.3 Long-Term Spatially Averaged Macrocell Throughput
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Figure 3.11: The long-term spatially averaged macrocell throughput. The per-
formance according to the threshold factor of FFR aided two-tier networks using
FSA and FFR aided two-tier networks using SSA are compared. Two scenarios
are considered, where a) low density of femtocells are overlaid onto the macrocells
(N = 10 per macrocell), and b) high density of femtocells are overlaid onto the
macrocells (Ny = 100 per macrocell). All system parameters were summarized in

Table 3.1.

Let us now verify the numerically evaluated macrocell laagn results given in Eq. by simu-
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lations in Fig. 3.11. As expected, the performance in the @GiRnsistently higher than that in the
CER for both dense and sparse femtocell deployments for EB&nse. This is because that the
received SIR of CCR MTs may always much higher than that of ®HR, which leading higher
throughput for CCR MTs. Since the probability that at least MT is located in the CCR is low
whenw is small, the throughput will be low along with a lawe The CCR related curve exhibits
a peak at a point around = 0.15, while the CER related curve is monotonic as a functio of
Similar trends are also valid for SSA. The ASE of CCR is indefmnt with the femtocell density.
This is because that CCR macrocell MTs may only suffer therfietence from the neigbouring
MBSs as well as the FBSs which are located overlaid onto tighbeuring macrocells, when the
SSA shceme is employed. As a result, the throughput of CCRdispendent of the femtocell
density. On the other hand, the difference between the FEASSA is that for the FSA, dense
femtocells will result in a higher ASE degradation in comgain to sparse femtocells. By contrast,
the variation of the femtocell density has a less pronoumdfett. Furthermore, for both the FSA
and the SSA, the numerically evaluated results derived 81i@e 3.4 and Section 3.5 are quite
accurate, as decipted in Fig. 3.11.

3.6.4 Optimal Design for the Two-Tier Network

In order to highlight the importance of optimal parametesige, the performance of the FFR
aided two-tier network having several different systemfigamations are compared, based on both
the area-proportional design and on the QoS-constraingidrdeespectively. More explicitly, the
following system configurations are consider&y:stem 1 (S1)it is assumed that S1 opts for the
FSA strategy and the parametersof S1 are fixed. Two parameter sets are considered: S1(a):
w = 1/3 and S1(b):w = 2/3. System 2 (S2)It is assumed that S2 opts for the FSA strategy.
When the femtocells are overlaid onto existing macrocels, different approaches are assumed
in handling the femtocells in the context of the area-prtpoal desigrs2(a): Femtocell unaware

In this system, the parameters are optimized assuminghbaIBS is unaware of the femtocells.
More explicitly, the optimal parameters are determinediassg that no femtocell is overlaid onto
the macrocellsS2(b): Femtocell awarenesghe parameters are optimized according to the number
of femtocells in this system. By contrast, only the femtbeglare scenario is considered in the
context of the QoS-constrained design, sincand p are determined under the constraint of Eq.
(3.32), which requires the system to have the knowledgd,9f and7,,,. System 3 (S3)lt is
assumed that S3 opts for the SSA strategy and the paramedeptanized in order to achieve the
highest throughput, also assuming that the system is fathmeare.
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Figure 3.12: The optimal threshold w in the area-proportional design. The fol-
lowing system configurations are considered:a) S1: The FSA strategy and the
parameters w are fixed. Two parameter sets are considered: Sl(a): w = 1/3 and
S1(b): w=2/3. b) S2: FSA strategy is assumed and two different approaches are
assumed in handling the femtocells in the context of the area-proportional design
S2(a): Femtocell unaware, and S2(b): Femtocell awareness. c¢) S3: SSA strat-
egy is assumed and Femtocell awareness is employed. All system parameters were

summarized in Table 3.1.

3.6.4.1 Area-Proportional Design

Fig. 3.12 and Fig. 3.13 illustrate the dependence of theesygtarameters for the three systems
on the number of femtocells. Owing to the system configunadibS1,» andw are set to be fixed
and independent with the averaged number of femtocell perFagthermore, it is constrained by
the characterization of area-proportional design arew? follows. The system parameters @f
andw™ are optimized for S2(a), assuming no femtocells are owkrlEhen the optimal parameters
are derived according to E@3.29) with A = 0. Since femtocell unaware configuration is assumed
for S2(a), the optimal parameters are independent withwbeged number of femtocell per cell.
On the other handy, tends to increase upon increasing the number of femtoa#liSZ(b) and S3,
which are aware of the number of femtocells. We note that B& @ill extend to the maximum
tolerance level = 0.95), when we haveV; > 40 for the FSA andV; > 70 for the SSA. As
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Figure 3.13: The optimal spectrum allocation p in the area-proportional design.
The following system configurations are considered:a) S1: The FSA strategy and
the parameters w are fixed. Two parameter sets are considered: Sl(a): w = 1/3
and S1(b): w = 2/3. b) S2: FSA strategy is assumed and two different approaches
are assumed in handling the femtocells in the context of the area-proportional
design S2(a): Femtocell unaware, and S2(b): Femtocell awareness. c¢) S3: SSA
strategy is assumed and Femtocell awareness is employed. All system parameters

were summarized in Table 3.1.

a result, we may conclude that the optimized system tendarttssthe UFR aided network in a
dense-femtocell scenario. This is because that the CERrpsahce degrades significantly in the
dense-femtocell scenario. As a result, the system is \gilliinallocate more resource to the CCR.
Finally, thep obeys similar trends to owing to their fixed relationship of Eq3.29).

Fig. 3.14 compares the ASE of macrocell for these systemss dhown that the specific
selection of system parameters may significantly affectniagrocell's ASE. For the traditional
single-layer network 'y = 0), the optimized systems (S2 and S3) attain a higher ASE than t
fixed parameter based system (S1). Hence our GA based ogtiomzs capable of achieving a
high ASE. Similar trends were also noted in [218]. For the-tieo network (V; > 0), the opti-
mal design which ignores the number of femtocells (S2(alj)bei inefficient and its performance
may even be worse than the fixed parameter based design X3Ryhontrast, the optimal design,
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Figure 3.14: The ASE of macrocell in the area-proportional design. The following
system configurations are considered:a) S1: The FSA strategy and the parame-
ters w are fixed. Two parameter sets are considered: Sl(a): w = 1/3 and S1(b):
w = 2/3. b) S2: FSA strategy is assumed and two different approaches are as-
sumed in handling the femtocells in the context of the area-proportional design
S2(a): Femtocell unaware, and S2(b): Femtocell awareness. c¢) S3: SSA strat-
egy is assumed and Femtocell awareness is employed. All system parameters were

summarized in Table 3.1.

which is aware of the number of femtocells (S2(b)) is capalblachieving a higher ASE than the
fixed parameter based design (S1). However, the S2(b) sgspemiormance may be sensitive to
the number of femtocells, where the ASE reduces signifiganibn increasingV; owing to the
high level FBS interference. Hence the effect of femtocsitisuld be taken account into the opti-
mization design. On the other hand, our proposed SSA siratitgins the highest ASE among all
of our systems, guaranteeing a high macrocell ASE even ihigredensity femtocell deployment
scenario ofV; = 100.
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Figure 3.15: The optimal threshold w in QoS-constrained design. The QoS re-
quirements of n = 0.02 and n = 0.2 are considered, respectively. The following
system configurations are considered:a) S1: The FSA strategy and the parame-
ters w are fixed. Two parameter sets are considered: S1(a): w = 1/3 and S1(b):
w = 2/3. b) S2: FSA strategy and femtocell awareness is assumed. c) S3: SSA
strategy is assumed and Femtocell awareness is employed. All system parameters

were summarized in Table 3.1.

3.6.4.2 QoS-Constrained Design

To model the different data-rates sought by the CCR madrbtEs relative to the CER macrocell
MTs, the QoS requirements gf= 0.02 andn = 0.2 are considered, corresponding to either a 50
times higher throughput per CCR macrocell MT than per CERrotwatl MT or five times higher,
respectively. Fig. 3.15 and Fig. 3.16 illustrate the syspamameters, andp versus the number of
femtocells for the above three systems. Apart from the patandesign of S1, the range of CCR
should be extended upon increasing the number of femtoicetisder to achieve the maximum
macrocell throughput, regardless of the specific spectroress strategy. It is observed that the
optimal w increases slower if a lower QoS requiremeris chosen. As far ag is concerned, in
general, the denser the femtocells, the lowdias to become, with the exception of higlvalues

in both the S2 and S3 scenarios, where the relationship imanbtonic. Another feature observed
for S1 is that lowem values result into requiring higher values. By contrast, these trends are
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Figure 3.16: The optimal spectrum allocation p in QoS-constrained design. The
QoS requirements of n = 0.02 and n = 0.2 are considered, respectively. The
following system configurations are considered:a) S1: The FSA strategy and the
parameters w are fixed. Two parameter sets are considered: Sl(a): w = 1/3 and
S1(b): w = 2/3. b) S2: FSA strategy and femtocell awareness is assumed. c)
S3: SSA strategy is assumed and Femtocell awareness is employed. All system

parameters were summarized in Table 3.1.

reversed for the S2 and S3 system configurations.

Fig. 3.17 compares the ASE of the macrocells for these systéins shown that the specific
selection of system parameters may significantly affectntlaerocells’ ASE. It is observed that
the macrocells’ ASE is reduced for all the scenarios comsitlewhen the averaged number of
femtocell per cell is increased. Also, the GA based optinhidesigns are capable of achieving a
higher ASE for bothy = 0.02 andn = 0.2 than the fixed parameter based design. Furthermore,
when considering the effects gf the ASE of the macrocell will be reduced for highgralues
(higher data rate per CER user demand), since the CER thpatgyis obviously lower than the
CCR throughput. Observe in Fig. 3.17 that our proposed S&#esgly achieved the highest ASE
among all the systems for the QoS-constrained design asdnbie resilient against the impact of
femtocells.
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Figure 3.17: The ASE of macrocell in QoS-constrained design. The QoS require-
ments of 7 = 0.02 and n = 0.2 are considered, respectively. The following system
configurations are considered:a) S1: The FSA strategy and the parameters w are
fixed. Two parameter sets are considered: Sl(a): w = 1/3 and S1(b): w = 2/3.
b) S2: FSA strategy and femtocell awareness is assumed. c) S3: SSA strategy
is assumed and Femtocell awareness is employed. All system parameters were

summarized in Table 3.1.

3.6.5 The Impact of the Proposed SSA on the Femtocell Performance

The numerical results of Subsection 3.6.4 demonstratethieainacrocell MTs benefit from the
proposed SSA strategy. However, this benefit comes at thensepof partitioning the spectrum
of femtocells. As a result, the femtocell throughput (Bitfeay be degraded under the SSA. Fig.
3.18 compares the long-term femtocell-throughput (bérs) femtocell ASE under FSA and SSA,
respectively. Since the femtocells reuse the entire adlaifrequency band for FSA, the femocell-
throughput and ASE obey the same trends, where the ferg@iihted in the vicinity of the MBS
(for example forl < 100) tend to suffer from a high MBS interference and hence maybéxh
a poor performance. By contrast, the femtocells situatecifiaay from the MBS may attain a
high throughput. On the other hand, the proposed SSA syraiéminates the fluctuation of the
femtocell throughput, which hence may become independeitg position. Observe in Fig. 3.18
that the femtocell’s throughput reaches about 6 bit/s fok,S@hich is lower than that recorded at



3.7. Chapter Summary and Conclusions 85

The long term femtocell throughput (bit/s)

15— SSA
104 fen : o
/1000
0 , , , , 1(())00
~1,000 —500 0 500 1,000 - -
Distance (m) Distance (m) 1000
~ The ASE of femtocells (bit/s/Hz/m?)
. FSA ; SSA
0,02 e T
0.015 |
0.01 -
0.005 -{
0 , ,
-1,000 -500 0 500 1,000 -1000 1000

Distance (m) Distance (m)

Figure 3.18: The long-term spatially averaged femtocell throughput and ASE.
The system parameters of w and p for the network employing FSA and SSA are
derived separately by GA, according to the area-proportional design. Furthermore,
the femtocell awareness approach is employed for the area-proportional design. All

system parameters were summarized in Table 3.1.

the distance of > 200 for FSA. The ASE of femtocells using SSA is higher than thaE8A in
the entire cell, as seen in Fig. 3.18. This is because thaA8tequantifies the achievable bit rate
per Hz per area. As a result, the ASE of SSA is higher owingeéadduced interference. Hence,
the SSA may be treated as a ASE-oriented femtocell solutibich remains fairly unaffected by
the FFR aided macrocell, albeit at the cost of deliveringrétéid peak throughput. By contrast, the
FSA may be treated as a throughput-oriented femtocell desiyich acts selfishly by disregarding
both the macrocell’s ASE and its own ASE.

3.7 Chapter Summary and Conclusions

In Section 3.2, we reviewed the concept of the classical FiEBrme and characterized the downlink
performance of cellular networks using the classical FHiB® in comparison to the traditional
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UFR scheme. More specifically, the topology of the FFR aiddtlilar networks of Fig. 3.2 was
introduced, where the distance based CCR/CER identifitatas adopted. The downlink OP and
the downlink long-term throughput were investigated armddbrresponding simulation results were
portrayed in Fig. 3.3 and Fig. 3.4 of Section 3.2. As expectieel simulation results confirmed
that the FFR scheme is capable of significantly reducing tAeofOmacrocell MTs. However, the
outdoor MTs benefit from the FFR scheme for the CER MTs, ancptrormance of the FFR
recorded both for the CCR MTs is similar to that of the UFR sobe We have summarized the
downlink performance of the FFR scheme and of the UFR schéiffig.03.3 and Fig. 3.4 in Table
3.2.

Table 3.2: Downlink performance comparison of cellular macrocell MTs for UFR

and FFR
UFR FFR
Distance threshold | N/A 0.6R,,
SINR threshold 0dB 0dB
Outage probability | 0 ~ 0.65 0~0.12
Throughput 0.18 ~ 19.7 bit/s/Hz | 1.12 ~ 19.7 bit/s/Hz

In Section 3.3, the system model of FFR aided two-tier femitaretworks was presented,
where the topology of the two-tier networks, the downlinkchel model and the associated spec-
trum allocation strategies were introduced. Two differggectrum allocation strategies were con-
sidered, where the system may employ either the FSA or SSAesg The performance of FSA
based two-tier networks was investigated in Section 3.4 @dr-tier OP was derived analytically,
followed by finding the optimal parameters for the FSA basgo-tier networks. Based on the
simulation results illustrated in Fig. 3.9 and Fig. 3.1@& @€ER macrocell MTs and the CCR fem-
tocell MTs suffered from the interference inflicted and agsult, the performance significantly
degraded, when the system invoked FSA. In order to mitigaectoss-tier interference, the SSA
scheme of Fig. 3.6 was proposed for this FFR aided two-tiewvark in Section 3.5. Again, the
per-tier OP was derived analytically, followed by finding thptimal parameters of the SSA based
two-tier networks. Recall the simulation results of Fig 8nd Fig. 3.10, where the SSA scheme is
seen to be capable of reducing the OP of both the macrocelldvdof the femtocell MTs, whilst
achieving an increased throughput. We have summarizedithieable performance of both the
FSA and SSA of Fig. 3.9, Fig. 3.10 and Fig. 3.11 in Table 3.8luiding the macrocell MTs’ OP,
the femtocell MTs’ OP, as well as the spatially averaged Ci@BuUghput of the macrocells and the
spatially averaged CER throughput of macrocells.
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Table 3.3: Downlink performance comparison of FFR aided two-tier femtocell

networks for FSA and SSA

FSA SSA
Ny 10 100 10 100
Macrocell MTs” OP 0~0.21| 0~0.87 0~ 0.12 0~ 0.68
Femtocell MTs’ OP 0.01 ~ 0.87 0.01

CCR throughput (bit/s/Hz) 198 ~10 | 0.8 ~6.2 | 1.99 ~ 10.6 | 1.99 ~ 10.6

CER throughput (bit/s/Hz) 0.7~26| 0~0.6 1.1~39 0.1~3.5

In order to improve the performance of the system, the chafitiee optimal system parameters
was discussed in Section 3.4 for FSA based two-tier netwavkge in Section 3.5 for SSA based
two-tier networks. In Section 3.6.4, the so-called are@pprtional design and QoS-constrained
design were studied. The optimal distance threshdldand the optimal spectrum allocatigri
were derived with the aid of GA. The optimal system paransetaking into account the average
number of femtocells per cell are illustrated in Fig. 3.18.RB8.13, Fig. 3.16 and Fig. 3.15. The
simulation results of Fig. 3.14 and Fig. 3.17 demonstratetithe GA based optimization process
is capable of achieving an increased ASE of the macrocealigh&more, an increased macrocell’s
ASE was achieved by our SSA using a jointly optimized spectallocation and distance threshold
policy. However, it is observed from the long-term spajialVeraged femtocell throughput simula-
tion results of Fig. 3.18 that the benefit of the SSA schemehigaed at the expense of partitioning
the spectrum of femtocells. As a result, the femtocell thhgaut is degraded for the SSA scheme,
as depicted in Fig. 3.18. It is concluded that the SSA maydsted as a ASE femtocell solution,
which remains fairly unaffected by the FFR aided macrodeta cost of delivering a limited peak
throughput. By contrast, the FSA may be treated as a thraugijented femtocell design, which
is a selfish owing to disregarding both the macrocell's apdvtn ASE.



Chapter

Resource Allocation for Heterogeneous

Visible-Light and RF Femtocell

4.1 Introduction

In Chapter 3, an outdoor heterogeneous network scenariomuestigated, where the femtocells
are overlaid onto the traditional macrocells. Apart frora ttutdoor scenario, indoor cells may
also form part of a HetNet. In this chapter, we consider anandcenario, where femtocells and
LED light based VLC are used for providing indoor coveragéhe Telated Resource scheme is
investigated in this Chapter, where diverse QoS requirésnsnch as the achievable data rate, the
fairness and the statistical delay specifications are dereil.

As stated in Chapter 2, optical wireless systems usingleidight exhibit several advantages,
including license-free operation, immunity to electrognatic interference, network security and
a high bandwidth potential [24]. The optical access pointeferred to as an attocell in [200].
However, the performance of VLC systems is degraded in teerade of line-of-sight (LOS) prop-
agation. Hence we may combine VLC with a complementary netfas providing a seamless data
service. An optical attocell not only improves indoor cags, it is able to enhance the capacity of
the RF wireless networks, since it does not generate anyiauatliinterference. Here, we consider
an indoor scenario, where a VLC system is combined with aidd&F femtocell system [229] and
investigate the associated RA problems.

For a HetNet, an important component of the integrated tctire is its Resource Manage-
ment (RM) mechanism. To access the Internet through a HetitNeterminals such as laptops and
cellphones are usually equipped with multiple wirelesseasmetwork interfaces. There are two
basic types of terminals. The conventional multi-mode neotsrminals are unable to support IP
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mobility or multi-homing. Hence, these multi-mode termingypically opt for the specific net-
work providing the best radio-coverage. By contrast, thmilfaof more sophisticated terminals
is equipped with IP-based mobility and multi-homing fupaotilities, which have the capability
of aggregating radio resources from different networksmirous contributions have studied the
RA problem in a HetNet scenario [230-233]. Multi-homing R&chanisms are studied in [230],
which allocate the radio bandwidth to different tele-taffipes based on the specific utility of the
service supported. However, this required a central resooranager for controlling the RA pro-
cess. On the other hand, the authors of [231-233] proposesdrdoated algorithm for solving the
RA problem. However, these contributions only focus on mmézing the data rate, while QoS re-
guirements formulated in terms of the delay requirementaalfile terminals were not considered
in these contributions. Furthermore, these contributamrssidered a pure RF HetNet model, while
our paper considered the RA problem of a combined VLC and Ritéeell HetNet.

Future broadband wireless networks are expected to sugpuide variety of communication
services having diverse QoS requirements. Applicationh ag voice transmission as well as real-
time lip-synchronized video streaming are delay-seresigind they require a minimum guaranteed
throughput. On the other hand, applications such as filsfeamnd email services are relatively
delay-tolerant. As a result, it is important to considerdetay as a performance metrics in addition
to the classic Physical layer performance metric in craged optimization. Diverse approaches
may be conceived for delay-aware resource control in wseeleetworks [13—-19]. For example,
the average delay-constraint may be converted into an &guivaverage rate-constraint using the
large deviation theory approach of [14—18]. In order tosfatihe QoS requirements, we apply the
effective capacity14] based approach for deriving the optimal RA algorithnhiah guarantees
meeting the statistical delay target of HetNets.

4.1.1 Main Contributions

In this chapter, the optimal RA in the DL of a HetNet is addegsswhile meeting both the bit
rate and statistical delay targets of delay-sensitivefi¢tafThe contributions of this chapter are
summarized as follows:

e We consider an indoor scenario, where a combined VLC attacel RF femtocell system
is employed for providing indoor coverage. For a given posibf the MT, the received
optical power of a MT is constituted by the sum of the direct3.@Optical power and of
the first reflected optical power. Hence the resultant VLhaeshas two different rates, a
higher one for the non-blocked LOS channel-scenario, ard@ced rate in the blocked LOS
channel-scenario, when only the reflected ray is receivé@ RF channel is modelled as a
classic Rayleigh fading channel. We investigate the VLCREB activation and RA problem
in this HetNet scenario.
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¢ A limited-delay RA problem is formulated for the indoor Hett\considered. In contrast to
the RA solutions of [16, 17,232, 233], we apply the effectbapacity approach of [14] for
converting the statistical delay constraints into eq@rtilaverage rate constraints. Further-
more, we formulate our fairness-problem ascaproportional fairness utility function, as
defined in [234-237].

e The RA problem is formulated as a NLP problem for the multidieg MTs. We show
mathematically that this NLP problem is concave with respethe RA probability matrix
3, which hence can be solved by convex optimization techsigsigch as the barrier method
of [238]. A distributed algorithm using the dual decompiositapproach of [22] is proposed
for RA in HetNets. It is demonstrated that this distributégbathm approaches the optimal
solution within a low number of iterations, where the optirealution is that found by a

centralized controller.

¢ We also demonstrate that the RA problem is formulated as aRIproblem for multi-mode
MTs, which is mathematically intractable. In order to make problem more tractable, a
relaxation of the integer variables is introduced. Then,fevenally prove that the relaxed
problem is concave with respect to both the relaxed netweldction matrixxz and to the
RA probability matrix3. Finally, a distributed algorithm is conceived using thaldlecom-
position approach for RA in our HetNet for the specific fanafyMTs having a multi-mode
capability, but no multi-homing facility.

The chapter is organized as follows. In Section 4.2, theegsyshodel of VLC using LED lights
is presented. In Section 4.3, the indoor heterogeneousretswdescribed, where a combined VLC
attocell and RF femtocell system is employed for providindoor coverage. The formulation of
our RA problems is described in Section 4.4 for both multiriy MTs and multi-mode MTs.
The proposed distributed algorithms are outlined in Sacti®. Finally, our numerical results are
provided in Section 4.6 and our conclusions are offered Tii@e4.7.

4.2 The System Model of VLC Using LED Lights

As stated in Chapter 2, white LED lights are capable of piagidcigh-brightness illumination,

whilst additionally supporting down-link coverage in iratoscenarios. In this chapter, the link
characteristics of LED light based VLC system is introducAd example of a three-dimensional
(3D) indoor LED light based VLC system is illustrated in Fig.18, where the LED lights are
uniformly distributed on the ceiling of the room, assumihgttthe length of the room equals to
the width of this room. The crossover of the room is illustchin Fig. 4.1, where the MTs are
receiving both the LOS rays and the reflected rays. We asshatehe set of MTs located or
roaming in the indoor region is denoted hy = {1,...,n, ..., N}, while the set of LED lights is
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denoted by/ = {1, ...,u,...,U}.

LED1 LED2 LED3 LEDA4 LED U

Direct link

Figure 4.1: The crossover of the room using the LED lights based VLC system

considered, where the LED lights are uniformly distributed on the ceilling.

4.2.1 Link Characteristics

The indoor VLC channel can be characterized by the opticahcél, where the VLC channel
consists of the line of sight (LOS) path spanning from the Lgbts as well as the reflections
from the walls in the room [185, 186]. It was shown in [185]ttHHae sum power of the reflected
path is dominated by the first-reflection path. Hence, ondyfittst-reflection path is considered in
this thesis.

Let us assume that'™" is the angle of irradiation of the LED lightg" is the angle of incidence,
and D4 is the distance between the transmitter and receiver. Irpticab link the channel’s direct
current (DC) gaind? on the direct LOS path is given by [182]:

(¢ +1)7KO o
— G, if " <V,

gi={ 2r(DY? (4.1)
0, if "> W,

whereq is the order of Lambertian emission, which is given by the isamgle ¢, , at half il-

In2
ln(cos ¢>1/2) )
detector (PD)O is the gain of the optical filter used, ani. denotes the width of the field of

view (FOV) at the receiver. Eq(4.1) indicates that once the angle of irradiation of a receiver
is higher than the Field of View (FOV), the receiver's LOS Wwbbe blocked. We assume that
G = cos? (¢) g°“(¢™) cos(¢™), whereg®(y"™) is the gain of an optical concentrator [185],

lumination of an LED as; = Furthermore,r is the physical area of the photo-
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which can be characterized as [184]:

2
. .qiv If wm S \IIC7
oc(,in sm2 \\J
(W) = d (42)
0, if "> W,

Owing to the obstructions, the LOS propagation path of th&C\dystem might be blocked.
Here, a random variable is used for characterizing the VLC LOS blocking events, \uhice
assumed to random and unpredictable. In line with [210], sseiae that the LOS blocking events
obey theBernoulli distribution which indicates whether the VLC LOS reception is blockedatr
Its probability mass function may be expressed as:

1—p, fr=1
f(r) = _ ; (4.3)
D, if k=0
wherep denotes the VLC LOS blocking probability.

Apart from the VLC LOS reception, the MTs also receive the \iaath reflected by the wall.
The channel gain owing to the reflection consists of the suall tfie channel gains of the reflected
path, which may be written as:

H = / dH", (4.4)
walls
whered H™¢/ denotes the first reflection from a small area of the wall, Wisogiven by [185]:
+1)AOp , , o
7((]2 )r TPQ cos(Y7") cos(¥y )GdAwan, if " < W,
dH"e! = { 2m* (D1D3) , (4.5)

0, if 7 > W,
where D7 is the distance between an LED light and a reflecting surf&edenotes the distance
between a reflective point and a MT receivgiis the reflectance factor, whilgtd, g is a small
reflective area. Furthermore, it is assumed thé4tand )y denote the angle of irradiance to a
reflective point and the angle of irradiance to a MT’s receikgspectively.

Based on the above discussions, the VLC channel Hajn, of the link spanning from the:th
LED light to MT n is expressed as,, , = Hffw + Hy, ,,- The VLC channel gain matri¥l is
constituted byM x N elements. Having received the optical radiation, the phetector converts
the optical signal into electronic current.

The dominant noise contribution is assumed to be the sheémhie to ambient light emanating
from the windows. We also take the thermal noise into accddance, the receiver filter's output
contains Gaussian noise having a total variancg’ajiven by the sum of contributions from both
the shot noise and the thermal noise, which is expressed as:

C\2
(JVL ) = Ughot"’ UtQhermaP (4.6)

According to [185], the variance of shot noisgotis given by:

0ot = 26sPYFOBVEC 961, 1BV EC (4.7)
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whereé is the electronic charge andis the detector’s responsivityP” ““" denotes the received
optical power of the VLC systen3V X is the equivalent noise bandwidth of our VLC system
and I, is the background current induced by the background lightthermore, the variance of
thermal noise is given by [185]:

87Tﬁ1f’ e
O-tzhermal = é 7771—]1 (

BVLC)2 + @ﬁzﬁ% (BVLC)P’, (4.8)

3
wherefi; is the Boltzmann's constant] is the absolute temperaturé, is the open-loop voltage
gain, 77 is the fixed capacitance of the PD per unit areéajs the FET channel noise factor, and
finally, ng is the FET transconductance. The noise bandwidth fadtoend I, are constant ex-
perimental values. Here, we opt for the typical values usdtie literature [184, 185], namely for
I; = 0.562 and; = 0.0868.

4.2.2 Transmission Strategy Assumptions

In this chapter, a Single Cell Multi-point Transmission (8C) scheme [185] is assumed, where all
LED lights in the room operate as a single transmissionwslich is referred to as an attocell [200].
The MTs receive the same single from all the LED lights duthmgjr DL transmission, as depicted
in Fig. 4.2.

left right
v O VLCAP @ MT » Desired signal

Figure 4.2: The 3-D model of the room using the LED light based VLC system,

where all the LED lights in the room operate as a single transmission cell.

Additionally, it is assumed that ACO-OFDM is employed [19%hich eliminates the effects of
the a power multipath propagation in the LED light based Vi&tesm considered. When an ACO-
OFDM scheme is used in our VLC system, the relationship betwtbe transmitted electronic
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power P ““** and the transmitted optical pow& ““*° is defined as [239]:
2
PtVLC,e . ( PtVLQo) . (4.9)

As a result, the MTs receive both the desired signal as wetth@sioise, and the received SNR
VLC of MT n served by the VLC system is given by:

2
VLC,

vie " (gPt 2 H“”)

no (U\/LC)2

, (4.10)

where the VLC channel gaifi,, ,, of the link spanning from theth LED light to MT n is given
by Eq. (4.1) and Eq.(4.5), while the variance of noise? is given by Eq.(4.6), Eq. (4.7) and Eq.
(4.8).

In this thesis, we assume that the square Quadrature AmplModulation (QAM) is used in
our ACO-OFDM aided VLC system. As a result the Bit Error RgB&R) may be given by [198]:

/M 3¢VLC
BERVLC = @AM erfol J—=2n" ) (4.11)
VMaganrlogy /Mgam 2(Mgam — 1)

whereMq s represents the constellation size.

Since ACO-OFDM is capable of processing complex value syslazcording to [240], the
achievable rate of the ACO-OFDM aided VLC system could beadtarised by the channel ca-
pacity, which is written as [239]:

VLC BVLC VLC
Ry, = T log (1 +&n ) ’ (412)

where the factor four reduction is due to the so-called HeamiSymmetry property [241]. Then,
the distribution of both the received SNR in dB and that ofdbbievable rate of the ACO-OFDM
aided VLC system are evaluated.

4.2.3 Downlink Performance of VL.C system

Fig. 4.3 illustrates the spatial distribution of the reeehSNR in dB for the VLC system investi-
gated. We consider three different LED light scenarios,neriee main system parameters adopted
in our simulations are summarized in Table 4.1. Observe frign 4.3 that the received SNR is
significantly affected by the number of LED lights. When thenber of LED light isU = 2 x 2,
which implies the density of LED lights is 0.01, the VLC systés only capable of covering some
of the indoor area. However, there are still some areas wsuffbr from poor coverage. The MTs
located in these dead zones may be unable to receive the litieor the reflected links, since
the angle of incidence may be wider than the width of the FOMveler, for the MTs located at
the edge of the room, it is possible to receive the reflectdasli As a result, they are still capa-
ble of receiving downlink transmissions from the VLC systahough the received SNR may be
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Table 4.1: Main system parameters of VLC system

Length of room 20 [m]
Width of room 20 [m]
Height of room 3 [m
Desity of MT 1 per m?
Height of MT 0.85
Height of LED 2.5 [m]
Power of LED 20 [w]
Semi-angle at half power 70 [deg.]
Width of the field of view 120 [deg.]
Detector physical area of a PD 1.0 [em?]
Refractive index of a lens at a PD 1.5
O/E conversion efficiency 0.53 [A /W]
Available bandwidth for VLC system 0 [MHz]
Reflectance factor 0.8
Electronic charge 1.6 x 10719 [C]
Background current 5.1 x 1073 [A]
Open-loop voltage gain 10
Fixed capacitance of the PD per unit area 1.12 x 1076
FET channel noise factor 1.5
FET transconductance 3x 1072
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Figure 4.3: The received SNR. in dB for the VLC system using different number

of LED lights in the room. The simulation parameters are listed in Table 4.1.
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low. When the number of LED lights is increased, the area efdbad zone becomes smaller.
More specifically, all the MTs are covered by the VLC systerhewthe density of LED lights/

is higher thar0.04, as seen in Fig. 4.3. Itis observed however that there are fRNRIations,
especially for MTs that are located at the edge of the roongnithe number of LED lights is set
to U = 4 x 4. This is because the performance of these MTs is dominatedebseflected rays.
By contrast, the performance of other MTs may be dominatethéylirect rays arriving from the
LED lights. It is also remarkable that the received SNR bezpmear-constant, when the number
of LED lights U = 8 x 8 in our simulations.

2 x 2 LED lights 2 LED lights
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Figure 4.4: The ASE and LSE, with 2 x 2 LED lights for 3-D model and 2 LED

lights for 2-D model. The simulation parameters are listed in Table 4.1.

In this thesis, we further simplify the VLC system model gsa?2-D indoor model, wher&
LED lights are uniformly distributed on the ceiling. Thisl2model is the crossover of the 3-D
model, as shown in Fig. 4.1. We will then verify the 2-D modgldomparing the ASE of our VLC
system. In a 3-D VLC model, the ASE of VLC is typically meaglia (bit/s/Hz) per unit area.
Here, we induce a concept of Line Spectrum Efficiency (LSE)far 2-D VLC system, which is
measured in (bit/s/Hz) per unit length. Then the LSE of tmepdified 2-D model aided VLC is
compared with the ASE of the 3-D model aided VLC in Fig. 4.8;4elying on different LED
ligths densities. It is observed that there are some dead-aeas in the room, if insufficient LED
lights are employed as shown in Fig. 4.4. When the number @ Lghts increases, the entire
indoor area is under the coverage of VLC system and the ASEeoindoor MTs becomes more
flat. It is illustrated that the LSE of our 2-D model is 20 tinedghat of the crossover of ASE of
3-D model. This is because that we only divide the length efrtfom in calculating LSE. Itis also
verified that the LSE of 2-D model aided VLC has the same treitial the crossover of ASE of 3-D
model aided VLC. Hence, the 2-D model is capable of captutiegeature of ASE of 3-D model
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Figure 4.5: The ASE and LSE, with 4 x 4 LED lights for 3-D model and 4 LED

lights for 2-D model. The simulation parameters are listed in Table 4.1.
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Figure 4.6: The ASE and LSE, with 8 x 8 LED lights for 3-D model and 8 LED

lights for 2-D model. The simulation parameters are listed in Table 4.1.
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in the scenarios considered. We will use 2-D VLC model of Bid.in the following simulations,
owing to its simplicity.

4.3  System Model of Heterogeneous VLC and RF Femtocell

According to the conclusion in [24], the performance of VLy&tems is degraded in the absence
of line-of-sight (LOS) propagation. In this chapter, we sioler a heterogeneous indoor network,
where a combined VLC and a RF femtocell network are emplogedroom, where the 2-D room
is illustrated in Fig. 4.7.

LED1 LED2 LED3 LED4 LED U

..... 1 Direct link

:D M/ Femtocell

Figure 4.7: The 2D model of the room using both the VLC system and the RF

femtocell system

The network set is denoted ad1 = {1,2}, wherem = 1 andm = 2 represent the ACO-
OFDM aided VLC and the RF femtocell network, respectivelyislassumed that both the VLC
and the RF femtocell system are supported either by an ofiitica or power-line backbone for

exchanging their roaming-related signalling informatiarich is unproblematic in a indoor sce-
nario.

Similar with the definition in Section 4.2, the set of MTs ltehor roaming in the indoor region
is denoted by = {1,--- ,n,--- , N}. We assume that th& MTs are uniformly distributed in
the room. Each MT for € W, is capable of accessing both the VLC and the femtocell ndtwo
with the same priority. Again, we consider two types of MTamely multi-mode MTs and multi-
homing MTs. Again, the multi-mode MTs are assigned to a simgltwork at a time, hence each
multi-mode MT has to appropriately set its network seleciiwdex z,, ,, wherez,, , = {1,0}
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indicates whether the MT is assigned to the network. By contrast, for the multi-homing
MTs, both the VLC and the femtocell provide resource blodksutaneously. We denote the
instantaneous transmission probability of the netwarkansmitting to MTrn as,, .. Heres,, »,

may also be interpreted as the specific fraction of the nozethlserving duration, during which
network m supports MTn. Furthermore, we us@ and 3 to represent the network assignment
matrix and RA probability matrix, respectively. The aclgible throughput of M supported by
networkm is expressed as3,, ,rm », Wherer,, ,, denotes the instantaneous transmission bit rate
in the DL of networkm to MT n. The VLC system has a rather different transceiver model and
channel model than the traditional RF communication nete:dWe will now briefly introduce the
achievable instantaneous transmission bit rate of botWti@and of the RF femtocell network.

4.3.1 VLC Using LED lights

The link characteristic of the VLC system is presented intiSeat.2.1, where the VLC channel
gain is constituted by the sum of the direct link gain and tist-fieflection link gain. Furthermore,
the received SNR and the achievable bit rate from the ACO¥aRRled VLC system to the MT
n is given by Eq.(4.10) and Eq.(4.12), respectively.

4.3.2 Channel model of the RF femtocell

Similar with the assumption in Chapter 3, it is assumed thatDL channel of the femtocell to
a MT is subject to uncorrelated Rayleigh fadihgbeying a unity average power constraint and
inversegammath power path-loss. As a result, given a MTlocated at a distancé’ from the
serving RF femtocell, the received SNR is given by:

e PFA;(af) 7 hE

" (o7

, (4.13)

whereP[", A; andy denote the downlink transmission power of FBS, the indotit@ss constant
and the indoor path-loss exponent, respectively. The ueleded Rayleigh fading is characterized
by h', while (aF)2 denote the variance of the noise, which is given (my‘?)2 = B¥ Ny, whereB?
and N, are denote the available bandwidth of femtocell and theriaenoise density, respectively.
Furthermore, the instantaneous transmission bit Rfteof MT n served by the RF femtocell is
given by the classical Shannon capacity of:

RE = B log, (14 &
n g2 + ) (414)

w

!Since we may not be able to guarantee line of sight transmission for the RF femtocell system, here
we consider the worst-case scenario, where the DL channel of the RF femtocell system is modelled as the

widely used Rayleigh channel.



4.3.3. Effective Capacity 100

wherew denotes the received SNR discrepancy from the continugug memoryless channel’s
capacity at the target BER, which is also used in Chapter 3.

4.3.3 Effective Capacity

In next-generation networks, it is essential to considemge of QoS metrics, such as the achiev-
able data rate, the tolerable delay and the delay-violgtimtability. During the early 90’s, sta-
tistical QoS guarantees have been extensively studiectindhtext of effective bandwidth theory
of [242—-244]. The theory states that for a dynamic queuejsiesn having stationary ergodic
arrival and service processes, the probability of excepdinertain queue length decays exponen-
tially. Inspired by the effective bandwidth theory, thelaars of [14] proposed a link-layer metric
termed as the effective capacity, which characterizes ffeeteof delay on the system. Owing to
its advantages, the effective capacity has been widelytadgfp4—18] for studying the steady-state
delay-target violation probability. According to [14],rfa dynamic queueing system where the
arrival and service processes are stationary and ergbeigrobability that the queue length(t)

at an instant of a service exceeds the maximum tolerable delay bdvpg; is given by:

P {D(t) > Dpax} =~ (t)e 0Pmax, (4.15)

wherev(t) = Pr{D(t) > 0} is the probability that the transmission queuing bufferas+empty
at a randomly selected instantNote from Eq.(4.15) thatd > 0 is a crucial parameter, directly
characterizing the exponential decaying rate of the pritibathat the delay exceed®,, .. As a
result,d may be referred to as delay-related QoS exponent of a caanect

The effective capacity may also be interpreted as the maxiroonstant packet-arrival rate
that the system is capable of supporting, without violaingiven delay-related QoS requirement
indicated by the QoS exponefit For uncorrelated block fading channels wherein the servic
process is uncorrelated, the effective capacity is defisdild 245]:

AO) = —% InE [exp (—6r)] (4.16)

whereE(+) is the expectation operator andlenotes the throughput.

4.3.3.1 Effective Capacity of VLC

Given the position of a MT, if the angle of irradiation of a receiver is higher than tH@ui-the
effective capacity of VLCAY *C is equal to 0. However, if the angle of irradiation of a reeeiis
lower than the FOV, the instantaneous transmissiondéf@ obeys a Bernoulli distribution, with
the probability mass function of:

1—p, ifr,=RYLC
flrin) = ' ’; , (4.17)
D, if Tin = R;{nc
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whereRY ¢ and R} ¢ denote the achievable transmission rate from VLC systemTauMvith
and without VLC LOS reception, respectively. As a resule YLC transmission channel is mod-

elled as a two-rates channel.

Based on the above discussions, the VLC system'’s effectipadity, which is again the maxi-
mum constant packet-arrival rate that the service is cepaftdupporting under the statistical delay
limit of the MT n specified byd,,, may be expressed as:

1 .
—— Inpe OO RILC | (1 = p)e O RILT i g, < W,

Ap,=1{ (4.18)
0, if i > U

4.3.3.2 Effective Capacity of the RF Femtocell

According to Eq.(4.14), and Eq.(4.16), the effective capacity of the RF femtocell system to MT
n is given by:

1 o0 _ F F
an = —gn [ et o4 £ (1) et
n
1 1 o0 Qnﬁ2,nBF T
o / (1+x) m2 e Q dx}
n 0
1

L |0 "2 csow !
—In 21n2 _
9n 79n@2’n3F In2—0p By ,BF Q

2In2 ’ 2In2

ﬁQ nBF 1 1 1
= 771 —_ _ _1 W B - 7
2m2 M2 26,0 g, Vo tmant manet g

In

(4.19)

PFA(dE)™"
w(UF)2
Note from the Eq.(4.18) and Eq.(4.19), the effective capacity of the network to MT n is
the function ofg,, ,,. In the following sections, we will usa,,, ,, to represeni\,,, , (Gn.n)-

whereQ = ,andW. .(-) represents the Whittaker functions [225].

4.4 Problem Formulation

In this section, the RA problem formulation is presentedifoth multi-homing MTs and multi-
mode MTs in the indoor HetNet considered. Let us now adopiliydtinction based perspective,
assuming that the M% obtains utilityU,,, ,, (B,») from networkm.

4.4.1 Utility Function: a-proportional Fairness Approach

In this paper, we consider the RA problem under the condideraf the concept fairness. The
mathematical concept of fairness is formulated as an opdition problems. The fairness opti-
mization problem may be interpreted as a throughput masitioia problem [21], as a max-main
fairness problem [21] and as a proportional fairness prol246]. Here a generic fairness notion
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referred toa-proportional fairness [234—237] is introduced, which edtibs a number of fairness
concepts, including the above-mentioned three problemepbyopriately adjusting the values of
the parameter. We define the utility, , (8,.) as:

Um,n (Bm,n) = Pa (Am,n) ) (420)

whereyp,, (-) denotes thex-proportional fairness defined in [235], whepg (-) is @ monotonically
increasing, strictly concave and continuously differaloli function, which may be expressed as:

log(z), ifa=1

Palr) = pl-a (4.21)
, fa>0, a#l.
-«

We note that for different values ef, maximizing our utility functionU,, ,, (8 ) reduces to
several well-known fairness concepts. For example ntlhgimum effective capacity achieved
for « = 0 [21], proportional fairnesds achieved fore = 1 [246] andmax-min fairnesg$21] is

obtained, when we have — oo .

4.4.2 Problem Formulation for Multi-Homing MT's

When the MTs are capable of multi-homing, both the VLC andRikefemtocell networks may
allocate resource blocks for simultaneously supportiegMii's. We set out to maximize the overall
effective capacity of all indoor MTs. As a result, the copasding RA problem may be formulated

as:
Problem 1: maximize ) gpa< > Amm) (4.22)
B neN meM

subjectto: > Apn >Ry, VneWN, (4.23)

meM
> B <1, Vm e M, (4.24)

neN
0 < Bmn < 1. (4.25)

The effective capacity\; ,, of the VLC andA, ,, of the femtocell is given by Eq(4.18) and Eq.
(4.19), respectively. Physically, the constra{dt23) ensures that the HetNet is capable of satisfy-
ing the bit-rateR,, of the MT n, while the constrainf4.24) guarantees that the total transmission
probability for each of the networks should always be lessith. Finally, the constrairn(tt.25)
describes the feasible region of the optimization varsble

Lemma 5. The RA problem described by (4.22), (4.23), (4.24) and (4.25) is a concave

optimization problem.

Proof. Firstly, we prove that the effective capacity Ay, n (Bm.n) of the link spanning from

network m to MT n is a concave function of f,,,. The first derivative of the effective
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capacity Ay (f1,,) from the VLC link to MT n is given by:

— VLC _ VLC
dAl n RVLCpe enngn ﬁl,n + RY%C (1 _ p) e Gan’n Bl,n

- 4.26
Bin pe O TEA Pn (1 — p) e OnRLH Prn (4.26)

Then the second derivative of the effective capacity Aj, from the VLC link to MT n
is given by:

_ VLC VLC
PNy, (RVC = R0 (1 —p)e 0nB1,n (RY L€+ RYLC)

d 2 - *GnRVLC n *GnRVLC n
B~ [pe R (e R )

<0, ford,>0, 0<p<l1.

The second derivative of the effective capacity As, from the RF femtocell link to MT

n is given by:

2
—0n8Y 85,

[fo (1+z) w2 e_?xln(l—i—x)dx}

dzAQ,n (BQ,n) _ Or, ( ) {
dp? N —onBFy, _, 12
B3 n In22 [fo 1+2) o0, eﬁdm]

—nBY8y, —0nBY 8y, _,
S A4z mr e In? (1 +z)dzx oS A 4z) me e?dx}

79nBF527n —z 2
fo (1+x) ™2 e9dx

[Ae
L

(4.28)

where inequality a holds, according to the Cauchy-Schwarz inequality property presented

in [247).

Assuming that we have fi (Bmn) = ¢a < > Amm), the second partial derivative of
meM

f1 (Bm.n) may be written as:

A Z Am,n (Bm,n) - (Amvn)Q

82f1 (ﬁm,n) o mmmEM

Ofn ( > Am,n>2 (4.29)

meM

<0.

As a result, the objective function (4.22) of Problem 1 is a concave function with respect
to Bmn- The linear transformations of a concave function still constitue a function, hence

the problem described by (4.22), (4.23), (4.24) and (4.25) is a concave problem. O
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While the Problem 1 of Eq(4.22)-(4.25) may be solved in a centralized manner with the aid
of a central resource manager, this is not a viable pradigiaition, when the available networks

are operated by different service providers.

4.4.3 Problem Formulation for Multi-Mode MT's

When multi-mode MTs are considered, only a single netwoppsetts the MT at a time. Then,
the RA problem may be formulated as that of maximizing theltotility Uy, ,, (5,.,») under the
constraint of the QoS requirements expressed in terms d¢f BACs overall effective capacity,

fairness and delay as follows:

Problem2: max > (pa< > mm,nAmm) (4.30)
x, B neN meM
subjectto: > T aAmn > R, VR EN, (4.31)
meM
> TonBmn <1, YVme M, (4.32)
neN
> Tmn =1, (4.33)
meM
Tmn = {170} , 0< ﬁm,n <L (4'34)

The effective capacity of VLQ\, ,, and femtocellA, ,, is given by Eq. (4.18) and Eq. (4.19),

respectively.

Under this formulation, the variables to be optimizedayfg, andg,, », vV m, n. Physically, the
constraint(4.31) ensures that the HetNet is capable of satisfying the bét#gtof the MT n, while
the constraint4.32) guarantees that the total transmission probability foheafcthe networks
should always be less than 1. Furthermore, the constf4is®) guarantees that each MT should
always select only one of the networks for its transmissiéisally, the constraint4.34) describes

the feasible region of the optimization variables.

We note that Problem 2 is a MINLP problem that involves bottaby variables,,, ,, and real-
valued positive variables,, , during optimization. In general, MINLP problems are matlaéim
cally intractable. Nonetheless, recently serveral oatidn tools have been developed for solving
MINLP problems. The BONMIN solver [248] is for example capabf solving smooth, twice dif-
ferentiable, mixed integer nonlinear programs, which wgdaled for providing the upper-bound

benchmark solution.

4.5 Decentralized Sub-optimal Resource Allocation Schemes

Problem 1 and Problem 2 may be solved with the aid of cengr@l@ptimization tools. However,
in order to reduce the computational complexity and to mhkeproblem tractable, in this section

we propose decentralized sub-optimal RA schemes.
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4.5.1 Decentralized Solution for Multi-Homing MT's

Since the problem is a concave one, convex duality impliasttie optimal solution to this problem
may be found from the Lagrangian formulation [238]. The laagian function for(4.22) under
the constraints of4.23), (4.24) and(4.25) can be expressed as:

L(8,v,n) = Z |:Q0a < Z Am,n) - Z UmBm,n

neN meM meM (4.35)
+ Z ,Uanm,n:| + Z Um — Z HnRn,
meM meM neN

where we hav® < 8 < 1, while u,, andv,,, are the Lagrange multipliers or prices associated with
thenth inequality constraint4.23) and with themth inequality constrain{4.24), respectively. The
dual objective functiory (v, p) is defined as the maximum value of the Lagrangian @exhich

is expressed as:

g(v,p) = s%pl (B,v, ). (4.36)

The dual variablesv, 1) are dual feasible if we have > 0, u > 0. The dual function can then be
maximized for finding an upper bound on the optimal value efdlginal problem(4.22):
wing (v, 1)

(4.37)
sub v >0,u >0,

which is always a convex optimization problem. The differeibetween the optimal primal objec-
tive and the optimal dual objective is referred to as theitlugap, which is always non-negative. A
central result in convex analysis showed that when the prolié convex, the duality gap reduces
to zero at the optimum [238, 249]. Hence, the primal problériaq (4.22) can be equivalently
solved by solving the dual problem 6£.37). In principle, the dual problem may be readily solved
using standard routines, such as the Newton method and thierbaethod [238]. However, these
algorithms generally involve centralized computation eeglire global knowledge of all parame-
ters. Hence, we propose an optimal decentralized RA akgoribr solving the problem using full
dual decomposition [22].

Recall that in Eq.(4.36) we defined a dual objective functiap, (v.,, p,) for MT n, which

may be written as:

gn (Umuun) = Pa ( Z Am,n) - Z Umﬁm,n + Z ,U'nAm,n- (438)

meM meM meM

Our primal problem described kiyt.22),(4.23), (4.24) and (4.25) may be separated into two
levels of optimization. At the lower level, we decouple thieldem of Eq.(4.36) into N subprob-
lems, where theth subproblem may be written as:

B = AGMaXx g (v, pn) , ¥m € M. (4.39)
0<Bm,n<1
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It may be shown thag,, (v, it,) is concave with respect to the varialgg, ,,. Hence the max-
imization of g,, (v, ) May be achieved by finding the partial derivative g@f(v,,, i,,) with
respect ta3,, ,,, which is given by:

Ogn (Um, pin) Al ,
= : A — 4.40
8ﬁm’n z Am’n + :U'n m,n Um7 ( )
meM
whereA;, , ‘Z@’” = Furthermore, the second partial derivativey{v,,,, 1) is given by:
AI/ z A 9
82 m,n m,n A/
gn@/(gg"”“ /’Ln) _ MnA/, meM 5 o ( m,n) 5 S O7 (441)
e ) ()
meM meM
0BindBin — (Snem Sn)
where we haveA;/,m = d;?#. As a result,% is a monotonically decreasing function

with respect ta3,, ,, for all m. If we have[%ﬂ’ifﬂﬁmm = 0} < 0, then we may havg;, , =
0,V m. By contrast, if we have{%mlﬁm,n = 1] > 0, then we may havg;, , = 1,V m.
Otherwise,3};, ,, may be derived by solving the following Equation for eachamek m:

/
m,n

ZmEM Amvn
which may be solved by the steepest descent method [238].

+ Ay, — U =0, (4.43)

At the higher level, we have the master dual problem, whick beaexpressed as:

ming (v, ), (4.44)
v,
wherewe havg (v, ) = > Y gmm (Bms Ums tin) + Do 0 Z pin Ry, andg}, , denotes
meMneN meM neN

the optimal value derived from the lower level optimizatiproblem of Eqg. (4.39). Since the

functiong(v, p) is concave and differentiable, we can use a gradient metirambfving the master
dual problem, as a benefit of its simplicity. Instead of miizimg the function directly with respect
to v and u, it can be minimized over a single set of Lagrange multipligst, and then over the

remaining one, which may be formulated as +mm g(v, u)]
©n>0 |v>0

Firstly, we solve the minimization problem for a given Then the derivative of (v, i) with
respect tav is written as:

QOB g S (4.45)
nenN
As a result, the price parametelis updated according to:
+
vm(t+1) = [vm(t) —&(t) (1 - Zﬂ&,nﬂ : (4.46)
neN

where[-]* is a projection on the positive orthant to account for thet faat we havev,, > 0.
Furthermore £, (t) denotes the step-size taken in the direction of the negatiadient for the



4.5.2. Decentralized Solution for Multi-Mode MT's 107

price parametew at iterationt. In order to guarantee convergence, where we have to satisfy
tingogv(t) = 0and) 2, & (t) = co. In this paper, we sef,(t) = gt*%“, £ ande are positive
constants.

Then, the price parametgris similarly updated according to:

Mn(t + 1) = [Mn(t) - gu(t) ( Z Am,n - Rn)

meM

N
(4.47)

Based on the above discussions, the decentralized optithadcReme is constituted by an
iterative algorithm, which determines the optimal trarssitgn probability in the DL of networka
to MT n based on the update of a pair of price parametgr&nd.,, over a number of iterations,
until the optimal solution is found. Each of the networksis initialized to a feasible price value
vm, While each MTn is initialized to a feasible price value,. Each MT broadcasts its price
value to all the available networks. Then each MT calcul#tesoptimal transmission probability
based on the price informatidw, ;) and the optimal transmission probability is derived during
the last iteration. Each of the networks updates its price value,, based on the newly derived
optimal transmission probabilitg and then broadcasts the optimal transmission probalilitiie
MTs. Similarly, each MT updates its price valug based on the optimal transmission probability.
The MTs broadcast their new price valyedo the networks and the process continues, until the
algorithm converges. The decentralized optimal RA alfariis formally described in Algorithm
1.

4.5.2 Decentralized Solution for Multi-Mode MTs

Problem 2 of Eq.(4.30) to Eq. (4.34) is formulated as a MINLP and may be computationally
intractable. A potentially straightforward solution mag to derive firstly the optimal resource
block 3 for a specifice, then to exhaustive search through the entire set of all dssiplex
values. For a system having acces3imetworks andV MTs, there aré//" combinations for the
network selection indicator variables Therefore, a simpler solution may be found by relaxing
the binary constraint imposed on the network selectioncetdr variables:,, ,, so that they may
assume continuous values from the interjgall]. Naturally, the original problem is not actually
solved by the relaxation of the binary constraint. Howeitdras been shown in [250] that solving
the dual of the relaxed problem provides solutions that dvérarily close to the original, non-
relaxed problem.

Sincex,, , assumes either the values of 0 or 1, there is exactlyzgng = 1 value for each

MT n. If we denote such a specific network by the inde% we havep,, ( > :cmmAm,n) =
meM

Do (Am/m). Thus, the objective function in E¢4.30) is equivalent to the following function:

max > > ZmnPa (Amn) - (4.48)

z. B L Nmem



4.5.2. Decentralized Solution for Multi-Mode MT's 108

Table 4.2: Decentralized algorithm for Problem 1

Algorithm 1
Input

0,,: Delay requirement of each MT n Vn,

R,,: Rate requirement of each MT n Vn

Initialization

t—1;

Price value for each network: v(t) = {vi(t),...,uop(t)} =0
Price value for each MT: p(t) = {p1(t), ..., un ()} =0

step size: positive £ and e

While ¢ does not reach its maximum
Get optimal 3
For each MT n e N
Each MT solves the problem presented in Eq. (4.39);
End for
Update price values
For m e M
Price value vy, updates according to Eq. (4.46)
End for
For n e N
Price value p, updates according to Eq. (4.47)
End for
£ g
t—t+1
End
Output B*(¢)

The equivalent relaxed optimization problem of Ed¢.30) to Eq. (4.34) is reformulated as

follows:
Problem3: max > > Zmn@a (Amn) (4.49)
Z, B meM neN

subjectto: Y TmaAmn > Ry, VR eEN, (4.50)

meM
> TmnfBmn <1, Vm e M, (4.51)

neN
Yo T =1, (4.52)

meM

0< Zmn <1, 0<Bmn<L (4.53)

In this formulation, the variables to be optimized arg,, andf3,, ,, V m,n.

Lemma 6. The RA problem described by (4.49), (4.50), (4.51), (4.52) and (4.53) is a concave
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optimization problem with respect to the variables x,, , and By, .

Proof. Firstly, we assume that fo (5, Bmn) = TmnPa (Amn). Let us now use the Hessian

matrix for examining the concavity of the function fa (2, n, Bm,n), which is given by:

02 f2 02 f
032 OBm,nOzm,
H(f2) = B Grmndamn | (4.54)
& fa 9 fa
0T ,n0Bm,n Bx%m )
02 f1 9% f1 .. . . . .
where 3 7 and 75— are the principle minors of the Hessian matrix. Recalling the proof

of Lemma 5 in Section 4.4.2, it may be readily seen that the effective capacity of each MT

. . . 2 Tmn AN —x AL 2
A, is concave functions with respect to B, . As a result, 88 2f2 — romn "”QL( n.n)
3 ’ ﬂm,n (A’m,n)

. oy 82
is non-positive. Furthermore, we have it

+1 = 0. Hence all the principle minors of the

Hessian matrix are non-positive, and therefore the function fs (2, n, Bm,n) is concave with

respect to the variables , , and B, p-

Similarly, we can readily show that the constraint described by (4.50) is concave with
respect to the variables ,, and By, ,. The constraints described by (4.51), (4.52) and

(4.53) are linear. As a result, Problem 3 is a concave optimization problem. O

Since Problem 3 is also based on a concave function, the alpgimlution may be found from
the Lagrangian formulation, which may be written as:

L(z,B,v,p) = Z Z [zm,ngpa (Amn)

meM neN

- Umﬁm,n + ,U'nxm,nAm,n:| + Z Um — Z,U'ann
meM neN

(4.55)

where we havd®d < z < 1,0 < g8 <1land ) =z, = 1. Furthermorey, andv,, are the
meM
Lagrange multipliers or prices associated with tile inequality constraint of4.50) and with the

mth inequality constraint of4.51), respectively. The optimal RA variablas 3 may be obtained
by solving:
minmax L (x, 8,v, ) . (4.56)

U7l"’ :B,ﬁ
Similarly to Section 4.5.1, a decentralized optimal RA aildpon can be proposed for solving the
problem using full dual decomposition.

We define a dual objective functiaR, (z.,n, Bm,n) for MT n, which may be written as:

gn (xmﬁwﬁm,n) = Z ImnPa (Amm) - Z Umﬁmm + Z ,U'nxm,nAmm- (457)

meM meM meM
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At the lower level, we have the subproblems, one for egaluhich may be written as:

{@5 0, B} = argmax In (Tm.n, Brmn) - (4.58)
0<&m,n<1,0<fm,n <1

Similarly, g, (2 n, Bm.n) IS cONcave with respect to the variablg, ,, and3,, ,,. Hence the max-
imization of g, (y,n, Bm,n) May be derived by finding the partial derivative ®f (z,, n, Bmn).

which is given by:
9gn

= Pa Amn nAmn_ mMm,n 4.59
Gamn ¢ (Amn) + tnBmn — UmOm, (4.59)
dg A/

" = Zpn | —— WA — v | 4.
o = (o + i~ U (1.60)

We will firstly derive the optimal RA probability3;, ,, according to Eq.(4.60). Since we
relaxed the binary constraint in Ploblem 3, here we will maprelaxed: back to the binary limit.

If we assume that,,, , = 0, theng,, ,, is readily derived ag,, , = 0; If we havez,, ,, # 0,
since the second partial derivative ®f (z, ., Bm,») With respect tas,, ,, is non-positive 3y, ,, is

derived according to the following criterion:

A’ 1
11f A:::z((l)) + lu’nA;ﬂ,n(l) — U = 0, thenﬁ;;m =1;

Al (0 .
2. If Am,’m((o)) + 1Ay, 1 (0) — vy, <0, thengy, ,, = 0;

3. Else, the optimal RA probability;, ,, from networkm and MTn is derived by solving the

B A/ *
equaﬂon% + 10 A, (Brn) — Vm = 0.

The optimal network selection index;, ,, is then determined according to th, ,, derived.
Each MTn calculates the partial derivative ¢f (wmm? ﬁy*nm) in the direction ofx,, ,, for all the
networks. Then MTr chooses the specific network’ associated with the highest value, which

may be written as:

8gn (wmﬁw ;17n) .

Ym a5'3m,n (4.61)

zr,,, =1, if m' = argmax

m,

zhn =0, if m#m'.
At the higher level, we have the master dual problem, whick beaexpressed as:

min g (v, 1), (4.62)
v,p

)

where we havg (v, p) = 3 gn (250, Bn) + > Um — > punRn, anda}, ,, B, , denotes
neN ’ ’ meM neN ’ ’
the optimal value derived from the lower level optimizatiproblem Eq. (4.58). Similar to the

solution provided in Section 4.5.1, the price parameteasid v are updated according to:

N
Ut +1) = [vma) —&(t) (1 - Zﬁ:n,n>] , (4.63)

neN
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+
(4.64)

n(t+1) = [un(t) —&u(t) (w?n,n ZAm,n (Brm) = Rn)

neN

Similarly, our decentralized optimal RA algorithm is anr@@ve algorithm, which performs
an optimal network selection and finds the correspondingures block probability from network
m to MT n based on the update of the price parametgrsand p.,,, over a number of iterations,
until the optimal solution is reached. Each of the networkstarts with an feasible initial price
valuev,,, while each MTn starts with an feasible initial price valug,. Each MT broadcasts its
price value to all networks. Then each network calculatesofftimal network selectiony,, ,, and
transmission resource block probability, ,, based on the price informatidw, ut). Each network
m updates its price value,, and then broadcasts the optimal transmission resourcé& hiathe
MTs. Similarly, each MT updates its price valyes. The MTs broadcast their new price valyes
to the networks and the process continues, until the algortonverges. The decentralized optimal
RA algorithm is formally described in Algorithm 2.

4.6 Results and Discussions

In this section, we present numerical performance resoitsHaracterizing the proposed RA algo-
rithms in the context of the indoor HetNet of Fig. 4.7, whdre ACO-OFDM aided VLC system
and femtocell are employed in order to provide indoor cayera\gain, it is assumed that the trans-
mission power of the optical VLC system and that of the FBSfiaxel to their maximum. Here
we consider a straightforward transmission strategy ferMhC system, where all the LED lights
in the room operate as a single transmission cell and hent#aereLED interference is generated.
Furthermore, the 'twin-rate’ transmission channel modeised for the VLC system, while the RF
femtocell channel is subjected to uncorrelated Rayleiginfawith a unity average power and to
the ubiquitous propagation loss. We assumeMat 10 MTs are randomly distributed in the room
and all experience the same delay exponent. Furthermadyitts are divided into two groups,
where four guaranteed-rate MTs are in one of the groupsgewtiilguaranteed rate is maintained
for the MTs in the other group. Firstly, the convergence bigha of the proposed distributed al-
gorithm is verified. Then, we evaluate the effect of the VLGteyn’s parameters on the overall
effective capacity. In this chapter, two different typedwfs, namely the multi-homing MTs and
multi-mode MTs defined in Section .4.3 are considered. Wetheéh compare the effective capac-
ity of these two different types of MTs. The effects of thetistical delay and the LOS blocking
probability are also investigated in this Section. Theaftd the MTs’ geographic distribution is
also studied, where the MTs are located at the room-centrecaom-edge, respectively. Our main
system parameters are summarised in Table 4.4.
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Table 4.3: Decentralized algorithm for Problem 2

Algorithm 2
Input

0,,: Delay requirement of each MT n Vn,

R,: Rate requirement of each MT n Vn

Initialization

t— 1;

Price value for each network: v(t) = {vi(t),...,op(t)} =0
Price value for each MT: pu(t) = {p1(t),...,un(t)} =0

step size: positive £ and €

While ¢ does not reach its maximum
Get optimal 8* and x*
For each MT n € N
Each MT solves the problem presented in Eq. (4.58);
End for
Update price values
For m ¢ M
Price value vy, updates according to Eq. (4.63)
End for
For n e N
Price value p, updates according to Eq. (4.64)
End for
& gtate
t—t+1
End
Output «*(¢t) and B*(t)

4.6.1 Convergence of the Iterative Distributed Algorithm

Fig. 4.8 illustrates the convergence behaviour of our ibisted RA algorithm for both the so-
phisticated multi-homing MTs and for the multi-mode MTs defi in Section 4.3 at a zero VLC
blocking probability ofp = 0, in conjunction withd = 0.01 anda = 1. For comparison, we use
the BONMIN solver [248] in order to derive the optimal sobrifor our RA problem. As shown
in Fig. 4.8, our distributed RA algorithm converges to théropl value within 100 iterations for
both the multi-homing MTs and for the multi-mode MTs. Thisult demonstrates that the dis-
tributed RA algorithm indeed finds the optimal RA probalifior multi-homing MTs as well as
the optimal RA probability and network selection for the thimlode MTs, respectively. Observe
furthermore from Fig. 4.8 that the objective function valséigher for multi-homing MTs than
that for the multi-mode MTs. This is because the multi-haminTs are supported by both the
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Table 4.4: Notations and System parameters

2D indoor scenario

Length of room

Height of room

Number of indoor MT

Height of MT

Number of rate guaranteed MT
BER target of MTs
Guaranteed effective capacity

Number of iteration

20m

3m

10

0.85m

4

1075

10/20 (Mbit/s)
100

VLC System

Height of LED 2.5 [m]
Power of LED 20 [w]
Semi-angle at half power 70 [deg.]
Width of the field of view 60 [deg.]
Detector physical area of a PD 1.0 [em?]
Refractive index of a lens at a PD 1.5
O/E conversion efficiency 0.53 [A/W]
Available bandwidth for VLC system 10 [MHz]
Reflectance factor 0.8
Electronic charge 1.6 x 10719 [C]
Background current 5.1 x 1073 [A]
Open-loop voltage gain 10
Fixed capacitance of the PD per unit area | 1.12 x 1076
FET channel noise factor 1.5
FET transconductance 3 x 1072

Femtocell System
Position of the indoor femtocell (0,0)
Transmission power of the femtocell BS 0.02 [w]
Indoor path-loss exponent 3
Carrier frequency 2 [GHz]
Indoor path-loss constant 37 [dB]
Available bandwidth for femtocell system | 5 [MHz]
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Figure 4.8: Objective function (OF) values versus the total number of iterations for
the proposed decentralized algorithms for both multi-homing MTs and multi-mode

MTs, in conjunction with a =1, § = 0.01 and p =0

the VLC system and the femtocell. By contrast, multi-modes\ife only supported by one of the
avaiable networks. It is also observed that the objectimetfan value converges after 8 iterations,
when the total number of MTs is set to 10. However, the speambfergence becomes slower,
when we increase the number of MTs. The objective functidmeveonverges after 60 iterations in
our simulations, when the total number of MTs is set to be 20.

4.6.2 Effective Capacity of MTs: Multi-Homing versus Multi-Mode MTs

Let us now compare the performance of multi-homing MTs andtirmode MTs for different
values ofa. It is observed that the performance of the multi-homing NéTisetter than that of the
multi-mode MTs. Again, this is because the multi-mode tnaission may be viewed as a specific
scenario of multi-homing. Hence, the performance of multiede MTs may be interpreted as the
lower bound of the maximum achievable capacity of multi-hgnMTs. When we setv = 0,

as shown in Fig. 4.9, the RA problem is reformulated as theimiaation of the total effective
capacity. Since user 5 and user 6 are located in the middleeabbom and are capable of achieving
a better performance for the RF femtocell, the femtoceliesygs willing to allocate more resources
to these two MTs in the multi-homing scenario.
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Furthermore, owing to the rate constraint, the guarantatdMTs always satisfy the minimum
rate requirement. For the multi-homing scenario, the VL&eay and the RF femtocell system may
simultaneously transmit to MT 4 in order to satisfy the raquirement. However, for the multi-
mode scenario, the femtocell system may allocate the resdarMT 4 in order to satisfy its rate
requirement This is because the VLC system may not be ablentdtaneously satisfy all of the
four MTs’ rate requirement. For the non-rate-guranteed Mibsresource will be allocated, when
«a = 0. This is because the VLC system prefers to allocate ressuiocthe guaranteed-rate MTS,
and the femtocell system may allocate resources to theadgriscated MTs, in order to achieve
the maximum total effective capacity.

Multi-homing Multi-mode
50 — T —r—T——T—— 50 — T T
oF value=165.07 | NN vLC 5 VLC
451 [ ]Femtol| 451 Femtol
- 40} - 40} OF value=163.69
T T
g. o 17 1
g 35F 5' 35F
it it
© 30r S 30t
2 2
S o5f S 2}
2 2
G G | -
g 20 g 20
8 8
2 15¢ £ 15¢
S ©
(3] (3]
=

E 10 w 10

5 B 5 L

1 2 3 45 6 7 8 9 10 1 2 3 456 7 8 910
User index User index

Figure 4.9: The effective capacity of both multi-homing MTs and multi-mode MTs,

along with @« =0, 6 = 0.01 and p = 0.1

When we setr = 1, observe in Fig. 4.10 that the RA problems are formulatedeuntide
proportional fairness constraint. It is illustrated thia¢ bbjective function value for MT-homing
MTs is higher than that for MT-mode MTs. The rate guaranteda Mave higher priority and their
rate requirements are satisfied for both the multi-homirgythe multi-mode scenarios. It may be
observed in Fig. 4.10 that the MTs located in the middle oftltan may achieve a higher effective
capacity for multi-homing MTs. This is because the MTs intiddle of the room are capable of
achieving a better performance, when communicating wighiRR femtocell system. In contrast to
the scenario oft = 0, the system may allocate resources to the non-guararaedATs under the
consideration of fairness to all MTs. Hence MT 7, 8, 9, 10 atsmive their signals from the VLC
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system or from the femtocell system. When the MTs are of thititmode type, the centre MTs
may choose the RF femtocell system for their transmissidrlewthe VLC system may transmit
to the edge MTs. Furthermore, observe in Fig. 4.11 that whennerease the value ef, the
differences of effective capacity upon receiving from ac#fiienetwork between the different MTs
are smaller than that when we get= 1. As a result, we believe that having a higheresults in a
higher grade of fairness.

Multi—-homing Multi-mode
30 — 30 —————
I .c [ Jvic
[_IFemto I Femto
251 1 251
— OF value=26.52 — OF value=26.48
T T
o o
3 g
s 200 M S 20 g
& &
» w
= =
S 15} o S 15}
2 2
£ £ -
®© ©
Q. — Q. —_—
] 8
° 101 ° 10
2 2
3] k3]
(9] (3]
= =
i} i}
5r 5
Ll | i | s L
12345678910 12345678910
User index User index

Figure 4.10: The effective capacity of both multi-homing MTs and multi-mode

MTs, with =1, # = 0.01 and p = 0.1

4.6.3 Effect of the Delay Statistics

Fig. 4.12 illustrates the effect of the delay expongwon the overall effective capacity of the MTs
for the blocking probabilities op = 0 andp = 0.1, respectively. Observe from the figure that the
overall effective capacity is reduced upon increasing thleydexponent). However, the overall
effective capacity of both the VLC and of the RF femtocellteys is fairly insensitive to the delay
exponent, when the exponent is relatively small. This isabee when the delay exponent is low,
the resultant delay requirement is loose and the overattfe capacity is close to the Shannon
capacity, which depends on the wireless channel, but ispemident of the delay of the packet-
arrival process. However, the overall effective capacitthe RF femtocell decreases substantially,
when the delay exponent is increased. Furthermore, whetelag exponent is relatively high, the
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overall effective capacity tends to zero. However, it isvehidn Fig. 4.12 that the overall effective
capacity of the VLC remains almost unchanged for the engtaydexponent region considered for
p = 0. The DL effective capacity between the VLC LEDs and M1 expressed ag\; ,, (81,n) =
B1nRYEC, which is independent of the delay exponén©bserve from Fig. 4.12 that the effective
capacity gleaned from the VLC system decreases only sfightiile the effective capacity of the
RF femtocell decreases rapidly. This is because the VL@&sysicreases the amount of resources
allocated to the guaranteed-throughput MTs, at the cost@idsing the overall effective capacity.
Hence, the VLC system benefiting from a zero blocking prditghs more reliable than the RF

femtocell link, when the MTs have to satisfy a certain delagstraint.

When we assume that the blocking probability of the VLC systguals to 0.1, its performance
degrades rapidly foé > 0.1. Hence naturally, the VLC system is more sensitive to thaydel
constraints in the presence of a non-zero blocking proiyabiis a result, the RF femtocell has to
increase its RA probability, especially to the MTs opemtimder a strict bit rate guarantee. When
we haved > 1, it is observed in Fig. 4.12 that our system fails to fulfil thierate requirement.
In this case, no optimal solution can be found. It is also oleskin Fig. 4.12 that the attainable
performance is similar for multi-homing MTs and multi-mold's, when the delay requirement is
loose.

4.6.4 Effect of the VLC System’s Blocking Probability

Let us now quantify the effect of the VLC system’s blockinglpability on the overall effective
capacity of the MTs, when using a delay exponentl oflt is illustrated in Fig. 4.13 that the
VLC system’s effective capacity decreases, when the bhgckirobability is increased. However,
as seen in Fig. 4.13, the effective capacity of the RF fentitggetem is slightly reduced for the
multi-homing MTs. The RF femtocell system should incredmeamount of resources allocated to
the MTs, if they have to satisfy a certain guaranteed thrpughwhich is achieved at the price of
decreasing the overall effective capacity. When the MTsrarki-mode terminals, we observe that
the overall effective capacity of the VLC system and RF faraliosystem substantially decreases
atp = 0.1. This is because when the VLC LOS reception is blocked witbrgam probability, the
effective capacity is substantially reduced accordingdo @.18) and the first reflected ray may
only contribute to the MTs located near the wall. As a reshét,RF femtocell system may have to
allocate resources to the guaranteed-rate MTs, even if Riechannel quality is not particularly
good. When the LOS reception blocking probability increasemp = 0.1 to p = 1, the overall
effective capacity of the RF femtocell system remains @onst This is because the femtocell
system may allocate most of its resources to the guaransgedvTs. Increasing results in
decreasing the performance of the VLC system. As a resdtptierall effective capacity of the
VLC system keeps on decreasing. Whes 1, the LOS ray is blocked, hence the MTs may only
receive a reduced optical power due to the first reflectedHayce, it is plausible that when the
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Figure 4.13: The overall effective capacity of MTs versus the blocking probability

of the VLC system p , fora =1 and § =1

blocking probability of the VLC system is high, the RF femgbisystem becomes more reliable.

4.6.5 Effect of the User Distribution

In the above simulations, we assume that the MTs are randlmtéyed in the room. Fig. 4.14
compares the overall effective capacity, when all the MEslacated in the center (center cluster)
or at the edge (edge cluster). Observe that the performdrtbe ®F femtocell system of center-
cluster MTs is better than that of the edge-cluster MTs. Téisecause we assume that the RF
femtocell BS is positioned in the center of the room. As altesiie center-cluster MTs benefit
from a shorter transmission distance and a lower pathlossal¥é observe that the overall effective
capacity of the VLC system decreases upon increasing thelMEreception blocking probability
p. When the MTs are center-clustered, the effective capacithe VLC system is substantially
reduced, a® increases from 0 to 0.1. Then it starts to decay towards Oafgelp values. The
performance of the VLC system is sensitive to the LOS reoapblocking, especially when the
MTs are located in the center of the room. However, when thes B edge-clusted, the VLC
system may still be capable of supporting an approximatélyBit/s transmission rate, even if
the VLC LOS blocking probability becomes 1, because the édge may still benefit from the
reflected optical power.
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Figure 4.14: The overall effective capacity of MTs versus the blocking probability
of p, when the MTs are located at the room-center and room-edge, for a = 1 and

=1

4.7 CONCLUSIONS

In Section 4.2, we outlined the model of a VLC system relyind &D lights, where both the link
characteristics and the transmission strategy were prxkeMore specifically, the topology of the
VLC system is illustrated as Fig. 4.1. The received SNR arpditthievable bit rate was formulated
in Eq. (4.10) and Eq.(4.12). The corresponding simulation results were portrayed ¢n #i3 and

in Fig. 4.4-4.6 of Section 4.6, where the distribution of thdoor received SNR, and that of the
ASE were illustrated. It was observed that there is a cowedagd-zone, when the number of LED
lights is not sufficient, but the received SNR and ASE beconaes-constant, when the number of
LED lights is increased.

In Section 4.3, the system model of the indoor heterogeneeiwgork was characterized, where
the effective capacity of VLC system and of the RF femtocgdtem were expressed in E@. 18)
and Eq.(4.19). Later, the RA problems of both the multi-homing MTs and thaltrmode MTs
were formulated in Section 4.4, where their fairness, sttaéil delay constraints and their bit rate
requirements were also taken into account. In order to sihlgeassociated RA problems effi-
ciently, distributed RA algorithms were proposed in Settddb. The convergence behaviour of the
distributed algorithms was illustrated in Fig. 4.8, whete performance of the distributed algo-
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rithm was verified by comparing the related simulation resstd those of the optimal centralized

solution.

We also compared the performance of multi-homing MTs to tfidhe multi-mode MTs, for
different fairness factors, as depicted in Fig. 4.9, Fig.04and Fig.4.11. Observe in these figures
that the proposed distributed solution is indeed capabtpuafanteeing the associated bit require-
ments. As expected, multi-homing MTs are capable of achiggibetter performance than multi-
mode MTs, since multi-homing MTs have access to multiplevodts. Furthermore, it is observed
in Fig. 4.9, Fig. 4.10 and Fig. 4.11 that having a higheesults in a higher grade of fairness. In
order to evaluate the effects of statistical delay pararaeted that of the LOS blocking probability,
the overall effective capacity was studied in Fig. 4.12 anfig. 4.13. We have summarized the
overall effective capacity of MTs extracted from Fig. 4.1®l&ig. 4.13 and summarized them in
Table 4.6 and in Table 4.5, respectively.

Table 4.5: Performance summary of the indoor HetNet of Fig. 4.12, for different

statistical delay exponent 6 and for a = 1.

VLC, p=0 Femtocell,p =0
MT type Multi-homing | Multi-mode | Multi-homing | Multi-mode
=103 ~10"" 79 Mbit/s | 79 Mbit/s 82 Mbit/s | 82 Mbit/s
=1 79 Mbit/s 79Mbit /s 68 Mbit /s 58 Mbit/s
0 =10 78 Mbit /s 78 Mbit /s 11 Mbit/s 0 Mbit/s
6 =102 78 Mbit/s | 78 Mbit/s 2 Mbit /s 0 Mbit /s

VLC, p=10.1 Femtocell,p = 0.1
MT type Multi-homing | Multi-mode | Multi-homing | Multi-mode
6 =103 71 Mbit/s 69 Mbit/s 82 Mbit /s 86 Mbit /s
6 =102 70Mbit /s 69Mbit /s 82 Mbit /s 80 Mbit/s
6=10"1 66 Mbit /s 66 Mbit /s 82 Mbit /s 80 Mbit/s
=1 32 Mbit/s 29 Mbit/s 67 Mbit/s 29 Mbit /s
6 =10 N/A N/A N/A N/A
6 = 102 N/A N/A N/A N/A

It is observed from Fig. 4.12 that the overall effective aatyais reduced upon increasing the
delay exponent. However, the system performance remaiitg ifl@sensitive to the delay expo-
nent, in the range spanning frot®—3 to 10~!. It is remarkable that the VLC system remains
independent of the statistical delay parameter, provitatthe LOS blocking probability is set to
0. However, if there is an non-negligable blocking prokigbfor indoor MTs, the system perfor-
mance is significantly degraded, especially when the delpgreent is relatively high. As a result,
the indoor HetNet may not be capable of satisfying the QoS8irexpents of indoor MTSs.

As expected, the performance of a VLC system is significaaffigcted by the LOS blocking
probability. When we have = 1, the LOS ray is blocked, hence the MTs may only receive a
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Table 4.6: Performance summary of the indoor HetNet of Fig. 4.13, for different

blocking probability p, for « =1 and 6 = 1.

VLC Femtocell
MT type | Multi-homing | Multi-mode | Multi-homing | Multi-mode
p=0 79 Mbit/s 79 Mbit/s 68 Mbit/s 58 Mbit /s
p=0.2 29Mbit /s 26Mbit /s 62 Mbit/s 30 Mbit/s
p=04 24 Mbit/s | 23 Mbit/s 58 Mbit/s | 30 Mbit/s
0 =0.6 20 Mbit/s | 19.5 Mbit/s 50 Mbit/s 30 Mbit/s
0 =0.8 19 Mbit/s 19 Mbit/s 40 Mbit /s 30 Mbit/s
=1 18 Mbit /s 18 Mbit/s 30 Mbit /s 30 Mbit /s

reduced optical optical power due to the first reflected rayortler to satisfy a particular bit rate
requirement, the femtocell has to allocate its resourcébe@ate guarantee MTs, at the price of
decreasing the overall effective capacity. Hence it is gitdla that when the VLC LOS blocking
probability is high, the RF femtocell system becomes madiabie.

Additionally, the effect of the MT distribution was invegéited, as characterized in Fig. 4.14.
Central MTs benefit from a shorter transmission distancenwhe blocking probability is 0. How-
ever, it is observed that the edge MTs benefit from the refleete when there is a non-negligible
blocking probability.



Chapter

Resource Allocation for Indoor HetNet
Relying on Different VLC Transmission

Strategies

5.1 Introduction

In Chapter 4 an indoor Heterogeneous Network HetNet waddenesl, where femtocells and LED
light based VLC was used for providing indoor coverage. TpiEnmal Resource Allocation RA in
the DL of this HetNet was addressed, while meeting divers8 €guirements. It was assumed
that a SCMT scheme was employed, where all LED lights in tberprovide coverage for a single
transmission cell, as depicted in Fig. 4.2. Hence the siggwdived from a MT is characterized
by the sum of the signals transmitted from all the LED lightsading to Eq.(4.10). A specific
drawback of this approach is that the resultant ASE of the Lights is low, since only a single
LED MT is supported in a specific DL transmission slot. In artte overcome this drawback,
we study the RA problems of this indoor HetNet under the aersition of various transmission
strategies in the context of ACO-OFDM aided VLC. A straigintfard technique of improving the
ASE of the LED lights is to simply transmit different DL sigaaimultaneously from every LED
light. As a result, each LED light creates a transmissioh o&lmajor impairment imposed by
this cell formulation is the interference between neighbr@uLED lights of the adjacent attocells.
The performance of VLC system is mainly dominated by theiveceLOS component, hence the
more distant cell edge MTs may suffer from severe interfegenA In order to cope with this
impairment, sophisticated transmission strategies hawe tdesigned, but at the time of writing,
there is a paucity of studies on the transmission stratefiékC cells. A cooperation transmission
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scheme was proposed in [203], where two neighbouring LERISigperate as a transmission cell
and transmit identical signals, namely, Combined Trarsiosfor two LED lights (CT-2). As a
result, the potential ICI is benefically turned into usefghgls. Furthermore, the authors of [201]
discussed FFR invoked for VLC cells and subsequently a joinlti-LED transmission regime
was derived in [202, 203]. In this chapter, these transuissirategies are introduced and the
performance of ACO-OFDM aided VLC is compared. Furthermare still consider the indoor
HetNet scenario considered in Chapter 4, the Resourceditot(RA) problems are solved.

In this chapter, we still address the optimal RA in the DL otM&t, where ACO-OFDM aided
VLC combined with an RF femtocell scenario is employed. Hdifferent transmission strategies
are conceived for VLC, and their performance is compare@nTthe optimal RA is found different
transmission strategies, while meeting the statisticiydtargets of delay-sensitive traffic. The
contributions of this chapter are summarized as follows:

e In contrast to the SCMT scheme used in Chapter 4, we introdoother three transmission
strategies for our ACO-OFDM aided VLC system. In the radid&R, each LED light pro-
vides coverage for a single transmission cell, hence ogain attocell of its own. By con-
trast, the merged Combined Transmission (CT) scenari@rakemeighbouring LED lights
can be merged into a multi-LED aided transmission cell aratdier to mitigate the inter-cell
interference of the VLC system considered. For exampléerdT-2 transmission scenario,
two neighbouring LED lights transmit identical signals. this context, Frequency Reuse
(FR) aided transmission is invoked, where the LED lightshef meighbouring attocells use
a different frequency band, hence forming a VLC system hpeifrequency reuse factor 2.
The performance of these transmission strategies is cau@ard investigated.

e The RA problems are formulated, under the consideratiohefarious transmission strate-
gies of the VLC system. Similar to Chapter 4, the RA problenesfarmulated as non-linear
programming problems and a distributed algorithm is pregdder solving the RA problems.

This chapter is organized as follows. In Section 5.2, we rilesdoth our system model as
well as the transmission strategies of the VLC system. Th&waable bit rate of VLC under these
transmission strategies is compared in Section 5.3. Theulation of our RA problems and the
proposed distributed algorithms are outlined in Sectigh %.inally, our performance results are
provided in Section 5.5 and our conclusions are offered Tii@e5.6.
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5.2 Transmission Strategies in ACO-OFDM Aided VLC

5.2.1 The Topology Model

Similar with the indoor model employed in Chapter 4, the @welisional (2D) indoor room model
is used, as depicted in Fig. 4.1. Again, the set of MTs is d=hoy N = {1,--- ,n,--- ,N}.
Similarly, the set of LED lights is denoted By = {1,--- ,u,--- ,U}. The cell set is denoted
assM = {1,---,m,---, M}, wherem denotes thenth accessible cell. Since it was illustrated
in Fig. 4.8 that the multi-homing MTs are capable of achigvanbetter performance than the
multi-mode MTSs, in this chapter, only multi-homing MTs a@nsidered.

The link characteristic of the VLC system was presented icti&e 4.2.1, where the VLC
channel gain is constituted by the sum of the direct link gaid the first-reflection link gain.
Furthermore, the received SNR and the achievable bit ratieeoACO-OFDM aided VLC system
at MT n is given by Eq.(4.10) and Eq.(4.12), respectively. Again, ACO-OFDM is employed for
our VLC system and, the achievable rate of the ACO-OFDM aMe@ system is characterised by
Eq. (4.12), where we denote the instantaneous transmission prdigadfithe cellm transmitting to
MT n asg,,,. The achievable throughput of MTsupported by cell is expressed agt,, ,7m n,
wherer,, , denotes the instantaneous transmission bit rate in the Relbfn to MT n.

5.2.2 Transmission Strategy

5.2.2.1 Single Cell Multi-point Transmission

In the Chapter 4, the SCMT philosophy was used, where all Ligltd in the room illuminate a
single transmission cell, as depicted in Fig. 4.2. As a tesub received SNRY “C of MT n
served by the VLC system is given by:

2
VLC,

somr " (gpt "2 H“”)

n B (U\/LC)2

, (5.1)

where the VLC channel gaifl,, ,, of the link spanning from theth LED light to MT n is given by
Eg. (4.1) and Eq.(4.5), while the variancer? of the noise is given by Eq4.6), Eq. (4.7) and Eq.
(4.8). The achievable rat&>“MT" of the VLC system under the SCMT for MT is given by Eq.
(4.12).

Since all the LED lights illuminate as a single cell, indoof ¢are capable of accessing both
the VLC cells and the RF femtocell. As a result, we may hafe= 2, wherem = 1 andm = 2
represent the ACO-OFDM aided VLC and the RF femtocell netwaspectively.
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5.2.2.2 Unity Frequency Reuse

Again, a straightforward way of constructing a VLC cell issimply assume that each VLC light
illuminates an individual attocell, which corresponds twpting Unity Frequency Reuse (UFR)
across all VLC cells, as depicted in Fig. 5.1. Hence, apamfreceiving the desired signal, a MT
may also suffer from the interference impinging from theghbiouring LED lights.

LED1 LED2 LED3 LED4 LED U

Desired Single

_— =

Interference

_—— - - =

Figure 5.1: The 2D model of the room using the LED light based VLC system,

where the UFR transmission is assumed.

Here each LED light operates as a single cell. Hence, ther& attocells for the DL VLC
transmission. As a result, the set of cells accessible foimmoor MTs is constituted by/ VLC
attocells plus the femtocell, where we ha\le= U + 1. We assume that, = {1,--- ,m,--- ,U}
denote thenth VLC attocell, whilstm = U + 1 represents the RF femtocell. The received SINR

UFR of MT n served by celin is given by:

m,n

2
- <§ PtVLC’,o Hmn)

2
2 VLC,
(UVLC) + 62 Zm/ #m (Pt OHm/,n)

UFR _
mmn

(5.2)

where again the VLC channel gafi,, ,, of the link spanning from the:th LED light to MT n is
given by Eq.(4.1) and Eq. (4.5), and the variance? of noise is given by Eq(4.6), Eq. (4.7)
and Eq.(4.8). The instantaneous transmission rE(éf;LR of the VLC under UFR supported by the
VLC attocellm for MT n is given by Eq.(4.12). Again, the bit rate achieved by Mif becomes
Brm.nTm,n, Wherery, , denotes the instantaneous transmission bit rate accaiaigg. (4.12).
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5.2.2.3 Combined Transmission

In this CT arrangement, each individual VLC light of a mwl&D cell conveys the same infor-
mation on the same carrier frequency. In this chapter, wenasghat the neighbouring two LED
lights are merged into a CT-2 transmission cell and trangeittical signals, as depicted in Fig.
521

Cell1 Cell 2
ED1L 2 D3 L 4 LED U

Desired Single

—

Interference
i

Figure 5.2: The 2D model of the room using the LED light based VLC system,

where the CT-2 transmission is assumed.

Under the CT-2 transmission, there éfeattocells for DL VLC transmission. As a result, the
set of cells accessible for our indoor MTs éfe\/LC attocells plus the femtocell. We assume that
m = {1,--- , %} denote thenth VLC attocell, whilstm = ¥ + 1 represents the RF femtocell.
The received SINRS,”,~% of MT n served by celin is given by:

2
T [gptVLC,o (Hgm_lm + Han)]

oT—2 _
— .
2 VLC,
(oVECY £ 72 S <Pt on,’n>

m,n

(5.3)

Then, the instantaneous transmission rate of the VLC undd BS”~ from VLC virtual cell
m to MT n is given by the Eq.(4.12). Again, the bit rate achieved by MiT becomess,,, »,7m.n,
wherer,, , denotes the instantaneous transmission bit rate accai@ig. (4.12).

!Since two LED lights are merged into an attocell in this chapter, we assume that the number of indoor

LED lights U is even, for simplicity.
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5.2.2.4 Frequency Reuse Aided Transmission

Again, following the traditional RF cellular design priptgé, FR aided transmission may be em-
ployed for reducing the inter-cell interference (ICl). Heave invoke this classic idea in our VLC
system, where the neighbouring LED lights use a differegqjdency band, hence forming a VLC
system having frequency reuse factor equalling to 2, astipin Fig. 5.3. We refer to this trans-
mission strategy as FR-2. The entire available frequenog b&VLC is divided into two frequency
band, namelyF; and F», where we haveéF;| = |F;|. It is reasonable to stipulate this frequency
reuse assumption in our VLC system. This is because that grertwo popular techniques of con-
structing white LEDs, namely either by mixing the Red-Gr&ne frequencies using three chips,
or by using a single blue LED chip having a phosphor layer. Wesider the latter one, which
is the favoured commercial version. Although the termigglof 'white’ LED gives the impres-
sion of having all frequency components across the entgiblei light spectrum, in fact only the
blue frequency-range is detected. More precisely, not éverentire blue frequency-range is de-
tected, since the less responsive phosphorescent poftthe requency-band is ignored. Hence,
the modulation bandwidth is typically around 20 MHz, alltbis measured bandwidth depends
on the specific LED product used. Given this 20 MHz bandwidih,are now ready to employ
ACO/DCO-OFDM and partition its bandwidth into arbitrargfuency reuse patterns.

F1 F2

LED1; LED2; LED3; LED4 LED U
5

Desired Single

-

Figure 5.3: The 2D model of the room using the LED light based VLC system,

where the FR-2 transmission is assumed.

Similar to the UFR transmission of Fig. 5.1, each LED lightmies as a single attocell,
hence, there ar& VLC attocells for downlink transmission. As a result, théafecells accessible
for our indoor MTs isU VLC transmission attocells plus the RF femtocell. We asstivaern =
{1,--- ,m,--- , U} denote thenth virtual VLC cell, whilstm = U+1 represents the RF femtocell.
Furthermore, We assume that the VLC attocells\df = {1,3,--- ,U — 1} use the frequency
bandF7y, whilst the attocells o\, = {2,4,--- , U} develop the frequency barfd. The received
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SINR&EE=2 of MT n served by celin € M), is given by:

2
- (g PtVLC,o Hmn)

.
2 VLC,
(VP + 7 Erensy (PO )

FR—2 __
gm,n -

(5.4)

m ,n
Again, the bit rate achieved by Mit becomes3,, ,,7n, »n, Wherer,, , denotes the instantaneous
transmission bit rate according to Ed.12).

Itis remarkable that the ICl imposed by the direct link is gdately avoided when employing a
frequency reuse factor equalling to 2 in the 2-D indoor stder@nsidered. We do not consider the
FFR scheme employed in [202], because the FFR imposes admigplexity, hence, it is unrealistic
for adoption in VLC systems.

5.3 Simulation Results

In this section, the achievable bit rate of the considere@AQFDM aided VLC is presented, re-
lying on the four transmission strategies introduced. Binsystem configurations of VLC system
is opted, as listed in Table 4.1. Again, it is assumed thatrdm@smission power of the optical

VLC system is fixed. Firstly, the achievable bit rate digitibn and BER of the ACO-OFDM aided

VLC is compared. Then, we assume that= 10 MTs are randomly distributed in the room and
the classical round robin scheduling scheme [251] is usaxliirsimulations, where each MT is
allocated the same resource. The Cumulative Distributiomcion (CDF) of the achievable bit

rate is presented. Furthermore, the effects of the FOV aatdoththe semi-angle at half power is
evaluated.

5.3.1 The Downlink performance of VLC

Let us now compare the performance of the ACO-OFDM aided Vki@githe parameters listed
in Table 4.1 under the four transmission strategies inttedun Section 5.2.2. The achievable bit
rate and BER of our VLC system are demonstrated in Fig. 5 @bdeirom the Fig. 5.4 that
SCMT regime is capable of achieving the highest bit rategesiall the LED lights transmit an
identical signal which results in a near-uniformly distriéd received SNR. However, as we stated
in Section 5.2, the achievable bit rate is expected to befgigntly reduced, when multiple MTs
are in the room, since only a single MT is served for SCMT raegis expected, The indoor MTs
suffer from the interference, relying on UFR regime. As aulieghe bit rate decays in most of
the indoor areas (-7 to 7). Although, UFR transmissionsvatgiall the LEDS for transmission as
individual attocells, it is still unwise to employ UFR tranissions owing to the poor performance
of the indoor centrally located MTs. The CT-2 regime impmwee indoor coverage in Fig. 5.4

by jointing the neighbouring pair of LED lights. Howevergtle are still some areas, which suffer
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Figure 5.4: The achievable bit rate and the BER, of our VLC system, under the
SCMT, UFR transmission, CT-2 and FR-2 Transmission. The number of LED

light is set to 8, and the other simulation parameters are listed in Table 4.1.

from the inter-cell interference. This erodes the achikvdtit rate, because CT-2 is unable to
avoid the inter-cell interference. In contrast to CT-2 negj FR-2 transmission scheme is capable
of maintaining a near-constant bit rate. This is becausethigainterference is avoided amongst
the neighbouring cells, since different frequency bandsuwsed for the neighbouring attocells.

However, the achievable bit rate is limited by the reduceddbadth, when the MTs relying on
FR-2.

We also demonstrate the BER of indoor MTs in the right of Figd. 5As expected, SCMT
regime exhibit the lowest BER, where most of indoor MTs agatde of the downlink transmission
with a BER of10~°. FR-2 regime is capable of achieving the similar BER with SCigime,
because the inter-cell interference is avoided when MTalyéng on FR-2 in our 2-D VLC system.
The UFR regime exhibit the worst BER performance, where th& Bf indoor central MTs may
become tal0—2.

Furthermore, when the LOS rays are blocked,p.e- 1, the achievable bit rate of indoor MTs
is compared in Fig. 5.5. It is observed that the central MTth@érange spanning from -7.8m to
7.8m are unable to maintain a useful transmission bit ralte. dngle of incidence of the reflected
rays may be wider than the value of FOV, when the MTs are ldcatehe central region. By
contrast, the edge MTs are capable of achieving a benefitigrdmsmission rate, owing to the
reflected rays. Observed from Fig. 5.5 that the SCMT outperdathe other three transmission



5.3.2. Cumulative Distribution Function of The Achievable Bit Rate 131

100 T T T T T T T T T

Achievable bit rate of the ACO-OFDM aided VLC (Mbit/s)

1 1 1 1 1
-6 -4 -2 0 2
MT positions

Figure 5.5: The bit rate distribution of our VLC system relying on the SCMT,
UFR transmission, CT-2 and FR-2 transmission, when the LOS ray is blocked.
The number of LED light is set to U = 8, and the other simulation parameters are

listed in Table 4.1.

strategies in this scenario, since there is no interferemcker the SCMT regime and the desired
signals are constituted by the sum of all the LED lights. Edsnewhat unexpected that the FR-2
transmission regime exhibits the lowest available bit.rate

5.3.2 Cumulative Distribution Function of The Achievable Bit Rate

Fig. 5.6 compares the Cumulative Distribution Function E}Df the for different transmission
strategies, in conjunction witti = 8 LED lights, a half field of viewd,. = 60° and N = 10 indoor
MTs. The indoor MTs are randomly distributed and the classimd robin scheduling scheme is
assumed. Hence each MT is allocated the same resource. vOliigen the figure that the MTs
maintain a bit rate ranging from 10 Mbit/s to 15 Mbit/s, whéme tSCMT regime is employed.
By contrast, the achievable bit rate of MTs fluctuates drarally both for the UFR and CT-2
transmission, spanning from 5 Mbit/s to 120 Mbit/s. Aboutte50% MTs under CT-2 maintain a
bit rate more than 20 Mbit/s, but this is reduce®®d; for the UFR regime. Furthermore, the FR-2
transmission regime may support the highest transmisstaatbe according to Fig. 5.6, since the
interference is avoided in the scenarios considered. #rigarkable that 60 Mbit/s the maximum
transmission bit rate of FR-2 is much lower than that of théldiad CT-2 transmission.
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Figure 5.6: The CDF of the achievable bit rate of our VLC system of Fig. 4.1,
under SCMT, UFR, CT-2 and FR-2 transmission. The number of LED lights is

set to U = 8, and the other simulation parameters are listed in Table 4.1.

5.3.3 Effect of The Field of View Angle

Let us now focus our attention on the effect of the FOV of MTacréasing the FOV leads to
the expansion of the areas contaminated by interferencghdfmore, the value of the FOV may
affect the gain of an optical concentrator, according to Eg2) and it is also expected to affect
the channel gain of the VLC system. Firstly, it is observeahfrig. 5.7 that the achievable rate
of the MTs is near-constant under the SCMT, because the F@¥ dot substantially affect the
channel gain of the VLC, owing to the logarithm in E¢L.12). By contrast, the achievable bit
rate gracefully decays under the UFR and CT-2 regime, shediTs suffer from the interference
generated by more LED lights, which erodes the achievablats. The CT-2 regime outperforms
the UFR transmission in the scenario considered. By cdntitaes achievable bit rate of the MTs
under the FR-2 transmission regime remains near-constéu@n we have a FOV ob, < 125°.
This is because the MTs may not suffer from any interferersca benefit of the frequency reuse.
However, the achievable bit rate is reduced when we furtt@ease the FOV of MTs. The reason
for this phenomenon is that the the indoor MTs may still sufifem the interference generated by
the LED lights using the same frequency band, if the FOV isewid
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Figure 5.7: The achievable bit rate of the VLC system of Fig. 4.7, for different
FOV angles, under the SCMT, UFR, CT-2 and FR-2 transmission. The number

of LED lights is set to U = 8, and the other simulation parameters are listed in

Table 4.1.

5.3.4 Effect of The Semi-Angle at Half Power

Fig. 5.8 illustrates the effect of the value of semi-angléalf power on the available bit rate of
indoor MTs, in conjunction witlJ = 8 LED lights, a half field of view®,. = 60°, and N =

10 indoor MTs. As shown in the figure, the bit rate decreases ametibn of the semi-angle.
Explicitly, the semi-angle at half power may affect the ordé Lambertian emissiory, which
may be written as:q = m(cilﬁ' To expound further, a wider value of semi-angle at half
power reduces the order of Lambertian emission and hentteefullecreases the received SNR. It
is remarkable that the SCMT remains fairly insensitive ®\hlue of the semi-angle at half power.
By contrast, the UFR transmission is seen to be more sensitithe value of the semi-angle at half
power in Fig. 5.8.

5.4 Resource Allocation for The Indoor HetNet

In this section, the RA problem formulation is formulated fodoor multi-homing MTs in the
context of the HetNet considered, and then the problemsaiveds by the distributed algorithm
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Figure 5.8: The achievable bit rate of the VLC system of Fig. 4.7, for different
semi-angle at half power, under the SCMT, UFR, CT-2 and FR-2 transmission.

The number of LED light is set to U = 8, and the other simulation parameters are

listed in Table 4.1.

introduced in Section 4.4. Similar to the scenario consideén Chapter 4, the ACO-OFDM aided
VLC and a RF femtocell are used for providing indoor coverdage RA problems are formulated
relying on proportional fairness, while satisfyingthe gfie statistical delay constraints. Again, we
invoke the effective capacity approach for converting taéistical delay constraints into equivalent
average rate constraints. The effective capadity,, of the indoor MT~ supported by celin is
given by the Eg.(4.18), whilst the effective capacity of the femtocell is form@dtin the Eq.
(4.19).

5.4.1 Problem Formulation

Our objective is to find the optimal RA per network by maximizithe sum of all MT’s util-
ity function. In this chapter, the utility function of MT. served by the celln is defined as

log [Am.n (Bm.n)], Where the logarithm is used for guaranteeing fairness gstdghe MTs served.
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As a result, the corresponding RA problem may be formulated a

Problem 1: maximize Y > log[Amn (Bmn)] (5.5)
meMneN
subject to: > Bmn <1, Vm e M, (5.6)
neN
0 < Bmn <1, (5.7)

where3 denotes the RA matrix of the VLC combined with the RF femtbsgstem. The effective
capacityA,, , of the VLC system and that of the RF femtocell is given by E4.18) and Eq.
(4.19), respectively. Physically, the constraifit6) ensures that the total resources allocated in a
cell always remain below unity. Whilst, the constraifit7) describes the feasible region of the
optimization variables.

5.4.2 Decentralized Sub-optimal Resource Allocation Schemes

The problem is a concave one and the associated proof is giveection 4.4.2. As a result,
the problem described b§s.5), (5.6) and (5.7) may also be solved by the distributed algorithm
introduced in Section 4.5. Similarly, the Lagrangian fimetformulated for(5.5), (5.6) and(5.7)
may be expressed as:

L(B,v) = Z Z (log Appn — UmBmn) + Z U, (5.8)

meM neN meM

where we havd < 3 < 1, while v,, represents the Lagrange multipliers or prices associated
with themth inequality constraint5.6). Similarly, the dual objective functiog,, ,, (vy,) of MT n
supported by network: is written as:

Im,n (Um) = log Am,n - Umﬂm,n- (5.9)
At the lower level, the optimal resource allocatigp ,, may be written as:

:n,n = argmax gmn (Um) . (5.10)
0<Bm,n<1

It may be readily shown that,, ., (v,) is concave with respect to the variablg, ,,. Hence the
maximization ofg,, ,, (v,) may be achieved by finding the partial derivativegf,, (v,,) with
respect to the variablé,, .

At the higher level, we update the price parametexccording to:

+
up(t+1) = [Um(t) —&u(t) (1 - Zﬁ&,n)] ) (5.11)

neN
5.4.2.1 Remarks

The optimal decentralized RA scheme is constituted by aatite algorithm, which determines
the optimal transmission probability in the DL of netwarkto MT n based on the iterative update
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of the price parameters,,, over a number of iterations, until the optimal solutiondsirid. Each
of the networksn is initialized to a feasible price valug,,. Then each MT calculates the optimal
transmission probability based on the price informationThe optimal RA is derived during this
iteration. Each of the networks updates its price value,, based on the newly derived optimal
transmission probability3 and then broadcasts the optimal transmission probabdityhé¢ MTs.
The optimal decentralized RA algorithm is formally desedlin Table 5.1.

Table 5.1: Decentralized algorithm for Problem 1

Algorithm 1
Input

0,,: Delay requirement of each MT n Vn,

Initialization

t—1;

Price value for each network: v(t) = {vi(t),...,op(t)} =0

step size: positive £ and €

While ¢ does not reach its maximum
Get optimal 3
For each Network m € M
For each MT n € N
Each MT solves the problem presented in Eq. (5.10)
End for
End for
Update price values
For m ¢ M
Price value vy, updates according to Eq. (5.11)
End for
€ gt
t—t+1
End
Output B*(t)

5.5 Results and Discussions

In this section, we present our numerical performance te$oil characterizing the proposed RA
algorithms in the context of the indoor VLC system of Fig.,4vhere both the ACO-OFDM aided
VLC system and a RF femtocell are employed in order to proindeor coverage. In contrast to
Chapter 4, four transmission strategies are considerecasdlame that/ = 10 MTs are uniformly
distributed in the room and all experience the same delagrexqts. Again, it is assumed that the
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transmission power of both the optical VLC system and of tB& fre fixed to their maximum.
Firstly, the effects of statistical delay on the overalkeffve capacity are considered and then the
performance of the VLC system and of the RF femtocell is caeghaFurthermore, the effects of
the LOS blocking probability on the overall effective caiyare considered. Our main system
parameters are summarised in Table 4.1.

5.5.1 Effect of The Delay Statistics
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Figure 5.9: The overall effective capacity of the different transmission strategies,
with the statistic delay exponent 8 set to 0.001 and the LOS blocking probability

p to 0.1. All other system parameters are summarized in Table 4.1.

Fig. 5.9, Fig. 5.10 and Fig. 5.11 illustrate the overall efifee capacity of indoor MTs sup-
ported by both the VLC system and the RF femtocell, when wthsedtatistical delayheta equals
to 0.001, 0.1 and 10, respectively. Here, we assume that@#Hhlocking probability of the VLC
system equals to 0.1 and the simulation parameters are iis@able 4.1. Several key observations
may be made from these three figures.

1. The specific delay statistics significantly affect thefgenance of both the VLC system
and of the femtocell. Observe from the figures that the olveffdctive capacity decreases
upon increasing the delay exponent, which may be verifienh ). (4.18) and Eq.(4.19).
However, the femtocell and the VLC relying on our differerartsmission strategies exhibit
different system behaviours. The overall effective cayacof the RF femtocell remains
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Figure 5.10: The overall effective capacity of the different transmission strategies,
with the statistic delay exponent 6 set to 0.1 and the LOS blocking probability p

to 0.1. All other system parameters are summarized in Table 4.1.

nearly unaffected, when we increase the statistic delagreqt from 0.001 to 0.1, but it is
significantly reduced, when the statistic delay exponeirtdeeased from 0.1 to 10. Similar
observations are valid for the MTs under the SCMT regime.liEitly, the effective capacity
remains insensitive to the delay exponent, when the expamegiatively small. By contrast,
it is observed that the overall effective capacity of indbbFs under FR-2 transmission is
significantly reduced, even when the statistic delay expbigelow. The reason for this is
that the effective capacity of the VLC system may be domihde the power of received
reflected rays. As we have shown in the Fig. 5.5, the FR-2rmeasson exhibits the lowest
bit rate, when the LOS rays are blocked. As a result, FR-Xtrégsion are expected to
be sensitive to the statistical delay requirement, wherettsea non-zero LOS ray blocking
probability.

2. Again, observe from Fig. 5.9, Fig. 5.10 and Fig. 5.11 th#te statistic delay requirement
is loose, the FR-2 regime outperforms the other three treséon strategies, and the MTs
under SCMT exhibit the lowest bit rate. When we tighten thiayleequirement and assume
# = 10, the VLC system under the CT-2 regime achieves the highésttive capacity, as
decipted in Fig. 5.11. It is also illustrated that the effexicapacity of the RF femtocell
is lower than that of the VLC system in most of the scenariassictered. However, the
effective capacity of the RF femtocell is slightly higheaththat of the VLC system under
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Figure 5.11: The overall effective capacity of the different transmission strategies,
with the statistic delay exponent 6 set to 10 and the LOS blocking probability p

to 0.1. All other system parameters are summarized in Table 4.1.

SCMT, when the statistical delay requirement is loosefaed = 0.1. When we tighten the
delay requirement, the effective capacity of the RF femtdmzomes higher than that of the
VLC under the FR-2 transmission regime.

3. Based on these observations, it becomes plausible tret thle delay requirement is loose,
the ACO-OFDM aided VLC system has to employ FR-2 transmigsioorder to achieve the
highest effective capacity. However, the ACO-OFDM aided3Aystem operating under the
CT-2 regime may become more reliable, when the delay regeints becomes tight.

5.5.2  Effect of The VLC System’s LOS Blocking Probability

Let us now quantify the effect of the VLC system’s blockinglpability. Explicitly, Fig. 5.12
and Fig. 5.13 illustrate the overall effective capacity mdaor MTs supported by both the VLC
system and the RF femtocell, when we set the LOS blockinggtitity p to 0 and 0.2, respectively.
Here, we assume that the statistic delay expofiarithe VLC system is to 0.1 and the simulation
parameters are listed in Table 4.1. Several key obsengti@my be made from these two figures.

1. The LOS blocking probability significantly affects the performance of the VLC system.
Observe from Fig. 5.12 and Fig. 5.13 the overall effectiyeacity decreases upon increasing
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Figure 5.12: The overall effective capacity of the different transmission strategies,
with the statistic delay exponent 6 set to 0.1 and the LOS blocking probability p

to 0. All other system parameters are summarized in Table 4.1.

the delay exponent, which may be verified by observing @dl8). For the LOS blocking
probability considered, the FR-2 transmission regime gabde of achieving the highest
effective capacity. We also note from Fig. 5.12 and Fig. $hB&BCT-2 is capable of obtaining
a better performance than the SCMT and UFR transmissiomse §iT-2 reduces the intra-
cell interference.

2. It is somewhat surprising that the advantage of the FRuZsmission regime erodes, when
we increase the LOS blocking probability. The reason fa thithat the performance may
be dominated by the cell-edge MTs, which are capable of sstaiéy detecting the reflected
rays. As we illustrated in Fig. 5.5, the FR-2 transmissiohileits the lowest bit rate, when
the LOS rays are blocked. As a result, the advantage of FRA2Hmission erodes, when the
LOS blocking probability increases.

3. In the LOS blocking probability scenario pf= 0, the effective capacity of the VLC sys-
tem is higher than that of the RF femtocell. The increasedKihg probability reduces the
effective capacity of the VLC system, whilst that of the fes#ll remains unchanged. As a
result, the RF femtocell constitutes an important complearg network, when there is an
non-zero LOS blocking probability.
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Figure 5.13: The overall effective capacity of the different transmission strategies,
with the statistic delay exponent 6 set to 0.1 and the LOS blocking probability p

to 0.2. All other system parameters are summarized in Table 4.1.

5.6 CONCLUSIONS

In Section 5.2, various ACO-OFDM aided VLC transmissioratgigies were investigated. In

SCMT, all the LED lights jointly forming an attocell and tremit identical signals, as depicted
in Fig. 4.2. By contrast, in UFR transmission, a single LE@htiilluminates an attocell as de-

cipted in Fig. 5.1, which imposes downlink interference ba heighbouring cell. In CT-2, the

neighbouring pair of LED lights forms a 'twin-LED’ attocedhd transmit the signals jointly, as de-
picted in Fig. 5.2. In the FR-2 transmission regime, each Light creats its own attocell, and the

neighbouring pair of LED lights transmit their informatiamdifferent frequency band in order to

avoid the interference, as depicted in Fig. 5.3. The achievait rate and the corresponding BER
of indoor MTs supported by the AOC-OFDM aided VLC under difigt transmission strategies is
compared in Fig. 5.4 and Fig. 5.5. It was illustrated that SGMable to obtain the highest bit

rate. However, since only one MT can be served in one trassmislot, the performance may
degrade in a multi-MT scenario. Later, we considered 10 M&sewandomly located, the CDF of

the achievable bit rate was illustrated in Fig. 5.6, whictvehithat FR-2 transmission is capable of
achieving the highest bit rate. Furthermore, we investigidihe VLC configurations on the achiev-
able bit rate in Fig. 5.7 and in Fig. 5.8. It was illustratedttthe bit rate is independent with the
value of FOV when the VLC employs SCMT. However, the achiévit rate of VLC under UFR,



5.6. CONCLUSIONS 142

CT-2 and FR-2 degrades when increasing the value of FOV,@8rshn Fig. 5.7. It is observed
in Fig. 5.8 the achievable bit rate of VLC under all the coasidl transmission strategies when
increasing the value of the semi-angle at half power.

Furthermore, we studied the RA problems of MTs in a VLC systerder diverse statistical
delay requirements. The objective functions relied uporevgown to be concave. The decentral-
ized algorithms proposed in Chapter 4 were used for solfiegassociated RA problem. Later, we
studied the effects of the statistic delay requirementsdgn .9, Fig. 5.10 and Fig. 5.11, and that
of the LOS blocking probability in Fig. 5.12 and Fig. 5.13wis observed that the FR-2 transmis-
sion regimes is capable of achieving the highest effectygacity for a LOS blocking probability
of p = 0. Compared to the RF femtocell, the VLC system obtains a bptgormance, since
the available bandwidth of VLC is much wider than that of RFfecell. By contrast, when we
consider a non-zero LOS blocking probability, the perfonageof VLC is significantly affected by
the statistic delay requirement. When the delay requir¢nseloose, FR-2 aided VLC may still
obtain the highest effective capacity and the effectiveacip of VLC is higher than that of the RF
femtocell. However, when we tighten the delay requireme@is2 exhibits the highest effective
capacity. Itis plausible that the FR-2 transmission regsreapable of achieving the highest effec-
tive capacity, when the statistical delay requirementdaree. However, CT-2 transmission attains
the best performance, when we tighten the delay requiremnEntthermore, the RF femtocell sys-
tem becomes more reliable, when the VLC LOS blocking prdihgls high. We have summarized
the overall effective capacity of MTs with respect to thdiste delay exponent in Fig. 5.9, Fig.
5.10 and Fig. 5.11 in Table 5.2. Furthermore, we have sunzeththe overall effective capacity of
MTs as a function of the LOS blocking probability in Fig. 5, Fg. 5.13 in Table 5.3.
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Table 5.2: Performance summary of the indoor HetNet of Fig. 5.9, Fig. 5.10 and
Fig. 5.11, parameterized by the statistical delay exponent, for a LOS blocking

probability of p = 0.1.

Table 5.3: Performance summary of the indoor HetNet of Fig. 5.12 and Fig. 5.13,

parameterized by the LOS blocking probability, for the statistical delay exponent

of 6 =0.1.

VLC, p=20 Femtocell, p =0

SCMT | 117 Mbit/s 112 Mbit /s
UFR 213 Mbit/s 105 Mbit/s
CT-2 309 Mbit/s 109 Mbit /s
FR-2 350 Mbit /s 104 Mbit /s
VLC, p=0.2 | Femtocell, p = 0.2

SCMT 88 Mbit /s 109 Mbit/s
UFR 117 Mbit /s 106 Mbit /s
CT-2 151 Mbit /s 108 Mbit /s
FR-2 153 Mbit/s 108 Mbit/s

VLC, 0 = 0.001 | Femtocell, 8 = 0.001

SCMT 107 Mbit/s 115 Mbit/s
UFR 191 Mbit/s 106 Mbit /s
CT-2 297 Mbit /s 111 Mbit/s
FR-2 321 Mbit/s 106 Mbit/s
VLC, 6 =0.1 Femtocell, 6§ = 0.1

SCMT 99 Mbit/s 112 Mbit/s
UFR 143 Mbit/s 106 Mbit/s
CT-2 180 Mbit/s 108 Mbit/s
FR-2 198 Mbit/s 106 Mbit /s
VLC, 6 =10 Femtocell, § = 10

SCMT 49 Mbit /s 28 Mbit/s
UFR 35 Mbit /s 28 Mbit /s
CT-2 61 Mbit/s 27 Mbit /s
FR-2 25 Mbit/s 27 Mbit /s




Chapter

Conclusions and Future Work

In this concluding chapter, we will provide the overall suarsnand conclusions of this treatise in
Section 6.1. Then several promising topics will be brieflgcdissed as future research directions in
Section 6.2.

6.1 Conclusions

e Chapter 2. In Chapter 2, we focused our attention on some key elemerdsHetNet,
where the topology modelling of macrocells, femtocells &t systems was introduced.
In Section 2.1, three types of cellular network modellinghteéques were introduced, as
depicted in Fig. 2.1. More specifically, the Wyner model wagked in Section 2.1.1,
where the cellular network is characterized as a 1-D lineadeh It is assumed having a
unit gain from each base station to the tagged user and hgtardower gain for the users
in the two neighbouring cells, as illustrated in Fig. 2.2.isTimodel has been widely used
in analysing the both uplink and downlink capacity of celluhetworks. In addition to the
1-D linear model, a modified circular array based Wyner maakd also introduced as in
Fig. 2.3, assuming that the macrocells are arranged aloirgla.cA specific drawback of
the Wyner model is that this model is quite inaccurate inwapg the randomness of MTs,
especially for the downlink transmission. In order to copththis drawback, the grid-based
model may be preferred in practical systems, as illustratdelg. 2.4. The history of OCI
analysis using the grid-based model was presented in 8&ttlo2. The grid-based cellular
network may be capable of accurately capturing the randesnoEMTSs, but it is not easy to
charaterize the OCl in a closed form. Most of the literatwakeates the OCI by integrating
the interference expression relying on a continuous anfumiuser density over a circular
region approximating a hexagonal cell. Kedifal. proposed the 'Fluid Model’ [20, 62, 63]
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concept for characterizing the OCI in the downlink of callusystems, where the discrete
BSs of the cellular networking are assumed to form a contmuThe received SIR of a
downlink MT is given by Eq.(2.10). The accuracy of the Fluid Model was verified in Fig.
2.7, indicating that it was accurate in characterizing tbe/ink received SIR. Another
modelling approach assumed that the cellular networks alestracted to a convenient PPP
which captures the network properties, as shown in 2.8. & @ékrived the DL received
SIR of the MTs relying on PPP aided cellular network, as sedfxj. (2.16).

In order to improve the coverage and enhance the capacitgliolar wireless networks, a
popular solution is to reduce the cell size and transmisgdistance, albeit this increases the
number of BSs required and hence the cost. Hence, cellutduten led to the concept of
femtocells, as depicted in Fig. 2.9. The briefly history, mtdg and technical challenges of
femtocells were discussed in Section 2.2. More specificllyconcept and the brief history
of femtocells was presented in Section 2.2.1, while theidatlong was detailed in Section
2.2.2, where four modelling approaches were introducee firbt approach considered all
the channel gains without specifying the precise spatiadehof the MBSs. The second
approach considered a single femtocell dropped in a singtgoaell. These two approaches
share the same topology, which was depicted in Fig. 2.10.hdnthird approach shown
in Fig. 2.11, the femtocells were assumed to be randomlyepladithin the regular grid
model based macrocells. We opted for this approach in Ch&ptd the thesis. In the
fourth approach, both the macrocells and femtocells areéaraty placed based on the PPP,
which is depicted in Fig. 2.12. Then the state-of-the-afemtocells was elaborated on in
Section 2.2.3, including the access control mode, mobilinagement, self organisation and
interference management. One of the most significant cigdle associated with the dense
deployment of femtocells is the potentially strong intesfece as illustrated in Fig. 2.14,
when the femtocells rely on the co-channel deployment ufiegsame frequency bands
as the macrocells. Various techniques have been proposeditigating the interference
problems, which may be summarized in Fig. 2.15. The key #mrtons on interference
management techniques were summarized in Table. 2.5,. ”abland Table. 2.7.

Since the Radio Frequency (RF) bandwidth capable of pnogidi reasonable spatial cov-
erage is a limiting factor, the visible light band of the éfeemagnetic spectrum comes to
rescue. As illustrated in Fig. 2.16, the available spectafivisible light is much wider than
that of RF. As a result, there has been an increasing interd4tC systems as one of the
promising technologies complementary to the traditionalsigstems. We briefly introduced
the history and the state-of-the-art of VLC in Section 2.3.siaple VLC architecture is
illustrated in Fig. 2.17, where the transmitter consista abnventional wireless communi-
cation system and an additional of optical driver, wherertoeiver uses photo-detectors in
order to convert the optical signal to current. In practite transmitter is an LED array,
which is mounted on the ceiling of a room, as depicted in Fid.82 In Section 2.3.1, the
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state-of-the-art VLC technologies were briefly presenieduding the modulation schemes,
multiple-carrier techniques, as well as the VLC networkisgues. Furthermore, we inves-
tigated the challenges in a combined VLC and RF HetNet si@end@he key contributions
of VLC techniques were summarized in Table 2.10, Table 2rid Eable 2.12. We have
summarised the major contributions of Chapter 2 in Table 6.1

Sections Contributions

Reviewed the typical macrocell network modelling approaches, including the Wyner
Section 2.1

model, grid-based model and the PPP based model.

Introduced femtocells, where the history, network modelling and the technical
Section 2.2

challenges of femtocells were investigated.
Section 2.3 Introduced the history of VLC systems and the state-of-the-art of VLC technologies.

Table 6.1: Summary of the contributions of Chapter 2

e Chapter 3: Chapter 3 is mainly focused on the downlink of a multi-cellFA network,
where the femtocells are overlaid onto the static FFR aidadratells. The inter-tier inter-
ference issues were investigated. Furthermore, we stiidéedptimal choice of parameters
in this HetNet scenario. Before we investigated the twoietNet, the review of classical
FFR scheme was presented in Section 3.2. In order to copaheat®Cl, the FFR scheme,
as depicted in Fig. 3.2, is capable of reducing the OCI, hanpeoving the performance of
macrocells. The corresponding performance investigatizere provided in Fig. 3.3 and Fig.
3.4. As expected, the simulation results confirmed that tR@fdutdoor MTs is significantly
reduced, when the FFR scheme is used, instead of the radi¢dldeévelopment, especially
for the CER MTs. Similar observations are valid for the Idagn downlink throughput, i.e.
the FFR scheme is capable of achieving a better performance.

Then, the system model of FFR aided two-tier femtocell néta/avas investigated in Section
3.3, and the topology of the FFR aided HetNet was depictedgn35. Two different spec-
trum allocation schemes were considered for the femtocétls=SA, the femtocells reuse
the entire available RF frequency bandwidth, whilst, thetfecells reuse the frequency band
that was not assigned to the macrocell in the SSA regime,@srsin Fig. 3.6. Firstly, we
considered a HetNet scenario, where the femtocells relySand the system performance
of FFR aided two-tier femtocell networks associated witlAR@as investigated in Section
3.4. More specifically, the per-tier OP was derived in Sec8o4.1, where the OP of an
outdoor macrocell MT was formulated in Lemma 1, while thatofindoor femtocell MT
in Lemma 2. Based on the OP equations derived, the long-teatiadly averaged macrocell
throughput was derived in E@3.25) and Eq.(3.26). Furthermore, the optimal FFR param-
eter configurations were studied in Section 3.4.3. We censiitwo design options, namely
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an area-proportional design and a QoS-constrained de$iga.optimization problem was
formulated as Problem 1 of E¢3.28) and Eq.(3.29) of the area-proportional design, and
that of the QoS-constrained design as Problem 2 of B@1) and Eq. (3.32). These two
problems were then solved by GA. Then, we considered theascenvhere the femtocells
rely on SSA and the corresponding system performance of kdeRl awo-tier femtocell net-
works associated with SSA were investigated in SectionSirailarly, the OP of an outdoor
macrocell MT and that of an indoor femtocell MT was derivedlé&mma 3 and Lemma 4, re-
spectively. Again, the optimal design problems of the FFiRditwo-tier network associated
with SSA were solved using a GA.

The performance results of FFR aided two-tier femtocelvoets were detailed in Section
3.6, where both the femtocell under FSA and that under SS& discussed. The OP of an
outdoor macrocell MT and that of an indoor macrocell MT wa@/ded in Fig. 3.9 and Fig.
3.10, respectively. As expected, the OP of an outdoor malietT is significantly reduced
in both the CCR and CER with the aid of the proposed SSA styategjist the OP of an in-
door femtocell MT is reduced for the FBS located in the CCRitAss confirmed in Fig. 3.9
and Fig. 3.10, our theoretical results were accurate fdr thet FSA and SSA strategies. The
optimal system parameters taking into account the avenagiedber of femtocells per cell are
illustrated in Fig. 3.12, Fig. 3.13, Fig. 3.16 and Fig. 3.The simulation results of Fig. 3.14
and Fig. 3.17 demonstrated that the GA based optimizatiooess is capable of increasing
the ASE. Furthermore, an increased macrocell throughpstaghieved by our SSA using
a jointly optimized spectrum allocation and distance thoés policy. However, recall from
the long-term spatially averaged femtocell throughputation results of Fig. 3.18 that the
benefit of SSA scheme accrues at the expense of partitionengpectrum of femtocells. As
a result, the femtocell throughput is degraded for the S®&e, as evidenced by Fig. 3.18.
Itis concluded that the SSA may be treated as a spectralbyezffifemtocell solution, which
remains fairly unaffected by the FFR aided macrocell at tigt of delivering a limited peak
throughput. By contrast, the FSA regime may be treated aaghput-oriented femtocell
design, which may be deemed as being selfish due to disregandicrocell and its own
spectrum efficiency. We have summarised the major conimifisiiof Chapter 3 in Table 6.2.

e Chapter 4. We shifted our attention from an outdoor HetNet scenariontindoor HetNet
scenario in Chapter 4, where both femtocell and LED lighedagLC are used for providing
indoor coverage. Since the optical wireless system usdfeaatit frequency band compared
to the RF femtocell, there is no interference between thewteworks. An important compo-
nent of the integrated architecture is its RA scheme. Diffetypes of MTs were considered,
namely multi-homing MTs and multi-mode MTs. The related Riheme is investigated in
this chapter, where QoS requirements, such as the achéeglatd rate, the fairness and the
statistic delay requirements are considered.

In Section 4.2, we firstly introduced the system model of Vigihg LED lights, where the
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Sections Contributions

Reviewed the classical FFR scheme. The DL OP and long-term throughput of the
Section 3.2

FFR aided cellular macrocell were quantified by simulations.

Introduced the system model of the FFR aided two-tier femtocell network. Both the
Section 3.3

channel model as well as the FSA and SSA strategies were considered.

Derived the OP of both outdoor macrocell MTs and indoor femtocell MTs, when the
Section 3.4 femtocells use the FSA. Furthermore, the long-term spatially averaged throughput

of both outdoor macrocell MTs and indoor femtocell MTs were presented.

Derived the OP of both outdoor macrocell MTs and indoor femtocell MTs, when
Section 3.5 the femtocells use SSA. Furthermore, the long-term spatially averaged throughput

of both outdoor macrocell MTs and indoor femtocell MTs were presented.
Section 3.6 Provided simulation results and the corresponding analysis.

Table 6.2: Summary of the contributions of Chapter 3

2D model of the room was illustrated in Fig. 4.1. More spealfi; the link characteristics of
VLC were presented in Section 4.2.1, where the optical VL&ndel is modelled as a 'two-
rate’ transmission channel according to the zero LOS biarkind non-zero LOS blocking
scenarios. The SCMT scheme of Section. 4.2.2 was assumieid ichapter, where all LED
lights in the room operate as a single transmission cellepgted in Fig. 4.2. The received
SNR and the achievable bit rate of VLC are given by EQ10) and Eq.(4.12), respectively.
The corresponding received SNR and the ASE were simulatgddtion 4.2.3. As confirmed
in Fig. 4.3 and Fig. 4.4-4.6, all the MTs are adequately cadday the VLC system, when
the density of LED lights is higher than 0.04. It is observeat there are nonetheless SNR
fluctuations for the indoor edge MTs owing to the reflectedralyis also observed in Fig. 4.3
that the SNR becomes near-constant, when the number of IgBE lis higher enough in our
simulations. We further simplified our indoor model as a 2-8del, and the verification was
illustrated in Fig. 4.4-4.6. It was observed that the 2-D eidd capable of characterizing
the ASE of 3-D model.

The indoor HetNet model was described in Section 4.3, wh&i@ §¥nd RF femtocell net-
work are employed for providing downlink coverage, whiclilisstrated in Fig. 4.7. Again,
the channel characteristics of VLC and femtocell were priesk In order to take the delay
requirement into account, the average delay-constraigtbmeeconverted into an equivalent
average rate-constraint using the effective capacityagmpr. The effective capacity of both
the VLC and of the RF femtocell were formulated in E4.18) and Eq.(4.19), respectively.

The RA problem formulation was presented for both multi-frgnMTs and multi-mode
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MTs in the indoor HetNet considered in Section 4.4. More Bjpadly, the fairness of the
system was evaluated using a proportional fairness apipioggection 4.4.1, while the RA
problems of multi-homing MTs and of multi-mode MTs were fafated in Section 4.4.2 and
in Section 4.4.3, respectively. We have demonstrated ltestet problems are concave with
respect to both the transmission probabiftyand to the network selection index Then, we
proposed a decentralized RA algorithm in Section 4.5, wtrereptimization problems were
de-composed into several parallel sub-problems and tleartginal problems were solved
by an iteration approach. The process of the decentraliakdians conceived for multi-
homing MTs and multi-mode MTs were presented in Table 4.2Taiude 4.3, respectively.

Our numerical performance results characterizing thegsep RA algorithms in the con-
text of the indoor HetNet considered were presented in @eeti6. More specifically, the
convergence behaviour of the proposed decentralizeditigowas investigated in Fig. 4.8.
The results demonstrated that the distributed RA algorithaapable of finding the optimal
RA probability for multi-homing MTs as well as the optimal R#obability and network
selection for the multi-mode MTs, respectively. It is obseal in Fig. 4.8 that the speed of
convergence becomes slower, when we increase the numbersfTe objective function
value converges after 60 iterations in our simulations,mthe total number of MTs is set to
be 20. We also compared the performance of multi-homing MTteadt of the multi-mode
MTs for different fairness factors, as depicted in Fig. &g, 4.10 and Fig.4.11. Observe in
these figures that the proposed distributed solution issida@apable of guaranteeing the as-
sociated bit-rate requirements. As expected, the muttithg MTs are capable of achieving
a better performance than multi-mode MTs, since multi-imnMTs are capable of access-
ing multiple networks. Furthermore, it is observed in FigQ,4ig. 4.10 and Fig. 4.11 that
having a higher results in a higher grade of fairness. In order to evaluaeetfects of the
statistical delay parametefsand that of the LOS blocking probabiliy, the overall effective
capacity was studied both in Fig. 4.12 and in Fig. 4.13. Itdsesved from Fig. 4.12 that
the overall effective capacity is reduced upon increadirgdelay exponent. However, the
system performance remains fairly insensitive to the debgyonent in the range spanning
from 1073 to 10~!. As expected, the performance of a VLC system is signifigaaffected
by the LOS blocking probability. When we haye= 1, the LOS ray is blocked, hence
the MTs may only receive a reduced optical power due to theréfiected ray. In order to
satisfy a particular bit rate requirement, the femtoced twaallocate its resources to the rate
MTs having a strict rate guarantee, which is achieved at tioe jof decreasing the overall
effective capacity. Hence it is plausible that when the VL@3 blocking probability is high,
the RF femtocell system becomes more reliable.

We have summarised the major contributions of Chapter 4liteTé 3.

e Chapter 5: In Chapter 5, we extended the investigations of Chapter 4obgidering dif-
ferent transmission strategies for our VLC system. Thelegypomodel and four different
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Sections Contributions
Introduced the system model of VLC using LED lights. The DL received SNR and
Section 4.2 achievable rate of the ACO-OFDM aided VLC system were evaluated by
simulations.
Described the system model of heterogeneous VLC and RF femtocells. The effective
Section 4.3
capacity of both the VLC and femtocell network were derived therein.
Formulated the RA problems, where the diverse QoS requirements formulated in
Section 4.4 terms of the data rate, fairness and the statistical delay requirements were
considered.
Proposed decentralized sub-optimal RA schemes for both the multi-homing MTs
Section 4.5 and the multi-mode MTs, where the RA problems were de-composed into several
parallel sub-problems.
Section 4.6 Presented the related simulation results and the corresponding analysis.

Table 6.3: Summary of the contributions of Chapter 4

transmission strategies were introduced in Section 5.2revthe SCMT, UFR transmission,
CT-2 and FR-2 transmission were presented. More specificaCMT was introduced in
Section 5.2.2, where all the indoor LED lights operate hynilinating a single attocell, as
depicted in Fig. 4.2. In UFR transmission, each LED lightfdts own attocell, as depicted
in Fig. 5.1. In CT-2, the neighbouring two LED lights are mexignto a attocell, as depicited
in Fig. 5.2. In FR-2 transmission, the optical frequencydahVLC is divided into two
frequency band, forming a VLC system having a frequencyeadastor of 2, as depicted in
Fig. 5.3.

In Section 5.3, the performance of ACO-OFDM aided VLC wasutated, where we as-
sumed that 10 MTs are randomly distributed, and the VLC gysipts for the round robin
scheduling scheme. It was illustrated in Fig. 5.4 that SCMHieves the highest bit rate.
However, since only a single MT can be served in one transonisdot, the performance
may degrade in a multi-MT scenario. Furthermore, we assuhad.0 MTs were randomly
located, and the CDF of the achievable bit rate was illustrah Fig. 5.6, which shows
that FR-2 transmission is capable of achieving the highigsate. By contrast, the FR-2
transmission exhibits the lowest bit rate, when the LOS eagsblocked.

In Section 5.4, we formulated the RA problems of the indootNd¢ considered, where both
a femtocell and VLC attocells are used under the consideradf different transmission
strategies of VLC. The decentralized algorithm in Sectidhwas used for solving the RA
problems. As a further contribution, the effective capaoitthe HetNet was evaluated by
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simulations in Section 5.5. The effect of the statisticdhgexponent on the overall effec-
tive capacity was demonstrated in Fig. 5.9, Fig. 5.10 and &ifj1, while that of the LOS
blocking probabilityp was demonstrated in Fig. 5.12 and Fig. 5.13. It was obsehagdhe
FR-2 transmission is capable of achieving the highest éfecapacity for zero LOS block-
ing probability. Compared to the femtocell, the VLC systerhiaves a better performance,
since the bandwidth available for VLC is much wider than tbfathe RF femtocell. By
contrast, when we consider a non-zero LOS blocking proighihe performance of VLC
may be significantly affected by the statistic delay requiat. When the delay requirement
is loose, FR-2 aided VLC may still obtain the highest effeettapacity, and the effective
capacity of VLC is always higher than that of the femtocelbwéver, when we tighten the
delay requirements, observed in Fig. 5.9, Fig. 5.10 and3=ijl that CT-2 exhibits the high-
est performance. It is plausible that the FR-2 transmisisicapable of achieving the highest
effective capacity, when the statistical delay requiretmene loose, because FR-2 is capable
of mitigating the interference on neighbouring attoceswever, CT-2 transmission attains
the best performance, when we tighten the delay requireménirthermore, the RF femto-
cell system becomes more reliable, when the VLC LOS blocgigpability is high, because
FR-2 exhibit the lowest achievable bit rate when there israzero LOS blocking probabil-
ity, as demonstrated in Fig. 5.5. We have summarised therroajaributions of Chapter 5

in Table 6.4.
Sections Contributions
Introduced the topology model of VLC. Four transmission strategies conceived for
Section 5.2
VLC were introduced and the corresponding received SNR were presented.
Section 5.3 The simulation results of the achievable bit rate of VLC were provided
Formulated the RA problems of the indoor HetNet considered, which were solved by
Section 5.4
the proposed decentralized algorithm.
Section 5.5 Presented our simulation results and the corresponding analysis.

Table 6.4: Summary of the contributions of Chapter 5

6.2 Future Research

In this section, we will briefly discuss a number of futureeash ideas.
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6.2.1 Resource Allocation in Two-Tier Cognitive Femtocells with Imperfect Sensing

In the Chapter 3, we considered a two-tier femtocell netywatthere the system performance was
studied. A SSA scheme was proposed for reducing the irgeirtierference. However, the pro-
posed scheme relies on a static solution, and the co-tienfénence may be further reduced using
the more sophisticated RA scheme, as discussed in [170-172]

Furthermore, cognitive radio (CR) constitutes a promigsagadigm proposed for mitigating
the spectrum scarcity problem that has emerged as a reghk afcreased societal need for any-
time anywhere connectivity [252—254]. Briefly, CR is a wéss radio device that can adapt to
its operating environment with the aid of spectrum sensigmtocells readily support the cog-
nitive capabilities, hence inspiring us to incorporate @R technology into femtocell networks,
where the CR-enabled femtocell users may exploit the gpmeticcess opportunities not relied
upon the licensed systems such as macrocell networks andoBddast systems. RA problems of
CR aided two-tier network have already been studied in séeentributions, however, researchers
only considered the perfect sensing scenario [96, 108k Wdrth considering RA problems with
imperfect sensing. The trade-off between the sensingidaranhd the sensing threshold should be
investigated.

6.2.2 Resource Allocation in Vector-Transmission Based VLC and RF Femtocell

In the Chapter 5, we compared four transmission strategieseived for VLC systems. Recently,
a sophisticated transmission strategy was proposed irfj,[@5&re the idea of Zero-Forcing (ZF)
based vectored DL transmission was employed in order tdrei the ICI using a beamforming
matrix. We propose a transmission strategy, where a paieighbouring LED lights constitute an
attocell and perform ZF transmission, as depicted in Fity. Bor practical reasons, we should only
consider the coordination of a pair of neighbouring LED {ght the first stage, since involving
more LED lights would increase the complexity of the systarthe resultant vector transmission
(VT) regime, the network set is defined as\t = {1---m--- , M}, whereM = % assuming
that the number of LED light# is even.

This so called VT-2 transmission regime is capable of siamdbusly supporting transmissions
in a specific frequency band for a maximum of two MTs. For a mgigerved MT pairP,, =
{n1,n2}, the channel gain matrif,, p, representing the transmissions from netwetko the
MT pair P, is denoted add,,, p,, = [Hm, ni Hmoni; Hmino Hma o], Wherem,; andms, are the
pair of LED lights in networkm, respectively. Then the resultant virtual cell is chanazésl by a
weight matrixG,,, p,, which eliminates the interference between the MT®jnso that we have
H,,p,Gnp, = I**%, wherel is the identity matrix. The matri,,, p, can be readily derived
by the pseudo-inverse #,, p,,, which may be written byG., p, = H, ,». (Hmpn HnTLPn> 71,
whereHT denotes the transpose Hf. Furthermore, a power-sharing matfd;,, », is also defined
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Figure 6.1: The 2D model of the room using the LED light based VLC system,

where the VT-2 transmission is assumed.

in order to enforce the per LED power constraint for the sdkeaintaining the total original power.

An power allocation solution was proposed in [256], whichyrba formulated as:

1
Qnr, =wnpd, wnp, :min< > , 6.1
" " " o \[|Gm,p, (a,:) || &1)

whereG,, p, («,:) is theath row of G, p,, .

If the total number of MTs in the coverage of a virtual cell igher than two, each cell should
carry out a MT pairing process first. In this paper, we proppsso-stage MT pairing algorithm,
relying on thecell association stagand on anexhaustive search stagen the first stage, each
MT measures its the distance to all LED lights and sets up aeaxion with the LED light at
the shortest distance. As a result, this MT is associated thé cell covered by the LED light
assigned. After this stage, each cell becomes aware of ¢émtitig of the associated MTs. In the
second stage, the MTs linked to a specific cell should be dante several groups in order to
employ VT-2 aided transmission, where each group contaparaof MTs for transmission. This
sorting problem is solved by an exhaustively search in opepaAssuming thatV,, MTs are
associated with network, networkm firstly selects two MTs from thes&. MTs as a pair. Then
it continues by selecting another two MTs from the remair(idg — 2) MTs as a pair. Each cell
repeats the selection process, until all MTs have beentsdland paired. The potential number of
MT pairs to be considered by the sorting processquals to% , whereC((.')) represents
the combination,|- | is the floor operation antlis the factorial operation. After the exhaustive
search, each cell chooses the best pairing pattern from laljitimate combinations, namely, the
one which provides the highest sum of the achievable bisraiéhe corresponding MT pairing

algorithm is summarized in Table 6.5.
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Table 6.5: MT selection algorithm for VT-2 transmission

Input
The position of MTs and LED lights.
Initialization

Initialize the cell association matrix A € RY*M {4 be zero matrix

Cell association stage:
For n e N
MT n find the nearest LED light u*
finds the virtual network m* containing LED light u*
marks A (n,m*) =1

End for

Exhaustive search stage:
For ceC
finds the MTs in its coverage: find A (:,m) =1
determines the number of its serving MTs N,
lists all possible sorting combination 7,
For each sorting combination
For each transmission group
derive the sum of the bit rate
End for
records the sum of the bit rate for this sorting combination
End for
finds the best sorting pattern, which achieves the highest rate
End for
Output
The MT groups for all cells
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According to the above-mentioned MT selection algorithine, VLC attocellmn may simulta-
neously serve several groups of MTs. Since the MTs in the gsame share the same resources,
we may haved,, , = Bmn,, if {n1,n2} is the MT pair served by the VLC attocell. As a results,
the RA problem becomes different from that described®¥), (5.6) and(5.7). The resultant RA

problem may be formulated as:

Problem 1: maximize Y 3 log[Amn (Bmn)] (6.2)
meMneN
subject to: Y Bmn <1, VmeM, (6.3)
neN

B = Bmn;, 1 <m < U/2,if n; andn; are coupled MTs (6.4)
0< Bmn <1, (6.5)

Sophisticated RA schemes should be designed for solvisgtbblem.

6.2.3 Resource Allocation in a Holistic HetNet

In Chapter 3, we considered an outdoor HetNet, where the REofells was overlaid onto macro-
cells. In Chapter 4 and Chapter 5, an indoor HetNet was ceresig where the RA problems were
solved for a VLC combined with an RF femtocell scenario. Ihigresting to jointly consider both
the indoor and outdoor HetNet, forming a holistic HetNetisitbpic may involve several technical
challenges. For example, the indoor MTs may suffer from iberference imposed by the macro-
cells, As a result, the RA problem becomes quite differemnfiChapter 4 and that of Chapter 5. If
the femtocells use open access, then it is important to desigsource allocation scheme in order
to balance the performance of both the indoor and outdoor, Miich also constitutes a promising

research topic.
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