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Abstract

Energy efficiency is an important issue as the amount of high rate

multimedia wireless communication grows substantially in order to

accommodate more users. Over the past 10 years, there has been an

unprecedented growth in the wireless information transfer volume and

the associated wireless node density. This is especially true in urban

areas in which over 50% of the world’s population reside. Currently,

there are over 7 billion active handsets and 4 million cell-sites globally.

Additional infrastructure, in particular Wi-Fi hotspots in urban areas,

has reached over 350 nodes per square kilometre.

On the other hand, telecommunications operators and vendors are also

facing a serious challenge as the total energy consumed by network

infrastructure as well as the CO2 emissions resulting from their man-

ufacturing and operation increase significantly. Recently, it has been

reported that energy costs can account for as much as half of a mo-

bile carrier’s annual operating expenses. Moreover, the environmental

and financial consequences would also be disastrous if the aggregate

energy consumption of Information and Communication Technologies

(ICT) were to follow the predicted growth trajectory. The current

combination of the energy consumption of service centres and wireless

communication networks accounts for 2–4% of global CO2 emissions

and is expected to reach up to 10% in less than 10 years. Therefore it

is essential for the research community to investigate state-of-the-art

technologies, such as energy-efficient network architecture and proto-

cols, energy-efficient wireless transmission techniques, energy-efficient

home networking, and opportunistic spectrum sharing without caus-

ing tremendous harmful interference pollution to meet the challenges

to improve energy efficiency in communications.



As there are many ways to improve energy efficiency in wireless com-

munications illustrated above, this thesis mainly focuses on improving

the energy efficiency through the enhancement of network capacity. It

starts to examine the relative merits of Long Term Evolution (LTE)

femtocell access points (FAP) and 802.11n Wi-Fi radio access tech-

nologies (RATs) so as to establish a baseline system-level performance.

The results from Monte-Carlo simulations reveal that LTE-femtocells

best suit small home networks, providing a high level of spectral- and

energy-efficiency. With this result in mind, attention is paid to the

next generation of heterogeneous cellular networks, in more detail,

in the DownLink (DL) of Orthogonal Frequency Division Multiple

Access (OFDMA) based LTE networks.

The thesis furthers the study of interference avoidance for a hetero-

geneous network and applies a novel Radio Resource Management

(RRM) algorithm for indoor femtocells. After this, the thesis exam-

ines how to create an algorithm that optimises the location of home

FAP(s) with respect to the dominant interference. This investigation

covers the scenarios of single room single FAP, single room multi-

ple FAPs and multi-room multi-floor multi-FAPs. Finally, special

attention is paid to evaluate the system-level performance using a

stochastic-geometry theoretical framework which acts as a fundamen-

tal basis in the analysis of heterogeneous networks and paves the way

for the study of mitigating interference using a frequency-selective-

surface (FSS) and the work of the trade-off between interference miti-

gation via FSS for indoor home network and outdoor-indoor resource

sharing by turning on and off the FSS.
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Chapter 1

Introduction

1.1 Background

The fourth generation (4G) of mobile communications technology has started

around 2005 which enables a wide range of services including computing and

multimedia applications ranging from navigation to mobile video streaming [2].

The emergence of new technologies and the increasing growth of subscriber de-

mand have triggered the researcher and industries to move on to the 4G network.

Cellular networks are evolving from their telecommunications roots to become

more Internet protocol (IP)-based network as in 4G systems, and are expected to

further converge into the future mobile Internet protocols over the next decade.

With the rapid growth of mobile telephony and networks, end users have wit-

nessed that cellular radio link speed has increased from about 2 Mbit/s with

early 3G systems in the year 2000 to 100 Mbit/s with 4G (Long Term Evo-

lution (LTE) and Worldwide Interoperability for Microwave Access (WiMax))

systems using Multiple Input, Multiple Output (MIMO) radio technology. Simi-

larly, short-range Wireless Fidelity (Wi-Fi) radio speeds have also increased from

11 Mbit/s 802.11b in the year 2000 to 300 Mbit/s with 802.11n [3].

In the 4G cellular network context, one of the fastest emerging growing areas

of information transfer is the mobile data sector. In 2012, the global traffic for

mobile data alone grew by 70%, most of which is video based. In terms of digital

connectivity, approximately 70% of the developed world and less than 20% of

1



1. INTRODUCTION

the developing world is digitally connected [4]. However, the volume of data

communication has increased by more than a factor of 10 over the past 5 years

and the associated energy consumption by 20% [5]. Therefore, there is an urgent

need to improve the wireless capacity of cellular networks in order to match this

tendency of growth in data demand. Moreover, to foster economic growth and

reduce the wealth and knowledge gap: a low energy solution that can increase

connectivity and meet the growing data demand must be found.

One of the key issues faced by mobile operators is the fall in average rev-

enue per user (ARPU) and the growing operational expenditure (OPEX) due

to capacity growth and rising energy prices. The challenge is therefore how to

grow the wireless capacity in a way that minimises the OPEX, and thus improves

the ARPU. Furthermore, there is growing focus on the environmental impact of

information and communication technologies (ICT) sectors. There are tangible

financial and environmental motivations for reducing the energy expenditure of

wireless networks whilst growing its capacity [6].

Currently, the energy story as shown in Fig. 1.1 is as follows:

3900	  
TWh	  

650	  
TWh	  

Wired	  

Wireless	  

(a) Energy consumption of
digital communications

75%	  

15%	  

10%	  
Base-‐sta-ons	  

Backhaul	  

Handsets	  

(b) Energy consumption of
wireless communications

17%	  

8%	  

47%	  

28%	  

Electricity	  Bill	  

Maintenance	  

Backhaul	  Rental	  

Cell	  Site	  Rental	  

(c) Operational expenditure
(OPEX) of a 3G cellular net-
work

Figure 1.1: Energy Consumption of a) ICT and b) Wireless Communications
as of 2008–2010. A single UK cellular network typically consumes 40 MW. c)
Operational Expenditure (OPEX) of typical 3G Cellular Network [1]

• 0.5% of the world’s total energy (14% of the ICT energy) is consumed by

wireless communications, equivalent to 650 TWh.

• Over 90% of this energy is consumed in the outdoor cellular network, of

which 75% is consumed by base-stations, which includes 60 TWh of elec-
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1. INTRODUCTION

tricity (20 million households).

• The utility bill is over $10 billion and 40 MT of CO2 is directly attributed,

with a further 500 MT indirectly attributed.

Thus, many operators are also pledging to reduce carbon emissions [7].

Femtocell is one of the solutions to offload outdoor cellular traffic drastically

so as to tackle the ever increasing energy and cost demand. Along with Wi-

Fi, femtocells is expected to carry 60% of all global data traffic by femtocells

by 2015 [8]. Note that the Wi-Fi counterpart based on 802.11n standards dif-

fer from LTE-femtocells in the sense that they continue to use Carrier Sense

Multiple Access with Collision Avoidance (CSMA/CA) at the Medium Access

Control (MAC) layer in order to maintain compatibility with previous versions

of the standard and to limit implementation complexity. Whether to use femto-

cells or Wi-Fi access points remains unclear in terms of the energy consumption.

Moreover, with the introduction of the new small cells to the current macro-cell

dominated cellular network, what are the best radio access techniques to reduce

the required radiated power and overall power to achieve the required network

throughput needs extensively exploring.

1.2 Structure of This Thesis

The thesis is structured as follows:

• In Chapter 2, the body of investigation first examines the relative merits

of LTE and 802.11n Wi-Fi radio access technologies (RATs), in order to

establish a baseline system-level performance. A simulated novel trade-off

between capacity and energy consumption is presented for indoor networks,

which serves as a useful guidance for deployment [9].

Contribution: This chapter addresses the question on the energy com-

parison of femtocell technology versus 802.11n technology. The compari-

son investigations have been undertaken in two scenarios. In the baseline

conventional scenario, 802.11n APs are deployed on three non-overlapping

channels using a total bandwidth of 60 MHz while FAPs are assumed to

operate on the same frequency with a total bandwidth of 20 MHz. In the

alternative scenario, both 802.11n APs and FAPs have a total bandwidth

3



1. INTRODUCTION

of 20 MHz with a frequency reuse pattern 1 and 3, respectively. A full port-

folio comparison between these two techniques in terms of different number

of nodes and using both adaptive modulation and coding scheme as well as

the Shannon Equation has been characterised.

• Chapter 3 exploits the balance between spectral efficiency and energy ef-

ficiency by employing a new radio resource management (RRM) and hard

frequency reuse approach [10].

Contribution: This chapter furthers the study of interference avoidance

for a network where both the micro-cell and the LTE-femtocells use OFDMA

signalling. A novel interference management approach based on game the-

ory is proposed and the channel quality improvements derived from there

are shown to improve the energy efficiency of the E-UTRAN.

• Chapter 4 examines how to create an algorithm that optimises the loca-

tion of FAP with respect to the dominant interference. This distributed

self-deployment solution includes a novel theoretical throughput framework

which considers the effects of capacity saturation of realistic modulation and

coding schemes and a statistical indoor propagation model [11–14]

Contribution: This chapter provides a best practice in optimising FAP

deployment with very little SINR degradation for micro-cell users. In the

first part of this investigation, this thesis optimises one indoor FAP po-

sition with the aim of achieving the highest mean network throughput in

the presence of co-channel interference from a dominant source (either a

micro-cell or a FAP in an adjust room). The novel contribution is the sim-

ulation results and the proposed theoretical framework that reinforces the

key deployment solutions. Moreover, for a given building size, the trade-off

between increased user QoS and power consumption, as well as the capacity

saturation points are demonstrated in the second part of the study. Finally,

it is shown by simulation that the key results hold for a generic building

with multiple rooms on multiple floors with an outdoor interference source.

The combined results of the three scenarios lead to a general low energy

indoor deployment rule.

• In Chapter 5, existing commonly used analytical models of heterogeneous

cellular networks are reviewed. It then incorporates all the modelling de-
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1. INTRODUCTION

tails available in the literature for studying the downlink performance of

heterogeneous cellular network and proposed a tractable characterisation

for both open- and closed-access multi-tier co-channel/non-co-channel het-

erogeneous networks [15].

Contribution: In the proposed extended Spatial Poisson Point Process

(SPPP), the statistical interference abstraction is introduced for the first

time as of when the study was conducted apart from the the downlink

SINR, and the outage probability (i.e., difference between 1 and coverage

probability) and the ergodic spectral efficiency.

• Chapter 6 utilises the tractable analytical model derived in the previous

chapter to quantify the overall network capacity and the outage probability

in closed-access two-tier heterogeneous networks. A frequency-selective-

surface (FSS) is proposed to act as a barrier between the two networks to

reduce the interference to either side of the users. The effect of the FSS is

characterised with the proposed SPPP model as well.

Contribution: The body of investigation is conducted by extending a

mathematically tractable SPPP framework of a two-tier network for closed

access to include wall and FSS loss and the theoretical energy reduction

gain. The throughput benefit of FSS on the outdoor-indoor cellular net-

work, the potential transmission energy saving compared to the reference

network without FSS deployment and the total energy efficiency compared

to the reference network of deploying more non-co-channel indoor FAPs to

improve the mean user throughput have been intensively examined by a

multi-cell-multi-user simulator reinforced by the extended analytical and

tractable framework provided by SPPP. Lastly, the trade-off between out-

door interference to the indoor users and off-loading indoor traffic to out-

door MBS with the resulting total energy saving has been well balanced

and captured [15].

• In Chapter 7, the conclusions are drawn, and possible future works are

described.

All the reference items mentioned in the above section “structure of the thesis”

are mainly my first-authored publications. The permissions for reusing the papers

have been acquired from the publishers and attached at the end of the thesis.
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Chapter 2

Radio Access Technology

Comparison

The body of investigation first examines the relative merits of LTE and 802.11n

Wi-Fi radio access technologies (RATs), in order to establish a baseline system-

level performance. It was found that LTE-femtocells best suit small home net-

works, providing a high level of spectral- and energy-efficiency. However, the

bandwidth availability of 802.11n allows greater system-level throughput to be

achieved for multi-AP networks, suitable for enterprises. A simulated novel trade-

off between capacity and energy consumption is presented for indoor networks,

which serves as a useful guidance for deployment.

2.1 Introduction

In recent years, mobile data traffic has experienced a tremendous growth due

to the increased popularity of smartphones. Demand for high data rate has left

cellular operators struggling to cope. This is especially the case for indoor mobile

users. Femtocells and 802.11n Wi-Fi networks have been deployed for providing

service to indoor locations where there is no or poor outdoor cellular coverage.

Femtocells have attracted significant attention as a solution to increase the system

capacity of wireless networks, which exploit spectrum reuse widely [16]. Femto-

cell Access Points (FAPs) like Wi-Fi APs are likely to be randomly deployed

6
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and to be moved by users easily. Contrast to existing Wi-Fi APs, carriers are in

favour of FAPs due to their capability of offloading both real-time voice and data

traffic from outdoor 3G base stations (BSs). Both FAPs and Wi-Fi-capable hand-

sets work seamlessly with all mobile phones. With the introduction of femtocell

technology, serving indoor users with large service demand are becoming cheaper

compared with those served by outdoor macrocells and is also very similar to

Wi-Fi technology in terms of architecture, operating frequency, offered services

and data rates [17].

Femtocells still face many technical as well as business challenges compared

with Wi-Fi technology despite their huge potential. The co-channel deployment

of such a large femtocell layer will impact the existing macrocell networks, affect-

ing their capacity and performance [18]. Another serious problem for femtocell

deployment is the incidence of handover due to movement of the user. These han-

dovers cause the reduction of user’s Quality of Service (QoS) level and system

capacity [19]. From the service provider point of view a major concern is the en-

ergy efficiency of femtocell technology, which is vital for the practical deployment

of femtocell base stations and competition with widely deployed 802.11 networks.

This chapter aims to investigate the energy efficiency of femtocell and 802.11

networks in both conventional and alternative scenarios by designing a fair and

scalable performance comparison framework and performing extensive compar-

isons based on the framework. A system level simulator to evaluate a multi-cell

multi-user with Single Input, Single Output (SISO) and Multiple Input, Multiple

Output (MIMO) antenna configurations LTE-femtocells network is implemented,

and an analytical model to evaluate 802.11n network performance for simplicity

and scalability is also developed. As the downlink traffic may constitute a major

part of an LTE network traffic, the performance comparison has been focused on

the downlink with both SISO and MIMO antenna configurations. The results

have been obtained for a typical large office, various traffic loads and target QoS

requirements.

7
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2.2 Investigation Framework

LTE-femtocells support scalable carrier bandwidths, from 1.4 MHz to 20 MHz

based on the standards developed by the 3rd Generation Partnership Project

(3GPP) [20], while the 802.11n currently uses two distinct frequency ranges, 2.4

GHz and 5.0 GHz bands. Each range is divided into a multitude of channels [21].

There are 14 channels designated in the 2.4 GHz range spaced 5 MHz apart

(with the exception of a 12 MHz spacing before Channel 14). As the 802.11n

protocol requires 25 MHz of channel separation, adjacent channels overlap and

will interfere with each other. Consequently, using only channels 1, 5, 9 and 13

is recommended to avoid interference for 802.11n as shown in Fig. 2.1. In the

USA, 802.11 operation in the channels 12 and 13 is actually only allowed under

low powered conditions.

Figure 2.1: Non-overlapping channels for 2.4 GHz 802.11n network

Source: Wikipedia, IEEE 802.11
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2. RADIO ACCESS TECHNOLOGY COMPARISON

According to the above specifications, the comparison investigations have been

undertaken in two scenarios illustrated in Fig. 2.2. In the baseline conventional

scenario 2.2(a), 802.11n APs are deployed on three non-overlapping channels us-

ing a total bandwidth of 60 MHz while FAPs are assumed to operate on the same

frequency with a total bandwidth of 20 MHz. In the alternative scenario 2.2(b),

both 802.11n APs and FAPs have a total bandwidth of 20 MHz with a frequency

reuse pattern 1 and 3, respectively.

802.11n Network
Baseline Network 

Frequency reuse factor 3 
60 MHz in total 

LTE-Femtocell Network

Test Network
Frequency reuse factor 1

20 MHz in total

UE 802.11n AP Femtocell

(a) Conventional scenario

802.11n Network
Baseline Network 

Frequency reuse factor 1 
20 MHz in total 

LTE-Femtocell Network

Test Network
Frequency reuse factor 3

20 MHz in total

UE 802.11n AP Femtocell

(b) Alternative scenario

Figure 2.2: System comparison between LTE-femtocell and 802.11 networks
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2.3 LTE-femtocell Simulator Model

In this section, details of the LTE-femtocell simulator are provided. This simu-

lator has been conceived to simulate downlink scheduling strategies in multi-cell

multi-users environments taking into account BS planning, user mobility, radio

resource optimisation, interference and Quality of Service (QoS) management,

frequency reuse techniques, Adaptive Modulation and Coding (AMC) module,

Single Input Single Output (SISO) and Multiple Input Multiple Output (MIMO)

antenna configurations, and other aspects which are very relevant for industrial

and scientific research. It encompasses both the Evolved Universal Terrestrial

Radio Access (E-UTRAN), the air interface of 3GPP’s LTE upgrade path for

mobile networks, and the Evolved Packet System (EPS), the Internet Protocol

(IP)-based network architecture as shown in Fig. 2.3.

Figure 2.3: E-UTRAN architecture as part of an LTE network

Source: Wikipedia, E-UTRAN
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Three kinds of network nodes are modelled: User Equipment (UE), evolved

Node B (eNB)(Macro Radio Access Network (RAN)) and Home Node B (HNB)(3G

femtocell). This simulator provides a support for radio resource allocation in a

time-frequency domain. LTE allows different timing granularities [22]. Radio

resource allocation is performed every Transmission Time Interval (TTI), each

one lasting 1 ms. Each TTI consists of two slots of 0.5 ms corresponding to

14 Orthogonal Frequency-division Multiplexing (OFDM) symbols in the default

configuration with short cyclic prefix (CP) [23]. In the frequency domain, the

whole bandwidth is divided into 180 kHz sub-channels, each of which contains

12 consecutive 15 kHz sub-carriers. A Physical Resource Block (PRB) is defined

as a time/frequency radio resource spanning over 7 OFDM symbols in the time

domain and 12 sub-carriers in the frequency domain. This is also the smallest

resource element which can be assigned to a UE for data transmission. Therefore,

one TTI for 20 MHz bandwidth contains 100 PRBs with 14 OFDM symbols. The

first three OFDM symbols of every TTI are reserved for transmission of related

downlink control channels. The number of PRBs depends on the system band-

width since the sub-channel dimension is fixed. A system bandwidth of 20 MHz

with 100 resource blocks is considered in this thesis unless otherwise specified.

Physical layer (PHY) aspects are managed for all UEs, eNBs and HNBs.

This is to say, physical parameters and radio channel models proposed in [22]

are connected to each device. Information such as channel quality, perceived

interference level, available bandwidth, list of available PRBs and frequency reuse

pattern are stored and in matrix form for future reference.

2.3.1 Simulation Flow

Fig. 2.4 shows the simulation flow chart for this comparison study. The position

of each user and the traffic conditions are updated within each TTI. Next, the

propagation channel between each UE and its FAP, and the received Signal to

Interference-plus-Noise Ratio (SINR) are properly calculated before scheduling

is performed for each snapshot. The network throughput is then computed by

combining all UEs’ data rates and the QoS data rates are obtained as well.

11



2. RADIO ACCESS TECHNOLOGY COMPARISON

1. Initialisation

• Simulation area parameters
• Number of UEs and FAPs
• System parameters
• Path loss model parameters

2. Distribution of UEs and FAPs

• Uniformly distributed
• Location of FAPs is fixed

3. Path loss and SINR calculation

• Refer to Eq. (2.1), Eq. (3.4),
Eq (2.17)

4. Data rate per UE calculations

• Refer to Table. 2.1 for SISO
scenario

• Refer to Table. 2.2 for MIMO
scenario

5. QoS calculations

• QoS requirement is 5%-tile

6. Evaluation

• Numerical and graphical outputs

Figure 2.4: LTE-femtocell Simulation flow

2.3.2 Initialisation

In the first part of the initialisation procedure for this comparison study, all the

parameters that remain constant during the whole simulation lifecycle are set.

The following parameters can be adjusted as needed:

• number of users,

• number of FAPs,

• size of the office,

• FAP transmit power

• bandwidth,

• carrier frequency,

• frequency reuse pattern,

12
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• target QoS.

A total number of 50 users are distributed randomly and uniformly across the

whole enterprise office whose area is 20 m × 16 m. It is worth mentioning that

the number of users and the office size can be configured as required. Only one

single floor building with light internal walls (e.g. plaster board) is considered.

The number of FAPs varies from 1 to 6. However the number of FAPs can be

configured to any integer. The simulation results are less meaningful after the

number of FAPs is greater than 6. Due to the omni-directional radiation pattern

of the FAP, its deployment was conducted to minimise the mean distance from

users to FAP. Therefore, there is always one FAP deployed in the middle of the

room except for the case of 2 FAPs, in which case they are placed at the foci of

the ellipse layout. For the remaining deployments, all other APs excluding the

middle one are placed evenly around the circumference of the ellipse as shown

in Fig. 2.5. Investigation of optimal AP placement and interference management

are covered in Chapter. 4.

2.3.3 Propagation Model

The path loss model implemented in the simulator is adopted from Chapter 4 in

the book [24]. The path loss between a FAP and a mobile user can be calculated

as follows:

PL = 18.7 log10 (d) + 46.8 + 20 log10

(
f

5

)
, (2.1)

where, PL is the total path loss in dBs. f is frequency of transmission in MHz.

d is distance in metres. The model assumes an aggregate loss through furniture,

internal walls and doors. Unlike other models, which are site-specific, this method

does not require a knowledge of the number of walls between the two terminals.

Therefore it enables a simpler implementation and can be generalised across a

wide range of buildings.

13
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(a) 1 FAP (b) 2 FAPs

(c) 3 FAPs (d) 4 FAPs

Figure 2.5: Femtocell access point placement for 1,2,3 and 4

2.3.4 Signal Model and SINR Calculation

The baseband downlink received signal in the presence of the interference can be

expressed as follows:

y0[t] = h0x0[t] +
K∑
k=1

hkxk[t] + w0[t], (2.2)

where h0, hk ∼ CN(0, 1) and w0 ∼ CN(0, σ2) are the channel coefficient of the

desired BS, kth interfering BS and the noise at time t for flat fading channels,

respectively. They are modelled as independent and identically distributed (i.i.d.)

circularly symmetric complex Gaussian random variables with zero mean and a

variance of one and σ2 at time t, respectively . The output estimated signal
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from the matched filter is given by Eq. (2.3) (projecting the received signal in the

direction of the channel):

ŷ0[t] =
h∗0
|h0|2

y0[t],

= x0[t] +
h∗0
|h0|2

K∑
k=1

hkxk[t] +
h∗0
|h0|2

w0[t].

(2.3)

The SINR of the estimated signal γ
SISO

can be calculated as below:

γ
SISO

=
E(|x0[t]|2)

E(| h∗0|h0|2
∑K

k=1 hkxk[t]|2) + E(| h∗0|h0|2w0[t]|2)
,

=
P0

E(| h∗0|h0|2 |2)E(
∑K

k=1 |hkxk[t]|2) + E(| h∗0|h0|2 |2)E(|w0[t]|2)
,

=
P0

1
|h0|2

∑K
k=1 |hk|2Pk + 1

|h0|2σ
2
,

=
|h0|2P0∑K

k=1 |hk|2Pk + σ2
,

(2.4)

where P0 is the received power of a certain sub-carrier from the desired BS, Pk is

the received power of the same sub-carrier from the kth interfering BS and σ2 is

the noise power. Here, perfect channel synchronisation has been assumed in this

thesis unless otherwise specified.

The downlink channel with Alamouti 2 × 2 received signal model can be

expressed as:

y0 22[t] = H0 22x0 22[t] +
K∑
k=1

Hk 22xk 22[t] + w0 22[t], (2.5)

where x0 22 and xk 22 are the transmit vectors (2 × 1), w0 22 is a noise vector

(2 × 1) and its samples are circularly symmetric complex Gaussian distributed

variables ∼ CN(0, σ2) with zero mean and variance of σ2. Hi 22(i = 0, k) is an
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equivalent channel matrix given by:

Hi 22 = (H1i 22,H2i 22)T , (i = 0, k), (2.6)

where

H1i 22 =

(
h1i1 h1i2

h∗1i2 −h∗1i1

)
, (2.7)

and

H2i 22 =

(
h2i1 h2i2

h∗2i2 −h∗2i1

)
, (2.8)

are the equivalent Alamouti channel matrices of received antenna 1 and antenna

2, respectively. h1i1, h1i2, h2i1 and h2i2 are the channel coefficients modelled as

i.i.d circularly symmetric complex normal random variables ∼ CN(0, 1) with

zero mean and a variance of one. The first two channel coefficients are from

transmitting antenna 1 and 2 to receiving antenna 1, the remaining two are from

transmitting antenna 1 and 2 to receiving antenna 2 of the ith BS. Therefore, Eq.

(2.6) can employ Eq. (2.7) and (2.8) to be:

Hi 22 =

(
H1i 22

H2i 22

)
, (i = 0, k),

=


h1i1 h1i2

h∗1i2 −h∗1i1
h2i1 h2i2

h∗2i2 −h∗2i1

 .

(2.9)

The estimated signal from the Alamouti receiver can be obtained by multiplying

y0 22[t] with the pseudo inverse of the equivalent channel matrix of the corre-

sponding BS. For a general (non-square) matrix, the pseudo inverse is defined

as H−1 = (HHH)−1HH , where HH is the transpose conjugate, also known as
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Hermitian, of the matrix H. Hence the estimated signal ŷ0 21[t] is given by:

ŷ0 22[t] = (HH
0 22H0 22)−1HH

0 22y0 22[t],

= (HH
0 22H0 22)−1HH

0 22H0 22x0 22[t] +
K∑
k=1

(HH
0 22H0 22)−1HH

0 22Hk 22xk 22[t]

+ (HH
0 22H0 22)−1HH

0 22w0 22[t],

(2.10)

where HH
i 22Hi 22 and (HH

i 22Hi 22)−1HH
i 22Hi 22 can be calculated by the following

Eq. (2.11) and Eq. (2.12):

HH
i 22Hi 22 =

(
h∗1i1 h1i2 h∗2i1 h2i2

h∗1i2 −h1i1 h∗2i2 −h2i1

)
h1i1 h1i2

h∗1i2 −h∗1i1
h2i1 h2i2

h∗2i2 −h∗2i1

 ,

=

(
|h1i1|2 + |h1i2|2 + |h2i1|2 + |h2i2|2 0

0 |h1i1|2 + |h1i2|2 + |h2i1|2 + |h2i2|2

)
,

=
‖Hi 22‖2

2
I2, (i = 0, k),

(2.11)

(HH
i 22Hi 22)−1HH

i 22Hi 22 =
2

‖Hi 22‖2
I2
‖Hi 22‖2

2
I2 = I2. (2.12)

where I2 is a 2×2 identity matrix and ‖ · ‖ is an operation of the Frobenius norm

for a vector or matrix (e.g. ‖Hi 22‖ =
√

2(|h1i1|2 + |h1i2|2 + |h2i1|2 + |h2i2|2).

Eq. (2.10) can be simplified as:

ŷ0 22[t] = I2x0 22[t] +
2

‖H0 22‖2

 K∑
k=1

HH
0 22Hk 22xk 22[t] + HH

0 22w0 22[t]

 , (2.13)

The SINR of the estimated signal γ
MIMO2×2

can be calculated as below (Note that

the transmit power is shared between two antennas in order to have the same total

radiated power from two transmitting antennas and hence the received power is

17
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also halved):

γ
MIMO2×2

=
1
2
P0I2

4
‖H0 22‖4 [

∑K
k=1 E(HH

0 22Hk 22HH
k 22H0 22)1

2
Pk + E(HH

0 22H0 22)σ2]
,

=
‖H0 22‖4P0I2

4
∑K

k=1 E(HH
0 22Hk 22HH

k 22H0 22)Pk + 2‖H0 22‖2
2

I2σ2
,

=
‖H0 22‖4P0I2

4
∑K

k=1H22PkI2 + ‖H0 22‖2σ2I2

.

(2.14)

where

E(HH
0 22Hk 22H

H
k 22H0 22) = H22I2, (2.15)

and

H22 = (|h101|2 + |h102|2)(|h1k1|2 + |h1k2|2) + (|h201|2 + |h202|2)(|h2k1|2 + |h2k2|2).

(2.16)

Eq. (2.14) implies that the SINR values on both antenna streams are identical and

the symbols can be decoupled at the receiver easily owing to the characteristic of

Alamouti scheme. Hence, the SINR value for the single stream Alamouti 2× 2 is

equal to:

γ
MIMO2×2

=
‖H0 22‖4P0

4
∑K

k=1H22Pk + ‖H0 22‖2σ2
. (2.17)

The corresponding system capacity will be determined after using the detailed

SINR derivation and its associated link adaptation value discussed in the following

section.

2.3.5 Link Adaptation

Link adaptation, or Adaptive Coding and Modulation (ACM), is a term used in

wireless communications to denote the matching of the modulation, coding and

other signal and protocol parameters to the conditions on the radio link (e.g.

the pathloss, the interference due to signals coming from other transmitters, the

sensitivity of the receiver, the available transmitter power margin, etc.). The

process of link adaptation is a dynamic one and the signal and protocol param-
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eters change as the radio link conditions change. The simulator supports link

adaptation by changing the Modulation and Coding Scheme (MCS) based on the

channel quality (i.e., SINR). Table 2.1 and Table 2.2 present the SISO and MIMO

link adaptation look-up tables for an indoor scenario. For instance in Table 2.1,

if the channel quality (SINR) is greater than 3.54 dB but less than 6.28 dB, link

adaptation selects MCS QPSK with code rate 1/3 that translates to 0.57 bits

per resource element. The number of bits per resource element is calculated by

multiplying the rate by the duration of one TTI (1 ms) and then dividing by

the product of the number of OFDM symbols (14) and the total number of re-

source elements (1200). These look-up tables were generated from the Vienna

link level LTE simulator [25] under WINNER II A1 multipath model [26]. The

corresponding Block Error Rate (BLER) and throughput versus Signal to Noise

Ratio (SNR) curves of the look-up tables are illustrated in Fig. 2.6.
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Table 2.1: Downlink SINR requirement for SISO LTE-femtocell indoor scenario
with 20 MHz bandwidth (Nbits/subcarrier stands for number of bits per subcarrier)

SINR (dB) Rate (Mbps) Modulation Code rate Nbits/subcarrier

-2.00≤γ<1.89 3.47 QPSK 1/9 0.21

1.89≤γ<3.54 7.17 QPSK 1/4 0.43

3.54≤γ<6.28 9.54 QPSK 1/3 0.57

6.28≤γ<9.36 12.04 QPSK 0.42 0.72

9.36≤γ<11.34 14.29 QPSK 1/2 0.85

11.34≤γ<11.75 15.64 QPSK 2/3 0.93

11.75≤γ<14.36 17.19 QPSK 0.73 1.02

14.36≤γ<17.48 26.14 16QAM 0.46 1.56

17.48≤γ<19.42 28.64 16QAM 1/2 1.70

19.42≤γ<19.72 33.34 16QAM 0.58 1.98

19.72≤γ<21.47 38.19 16QAM 2/3 2.27

21.47≤γ<22.72 45.96 16QAM 4/5 2.74

22.72≤γ<23.26 60.12 64QAM 2/3 3.58

23.26≤γ<25.15 64.17 64QAM 0.90 3.82

25.15≤γ<26.38 67.06 64QAM 0.90 3.99

26.38≤γ<27.65 68.32 64QAM 0.90 4.07

27.65≤γ<28.82 69.23 64QAM 0.90 4.12

28.82≤γ<29.92 69.79 64QAM 0.90 4.15

29.92≤γ<31.97 70.20 64QAM 0.90 4.18

31.97≤γ<33.67 70.63 64QAM 0.90 4.20

33.67≤γ<35.94 70.86 64QAM 0.90 4.22

γ≥ 35.94 71.01 64QAM 0.90 4.23

20



2. RADIO ACCESS TECHNOLOGY COMPARISON

Table 2.2: Downlink SINR requirement for single stream MIMO 2 ×2 LTE-
femtocells indoor scenario with 20 MHz bandwidth

SINR (dB) Rate (Mbps) Modulation Code rate Nbits/subcarrier

-1.02≤γ<0.93 5.33 QPSK 1/4 0.32

0.93≤γ<1.38 9.12 QPSK 0.42 0.54

1.38≤γ<3.23 10.92 QPSK 1/2 0.65

3.23≤γ<3.55 12.69 QPSK 0.58 0.76

3.55≤γ<4.23 14.67 QPSK 2/3 0.87

4.23≤γ<6.71 16.16 QPSK 0.73 0.96

6.71≤γ<6.79 18.97 16QAM 0.43 1.13

6.79≤γ<7.50 20.46 16QAM 0.46 1.22

7.50≤γ<8.02 22.29 16QAM 1/2 1.33

8.02≤γ<8.65 26.09 16QAM 0.58 1.55

8.65≤γ<9.57 27.11 16QAM 0.61 1.61

9.57≤γ<10.84 29.84 16QAM 2/3 1.78

10.84≤γ<12.30 31.83 16QAM 0.73 1.89

12.30≤γ<13.41 35.94 16QAM 4/5 2.14

13.41≤γ<14.35 39.27 64QAM 0.58 2.34

14.35≤γ<14.69 41.83 64QAM 0.62 2.49

14.69≤γ<15.71 46.86 64QAM 0.70 2.79

15.71≤γ<18.19 50.34 64QAM 0.74 3.00

18.19≤γ<18.45 54.17 64QAM 4/5 3.22

18.45≤γ<19.30 57.56 64QAM 0.85 3.43

19.30≤γ<20.46 60.84 64QAM 0.90 3.62

20.46≤γ<21.15 63.54 64QAM 0.90 3.78

21.15≤γ<22.43 64.61 64QAM 0.90 3.85

22.43≤γ<24.34 66.20 64QAM 0.90 3.94

24.34≤γ<27.22 67.20 64QAM 0.90 4.00

γ≥ 27.22 67.72 64QAM 0.90 4.03
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Figure 2.6: BLER and throughput versus SNR plots for the 27 MCSs with SISO
and MIMO Alamouti 2× 2 antenna configurations
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Figure 2.6: BLER and throughput versus SNR plots for the 27 MCSs with SISO
and MIMO Alamouti 2× 2 antenna configurations
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2.3.6 Scheduling

The purpose of the scheduler is to determine which users to transmit data (time

domain scheduler) and on which set of resource blocks (frequency domain sched-

uler). For simplicity in this simulator, the time domain scheduler treats each

user fairly and accepts all the connected users to the frequency scheduler. The

frequency scheduler implemented in each femtocell AP manages and allocates

network resources using a Round-Robin’ (RR) policy. This scheduler assigns re-

source blocks to the users in a closed loop circular manner regardless the users’

Channel State Information (CSI) or SINR. It has the property of allocating re-

source blocks fairly to all the users without using power control. At any time slot,

a user will be allocated as many RBs that are sufficient to transmit the offered

load bits and then the next user will do the same. Once all the RBs have been

assigned, any users left will be discarded. For the purpose of fairness, users who

have the least RBs in the last TTI will be prioritised in the next TTI.

2.3.7 QoS

The instantaneous user data rate in each TTI is calculated by the multiplication of

the number of bits per resource element obtained from the relative link adaptation

table and the number of resource elements that a user has been assigned. Overall

QoS requirements are set in two respects: 1) a minimum target data rate for

individual users in the network; 2) a threshold on the percentage of users that

can achieve the target data rate. From the network service point of view, a

technology (LTE-femtocells or 802.11n) with a specific network configuration can

be said to satisfy the network QoS requirement only if the percentage of users that

achieve the targeted data rate is larger than the percentage threshold, under any

given network topology. In this thesis, the user QoS achieved for the network

service is defined as the highest 95%-ile threshold of the user data rate, thus if

the user QoS achieves 2 Mbit/s then at least 95% of users achieve a minimum

data rate of 2 Mbit/s.
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2.4 802.11n Analytical Model for Energy Effi-

ciency Evaluation

To obtain meaningful results for this comparison study, an analytical model ap-

proach has been used for simplicity and scalability. The analytical modelling

of the Medium Access Control (MAC) layer throughput performance has been

studied by other researchers. Bianchi proposes a classic two-dimensional Markov

chain to determine the saturation throughput of a Wireless Local Area Network

(WLAN) using the Distributed Coordination Function (DCF) [27]. Tay and Chua

propose a model based on average value analysis and study the effects of con-

tention window sizes on the throughput performance [28]. Both of the above

models assume an ideal wireless channel with no physical layer channel errors.

In fact, wireless channels are usually error-prone and the effects of packet er-

rors have an impact on the system performance. Several papers extend the above

system models to study the throughput performance under different channel er-

ror conditions. In this chapter, an approach has been introduced to study the

saturated throughput, user QoS (same difinition as FAP) and energy consump-

tion performances of 802.11n networks under error-prone channels by extending

Bianchi’s model. Two ways to perform frame aggregation at the MAC layer are

specified in 802.11n standard, which has also been considered in this model. [29].

A mature and widely-accepted extensive throughput analytical model is needed

for this energy performance comparison over LTE-femtocells. Thus Bianchi’s

model was selected and extended to propose an energy analytical model for

802.11n, and several assumptions have been made. The model is concerned with

infrastructure mode WLANs that use the DCF MAC protocol. There are a num-

ber of APs operating on 3 different frequency channels deployed and a fixed num-

ber of 50 client stations in the WLAN. Each user is associated with exactly one

AP which provides the highest SINR to that user and each AP with its associated

stations defines a cell. Therefore, DCF is used for single-hop only communication

within the cells and users access data through their serving APs. Each user is

assumed to have saturated traffic. The wireless channel Bit Error Rate (BER)

is Pb. The minimum contention window size is W and the maximum backoff

stage is m. In 802.11 WLANs, control frames are transmitted at the basic rate
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which is more robust in combating errors. They have a much lower frame error

rate as the size of these control frames are much smaller than an aggregated data

frame. Therefore, the frame error probabilities for control frames and preambles

are assumed to be zero.

The system time is divided into small time slots where each slot is the time

interval between two consecutive countdowns of backoff timers by stations which

are not transmitting.

From Bianchi’s model, transmission probability τ in a virtual time slot is given

by:

τ =
2(1− 2p)

(1− 2p)(W + 1) + pW(1− 2p)m
, (2.18)

where p is the unsuccessful transmission probability conditioned on that there is

a transmission in a time slot. When considering both collisions and errors, p can

be expressed as:

p = 1− (1− pc)(1− pe), (2.19)

where pc = 1− (1− τ)Ns−1 is the packet conditional collision probability and pe is

the packet error probability on condition that there is a successful transmission

in the time slot and is given by (2.20), Ns is the total number of contending

stations.

pe = 1− (1− pb)L, (2.20)

where L is the packet size in bits and pb is the BER of a particular MCS level.

Therefore, the network saturation throughput can be calculated as:

S =
E(lp)

E(t)
, (2.21)

where E(lp) is the average packet payload bits successfully transmitted in a virtual

time slot, and E(t) is the expected length of a time slot. E(lp) and E(t) are

computed by (2.22) and (2.23):
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E(lp) = Lps = Lptrps nc(1− pe), (2.22)

E(t) = Tσpσ + Tcptr(1− ps nc) + Tepe + Tsps, (2.23)

where the probability of an idle slot pσ is (1 − τ)Ns , the probability of a non-

collided transmission ps nc is Ns(1−τ)Ns−1

ptr
, the probability for a transmission in a

time slot ptr is 1−pσ = 1− (1− τ)Ns , the probability of a successful transmission

(without collisions and transmission errors) is ptrps nc(1− pe) and τ is computed

by (2.18). Tσ is equal to the system’s empty slot time of 9 µs. Tσ, Tc Ts and

Te are the idle, collision, successful and error virtual time slot’s length and are

defined as follows:

Tc = EIFS, (2.24)

Ts = DATA + BACK + 3SIFS + DIFS, (2.25)

Te = DATA + EIFS + 2SIFS, (2.26)

where BACK = 5.63 µs and DATA are the transmission time for backoff stage

and the transmission time for aggregated data frame, SIFS = 16 µs, DIFS =

SIFS+Tσ , EIFS = SIFS + DIFS +BACK, respectively.

48 of the 52 OFDM sub-carriers are for data and the remaining 4 are for

pilot sub-carriers. Each of these sub-carriers can be a BPSK, QPSK, 16QAM or

64QAM. Table 2.3 lists all valid modes and MCS indexes for 802.11n systems in

both SISO and MIMO transmission mode.

2.5 Energy Metrics

The power consumption of an indoor AP or indeed any cell is dependent on the

hardware technology and the traffic load. Given a fixed hardware technology, the

power consumed by a cell comprises a transmission/load dependent Radio-Head

(RH) part, and an independent fixed overhead (OH) part. Together the RH and

OH constitute the operational (OP) power consumption. During transmission,
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Table 2.3: Valid modes for 802.11n WLANS for SISO and MIMO operation with
20 MHz bandwidth

(a) SISO

Mode Rate (Mbit/s) Code Rate Modulation
1 6 1/2 BPSK
2 9 3/4 BPSK
3 12 1/2 QPSK
4 18 3/4 QPSK
5 24 1/2 16QAM
6 36 3/4 16QAM
7 48 2/3 64QAM
8 54 3/4 64QAM

(b) MIMO

Mode Rate (Mbit/s) Code Rate Modulation
1 6.5 1/2 BPSK
2 13 1/2 QPSK
3 19.5 3/4 QPSK
4 26 1/2 16QAM
5 39 3/4 16QAM
6 52 2/3 64QAM
7 58.5 3/4 64QAM
8 65 5/6 64QAM

the RH is active, and irrespective of transmission, the OH is always active. The

load is defined as the ratio between the traffic demanded and the capacity of the

cell across the coverage area denoted as L = Rtraffic

RI
(where I ∈ {test, reference}

referring to a test and reference network, respectively). Thus, for a fixed traffic

demand, the greater the capacity, the lower the load, and the lower the energy

consumption. This is to say, the network with a higher capacity is more energy

efficient.

In order to compare the energy consumption of the same system operating in

different conditions, the concept of transmission duration and operational dura-

tion are defined. Consider an indoor AP with users that demand a traffic amount

of M bits of data over a finite time duration of TOH
AP . Two systems are considered:

a reference and a test system as the values that I can take from, both of which
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have a capacity that exceeds the offered traffic amount. Due to the fact that

the reference and the test system might have different capacities and scheduling

mechanisms, the duration which the radio-head spends in transmitting the same

M bits is different. In order to compare two systems, a useful Figure of Merit

(FoM) is the Energy Reduction Gain (ERG), which is the reduction in energy

consumption when a test system is compared with a reference system:

ERGOP
RAN = 1− EOP

test

EOP
ref.

= 1− Ntest(P
RH
testLtest + POH

test)

Nref.(PRH
ref.Lref. + POH

ref. )
, (2.27)

where PRH
I = PRF

I /µΣ, µΣ is the RH efficiency [30] and NI is the number of APs.

The capacity of the system is defined as RI = M/TRH
I , which is greater or equal

to the offered traffic demand, Rtraffic = M/TOH
I and LI = Rtraffic

RI
is the ratio of

the offered traffic demand to the network capacity. The term
PRH
I

RI
in (2.27) is an

indication of the average radio transmission efficiency, which does not consider

the overhead energy. This is commonly used to measure energy consumption in

literature [31], and is known as the Energy-Consumption-Ratio (ECR). By

employing the same definition as Eq. (2.27), the radio-head Energy Reduction

Gain (ERGRH
RAN) can be expressed as:

ERGRH
RAN = 1− ERH

test

ERH
ref.

= 1−
NtestP

RH
test

Rtraffic

Rtest

Nref.PRH
ref.

Rtraffic

Rref.

= 1− NtestECRtest

Nref.ECRref.

, (2.28)

The aforementioned energy metrics are based on the SISO scenario. It can be

simply extended to MIMO scenario by considering proportional OH power to the

number of transmitting antennas as MIMO requires the incorporation of several

transceiver chains, one for each antenna link, which may be particularly costly for

low power applications. This leads to the conclusion that a MIMO system with

more than 2 transmitting antennas at the AP is unlikely to provide any energy

efficiency gain, or may even be less efficient than a SISO system, which coincides

with the following results.

For a given offered load demanded by users, a more spectral efficient deploy-

ment is able to transmit the same data for a short transmission time. Over time,
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this amounts to a reduction of the RH energy consumption. The energy saving

caused by spectral efficiency alone is upper-bounded (ERG threshold) by

the ratio of OH energy to OP energy. This upper-bound (ERGOP
RANupper−bound =

1− POH
test

PRH
ref.+P

OH
ref.

= 1− POH
test

POP
ref.

) can be obtained when RI in Eq. (2.27) approaches infinity

on the condition that the same number of APs deployed for both reference and

test systems is considered. In order to significantly reduce energy consumption

further, a reduction in the number of APs is required to meet the QoS needed.

This can only be accomplished by significantly improving the overall throughput

of the AP deployment, which will be covered in Chapter. 4.

2.6 Network Simulations and Results

In this section, energy efficient performance evaluation results for the downlink

LTE feomtcells and 802.11n network are presented. The details of the system

parameters and model assumptions are listed in Table 4.1 [32].

2.6.1 Baseline Results

In this section, simulation results obtained from the conventional scenario in

Fig. 2.2(a) are presented. As the FAPs are co-channel deployed, interference

from outdoor BSs is not currently considered in these baseline results and will

be discussed in the following section. Fig. 2.7 illustrates the maximum down-

link user QoS and average user data rate versus different number of indoor BSs

for both LTE-femtocells and 802.11n network with SISO and MIMO antenna

configurations.
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Table 2.4: Simulation parameters and model assumptions

Parameter Value (FAP) Value (802.11n)

Scenario 20 m × 16 m 20 m × 16 m

System bandwidth 20 MHz 20 MHz & 60 MHz

Carrier frequency 2130 MHz 2400 MHz

Frequency reuse 1, 3 1, 3

Number of FAPs 1-6 1-6

Total number of users 50 50

User Distribution Uniform Uniform

Sub carriers per PRB 12 /

Total number of RBs 100 /

Total transmit power 0.1 watts 0.1 watts

Radio-head efficiency 6.67% 6.67%

Overhead power 5.2 watts 5.2 watts

Pathloss model WINNER II A1 WINNER II A1

Multipath model WINNER II A1 WINNER II A1

Scheduler Round Robin Contention

Antenna configuration SISO MIMO (2× 2) SISO MIMO (2× 2)

Traffic mode Full buffer Full buffer
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Figure 2.7: User QoS and average user data rate vs. the number of indoor
base stations for LTE-femtocells and 802.11n with SISO and MIMO deployment
without outdoor interference
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2.6.1.1 1 Access Point

It is shown that 1 FAP can achieve the maximum downlink user QoS of just

over 1 Mbit/s in both SISO and MIMO deployment owing to the absence of

any interference. It is worth mentioning that there is a 43% improvement in the

spectral efficiency when using 1 FAP as compared to 1 AP. This can be seen

from Fig. 2.8(a). This gain is due to the different scheduler mechanism as well as

the link level MCS between LTE-femtocell and 802.11n network. For the same

bandwidth, LTE-femtocell employs a more spectral efficient adaptive modulation

and coding scheme than 802.11n. 1 FAP offers 4.44% and only 0.40% ERG against

1 baseline 802.11n AP with SISO and MIMO deployment, respectively. This is

shown in Fig. 2.9(a). It was found that for a single AP deployment, a single FAP

is more spectral and energy efficient than a single 802.11n AP.

2.6.1.2 2 or More Access Points

As the number of APs increases, the 802.11n deployment is always more spec-

trally and energy efficient due to the increased operating bandwidth of 60 MHz

with frequency reuse pattern 3, compared to the LTE bandwidth of 20 MHz with

frequency reuse pattern 1. The maximum downlink user QoS decreases dramati-

cally after one FAP scenario and steadily increases until the last number of FAP

observed in this investigation. On the other hand, when the number of APs is

less than or equal to 3, maximum downlink user QoS of 802.11n network has

a linear growth due to the utilisation of the frequency reuse pattern 3 and ac-

quires the maximum downlink user QoS in the scenario of using 3 APs as shown

in Fig. 2.8(b), after which the user QoS starts decreasing due to the inter-AP

interference that arises between the APs causing a degradation of overall perfor-

mance. Comparing Fig. 2.7(c) and Fig. 2.7(d), the average user data rate trend

is roughly same as the QoS trend but the QoS data rate is lower. The operational

ERG performance for LTE-femtocell and baseline 802.11n network is shown in

Fig. 2.9(a). For the number of APs greater than 2, 802.11 APs provides 2.61%

to 16.72% ERG over FAP when utilising more bandwidth than FAP.
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2.6.1.3 SISO vs. MIMO

Fig. 2.8(c) and Fig. 2.8(d) show that Alamouti MIMO 2 × 2 provides benefit

in spectral efficiency relative to conventional SISO deployment by exploiting the

transmit and receive diversity, leading to a higher data rate for both technologies.

However, MIMO is less energy efficient than SISO. This is because Alamouti

MIMO 2 × 2 consumes double OH power compared to SISO deployment with

reference to Eq. (2.27) [30]. For a fair comparison, the RH power for MIMO has

already been halved in the derivation of Eq. (2.13) and the ERG performance

between SISO and MIMO is illustrated in Fig. 2.9(b). SISO yields an ERG of

roughly 40% and 45% for FAP and 802.11n, respectively. This suggests that

the overhead power dominates the energy performance for this study. Therefore,

there is a possibility for MIMO to outperform SISO in the energy perspective

when the QoS is the driven factor. For example, if the QoS of FAP is set around

0.5 Mbit/s, it can be observed in Fig. 2.7(c), 2 MIMO FAPs is sufficient to meet

this requirement while more than 6 SISO FAPs is needed assuming the trend of

QoS remains steadily increasing after the number of FAPs reaches 6.

2.6.2 Results with Outdoor Interference

There is an interest to explore how the interference from an outdoor microcell BS

will affect the performance for indoor co-channel deployed FAPs. Fig. 2.10 shows

the QoS and average user data rate comparison between LTE-femtocells and

802.11n with SISO deployment in the presence of outdoor microcell interference.

This interference is modelled by placing a microcell 150–200 m away from the

office with 20 watts transmit power. The interference is calculated in sub-carrier

level with WINNER II B4 multipath model considered [26]. With reference to

Fig. 2.10, only 1 FAP suffers from the microcell interference and its relating

maximum downlink user QoS drops by 0.25 Mbit/s and the average data rate

has a decrease of only 0.08 Mbit/s compared to Fig. 2.8(a). However 1 AP still

cannot outperform 1 FAP even with the outdoor interference. This shows that

LTE scheduling is significantly more efficient over 802.11 contention based MAC

and the MCS control is much better in LTE. The results of the number of AP

greater than 2 up to 6 remain same as that of in the baseline scenario.
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Figure 2.8: Maximum downlink user QoS and average user data rate comparison
between LTE-femtocells and 802.11n with SISO and MIMO deployment without
outdoor interference

Therefore, for a single AP deployment, an LTE FAP is more spectrally and

energy efficient than an 802.11n AP. This is true both with and without a fully

loaded micro-cell interference source. In order to achieve a higher maximum

downlink user QoS performance, deploying more 802.11n APs is more spectrally

and energy efficient. No more than 3 802.11n APs with SISO antenna configura-

tion should be deployed in the same room; any more causes mutual interference

and degrades the aggregate QoS received by the users.
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Figure 2.9: ERG comparison for LTE-femtocells and 802.11n with SISO and
MIMO deployment without outdoor interference

2.6.3 Shannon Capacity Equation vs. Adaptive MCS ta-

ble

Fig. 2.11 illustrates the QoS and average user data rate comparison between

the Shannon capacity equation and MCS tables in the baseline scenario. The

user data rate saturates at high SINR regime according to the MCS table while

the throughput calculated from the Shannon Capacity equation is significantly

greater and is not likely to be bounded. The value derived from Shannon equation

of either user data rate or gross RAN throughput is far beyond the realistic

scenario although the ERG trends for both throughput calculation methods are

roughly the same as shown in Fig. 2.12. The impact of the energy results using

Shannon capacity equation is not too obvious in this study. However, it is still

worth noting that there exist capacity discrepancies between the Shannon bound

and a realistic system. These discrepancies and the associated impacts will be

further discussed in the following chapters.
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Figure 2.10: QoS and average user data rate comparison between LTE-femtocells
and 802.11n with SISO and MIMO deployment with outdoor interference
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Figure 2.11: QoS and average user data rate comparison between Shannon capac-
ity equation and MCS tables with SISO deployment without outdoor interference
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Figure 2.12: ERG comparison between Shannon and look-up table with SISO
and MIMO deployment without outdoor interference

2.6.4 Alternative (Frequency Reuse) Scenario

The alternative scenario is defined in Section 2, in which both FAPs and 802.11n

APs have a total bandwidth of 20 MHz with a frequency reuse pattern 3 and 1,

respectively. Fig. 2.13 shows the QoS, average data rate and ERG performance

between conventional and alternative scenarios. The case of 1 FAP and 1 802.11n
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AP for both conventional and alternative scenarios are identical. In the alterna-

tive scenario, FAP outperforms 802.11 AP when the number of access points is

3. The average user data rate for 3 FAPs is 1.12 Mbit/s while this value for 3

802.11APs is 0.22 Mbit/s. This is because 802.11 AP suffers server interference

from other APs in the alternative scenario and its physical (PHY) layer adopts

convolution codes which is less efficient than turbo codes used in LTE-femtocell.

Fig. 2.13(b) indicates 3 FAPs provides an ERG of 20.08% in alternative scenario

while 3 802.11n APs offers an ERG of 21.80% in conventional scenario. Hence

FAP investigation is particularly more interested in the following chapters.
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Figure 2.13: User data rate and ERG comparison vs. 3 FAPs and 3 APs SISO
deployment between conventional and alternative scenarios

2.6.5 Remarks

The results in Fig. 2.8(a) covers the results of all four possible combinations

of comparison between one FAP and one 802.11n AP in either conventional or

alternative scenario while the results in Fig. 2.13(a) contains the same number

of combinations results for the case of 3 FAPs and 3 802.11n AP. These four

possible combinations are conventional FAP vs. alternative AP and conventional

AP vs. alternative FAP besides the other two which have already been covered in

the above sections. It is worth mentioning that 3 FAPs in conventional scenario

is more energy efficient than 3 APs in alternative scenario. This is due to the
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mutual impact from the the different scheduler mechanism and coding scheme

applied in both systems.
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2.7 Conclusions

This chapter addresses the question on the energy comparison of femtocell tech-

nology versus 802.11n technology, the methodology and results on the energy ef-

ficiency comparison between LTE-femtocells and 802.11n technologies have been

presented.

A co-channel LTE-femtocell multi-user and multi-cell simulator has been de-

veloped while for 802.11n networks an analytical energy model extended from

Bianchi’s has been developed. Results indicate that 1 FAP is always more energy

efficient than 1 802.11n AP for both SISO and MIMO antenna configurations no

matter whether there is outdoor microcell interference in both conventional and

alternative scenarios. 802.11n AP achieves the maximum downlink user QoS and

average user data rate when fully utilising its 60 MHz bandwidth (i.e., 3 APs)

without any interference whereas FAP suffers severe interfering effects and the

QoS drops dramatically when the number of FAP is greater than 1 in conventional

baseline scenario. For the number of APs greater than 2, 802.11n APs provides

an ERG of 2.61% to 16.72% over FAP when utilising more bandwidth than FAP.

It is also illustrated that FAP are always more energy efficient than 802.11n in

alternative scenario where their bandwidth are constrained to same 20 MHz. This

suggests that using more bandwidth reduces energy consumption. The Alamouti

MIMO 2×2 scheme yields higher spectral efficiency but at the cost of consuming

twice the overhead power which on balance leads to a less energy efficient per-

formance. Nevertheless, using less MIMO APs than SISO to achieve a certain

targeted QoS can reduce OH power, which effectively means MIMO will provide

a positive value of ERG (OP) against SISO deployment.

ERG(OP) results obtained from both the Shannon Capacity equation and

MCS look-up tables were roughly same. However, the absolute values of the QoS

and the RAN throughput calculated using Shannon’s Capacity equation were

significantly greater than those obtained from the MCS look-up tables. This

shows that the Shannon expression can only yield reasonable ratio analysis.

40



Chapter 3

Femtocell Interference Avoidance

Having established the relative merits of the RATs, the thesis considers radio

resource management (RRM) techniques. Hard frequency reuse patterns were

explored as well as time-division (TD) based interference avoidance between

neighbouring FAPs. The investigation of co-channel interference mitigation tech-

niques, such as, interference cancellation through receiver processing, interference

randomisation by frequency hopping, and interference avoidance through resource

usage restrictions imposed by frequency and power planning have become a key fo-

cus area in achieving dense spectrum reuse in 3GPP LTE cellular systems. When

interference cancellation is considered, the interfering signal received is subtracted

at the receiver so that the transmitted information can be successfully decoded.

The use of these techniques in wireless communications systems has been studied

in [33], where the capacity enhancement is achieved from an information-theoretic

point of view. Authors in [34, 35] further analysed such techniques with much

more complicated processes to estimate the interfering signal and cancel it at the

receiver, which may be hardly practical in implementing real communications

systems. Webb suggested careful use of interference cancellation in the book [36]

due to errors incurred during cancellation.

Interference avoidance has attracted considerably more attention than inter-

ference cancellation from both the carrier industry and the academic community

since the complexity of the latter is normally higher to afford. The interference

avoidance can be defined in this thesis as a technique that attempts to mitigate

interference by preventing it from occurring.

41



3. FEMTOCELL INTERFERENCE AVOIDANCE

This has been widely implemented through power control, planning of antenna

downtilt, optimal FAP placement and RRM. The thesis will now exploit the

balance between spectral efficiency and energy efficiency by employing a new

RRM and hard frequency reuse approach.

3.1 Review of Existing Work

Numerous papers have been published on resource allocation in OFDMA systems,

which is employed by standards such as the 3GPP LTE cellular network [37],

as well as IEEE 802.16 wireless broadband and IEEE 802.20 mobile broadband

wireless access (MBWA). However, most of them focused on single cell scheduling

and typically failed to consider the effect of inter-cell interference. Several existing

research studies [38,39] have focused on the improvement of the spectral efficiency

for femtocell network. The author in [38] outlines the cognitive radio technologies

for the future mobile broadband era by proposing a cognitive femtocell solution for

indoor communications in order to increase the network capacity in serving indoor

users and to solve the spectrum-scarcity problems. The aggregate throughput

of two-tier femtocell networks has been improved by a beamforming codebook

restriction strategy and an opportunistic channel selection strategy [39]. However,

little work in the above studies has been devoted to energy consumption.

However, there also have been various approaches to investigate the power

consumption and interference avoidance of the cellular networks. Much of the

previous work [40–42] has focused on minimising the transmit power of BS. The

authors in [43] proposed a new automated method of simultaneously maximising

coverage while minimising the interference for a desired level of coverage overlap.

However, such an approach is not always practical as network optimisation is con-

strained by a number of restrictions on BS placements, interference and power

emissions. Researches in [44] described an approach of adjusting the transmit

power for fixed positions of FAPs in the enterprise offices to achieve coverage

optimisation and load balance, but did not consider the evaluation of effect on

user’s QoS. In [45] , the authors derived the downlink SINR formula for the res-

idential femtocell but the formula had not taken the throughput into account.

A theoretical framework was proposed in [46] to analyse the interference char-
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acteristics of different femtocell sub-bands for OFDMA systems employing the

Fractional Frequency Reuse (FFR) scheme which can be extended to optimise

power and frequency allocation, but the path loss model employed in this frame-

work is far too simple to reflect the real characteristics of the indoor scenario.

Moreover, this method mostly relies on static pre-planned frequency allocations

that slowly evolve through time. As a consequence, it failed to cope with traffic

spatial distribution, user QoS requirement and channel conditions [47].

More understandable, realistic and tailored approaches to OFDMA networks

have been proposed in [48–50]. A dynamic frequency allocation scheme for a

FFR OFDMA-based network was proposed in [48]. This technique improved the

performance of conventional FFR schemes by taking cell load conditions into

account. Nevertheless, no minimum user data rate was guaranteed since the

resource assignment demanded that users were allocated to one sub-channel. An-

other centralised dynamic FFR approach for OFDMA networks was presented

in [49] to maximise the long-term throughput of the network. Furthermore, a

minimum user data rate was guaranteed, which was an improvement from the

previous study. However, a great deal of uplink feedback was demanded due

to the need of inter-cell interference data of every user-sub-carrier pair. In con-

trast, the authors in [50] employed the same MCS to all RBs of a certain user

and proposed a sub-optimal reduced complexity multiuser scheduler which max-

imised cell throughput in scenarios where users had distinct fading in each RB,

but inter-cell interference is neglected.

3.2 Research Contribution

The following sections of this chapter further the study of interference avoidance

for a network where both the micro-cell and the LTE-femtocells use OFDMA

signalling. It is necessary for network planners to carefully analyse the interfer-

ence to the observed FAP as the interference from the dominated source severely

affects system capacity and energy consumption. From an interference manage-

ment point of view, the granularity of resource allocation in OFDMA makes it

possible to estimate the interference thus providing the opportunities to mitigate

the interference on a sub-carrier basis. In this study, a novel interference manage-
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ment approach is proposed and the channel quality improvements derived from

there are shown to improve the energy efficiency of the E-UTRAN.

3.3 System Model

3.3.1 Introduction

The dynamic LTE system level simulator introduced in Chapter 2 is used to

evaluate the proposed scheme for an enterprise office area. Fig. 4.1 illustrates

the system model. Two paired FAPs, which will employ the new algorithm,

are placed in the middle of the left half of the two office rooms and a number of

users are randomly and evenly distributed within the same places . FAPs in other

rooms are defined as ‘other FAPs’ in the rest of this chapter unless otherwise

specified. Rectangular rooms with light internal walls are also considered. The

assumptions made are as follows:

• There is only one outdoor micro-cell interference considered. This is rea-

sonably accurate for this study as proved in Section 5.3.

• The micro-cell is fully loaded and persistently interfere with the FAPs.

• The paired FAPs are not fully loaded and so do not interfere with the

observed FAPs.

• The effect of FAP interference onto the micro-cell is not considered in this

body of investigation as the scope of this study only concerns indoor cov-

erage.

The path loss models implemented in the simulator are adopted from WIN-

NER A1 and B4 [26]. The indoor line-of-sight (LOS) and non-line-of-sight (NLOS)

path loss model PLLOS
in and PLNLOS

in (between the FAP and the mobile user) and

the outdoor-to-indoor PLout−to−in (between the micro-cell BS and the mobile user)

are defined as follows, respectively:

PLLOS
in = 18.7 log10 (dFAP) + 46.8 + 20 log10

(
f

5

)
, (3.1)

PLNLOS
in = 20 log10

(
dFAPf

5

)
+ 46.4 + 5nFAP

wall , (3.2)
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Figure 3.1: Simulation model

PLout−to−in = 36.7 log10 (dmicro) + 22.7 + 26 log10

(
f

5

)
+ PLwall + 0.5din, (3.3)

where f is the frequency of transmission in GHz. dFAP, dmicro and din are FAP-

to-user, micro-cell-to-user and outdoor wall-to-user distance in metres. PLwall is

the wall loss penetration factor in dBs. nFAP
wall is the number of internal walls. The

received Signal to Interference-plus-Noise Ratio (SINR) is calculated as below:

γ =
|hi|2Pi∑K

k=1,k 6=i |hk|2Pk + |hmicro|2Pmicro + σ2
, (3.4)

where hi, hk and hmicro ∼ CN(0, 1) are the channel coefficient of the observed FAP,

interfering FAPs and micro-cell BS, respectively. They are modelled as indepen-

dent and identically distributed (i.i.d.) circularly symmetric complex Gaussian

random variables with zero mean and a variance of one. Pi is the received power
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of one sub-carrier from the observed FAP, Pk and Pmicro are the received power

of the same sub-carrier from the interfering FAPs and micro-cell BS and σ2 is

the noise power. Without considering more advanced techniques of scheduler,

the study considers a round-robin scheduler, which evenly partitions the resource

blocks between users.

3.3.2 Sequential Game Coordinated Radio Resource Man-

agement (SGC/RRM) Algorithm

The motivation of the SGC/RRM algorithm is to exploit the communication

between the FAPs, via the X2 interface, with a vision of exchanging instanta-

neous offered traffic information with the objective of reducing the neighbouring

FAP interference thus reducing the required transmit power thereby reducing the

energy consumption. In this study, the SGC/RRM algorithm is defined as a dy-

namic radio resource allocation functionality modelled as a two player sequential

game in which both players are independent FAPs. A two player sequential game

generally involves the first player choosing a strategy and then the second player

deciding what strategy to adopt based on the strategy of the first player. In this

study the sequential game was played out between the two FAPs closer to the

micro-cell as shown in Fig. 4.1.

3.3.2.1 Player Status Assignment (PSA)

PSA determines the principal player FAP and the agent player FAP. PSA is

formulated as follows:

maximise
∑

k∈{0,1}

Lk(1− βk), (3.5a)

subject to
∑

k∈{0,1}

βk = 1. (3.5b)
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where k is the FAP index, Lk is the offered traffic (Mbit/s) of FAP k. βk are binary

values, βk ∈ {0, 1}, which represent the PSA. The value of βk is 1 if cell k is the

agent player and 0 if cell k is the principal player [51].

3.3.2.2 Game Strategy Definition

The game strategy of each player (principal or agent) defines the choice of trans-

mission frequency bands. The transmission frequency band strategy set St for

both the principal player and the agent player was carefully chosen to adhere to

the possible LTE bandwidth utilisation specifications i.e. 1.4, 3, 5, 10, 15 and

20 MHz. St is defined as:

St = {Idle,VLow,Low,MediumL,MediumH,High,VHigh}. (3.6)

Considering a maximum LTE transmission bandwidth of 20 MHz, Fig. 3.2 presents

the SGC/RRM algorithm definition of the individual FAP strategies. Further-

more the individual strategies of the principal player and the agent player were

designed to avoid interference between the players.

3.3.2.3 Player Interference Rank Measurement

The FAP interference rank measurement Rk is a classification of the amount of

interference to FAP k due to the paired FAP participating in the SGC/RRM

algorithm. The FAP interference rank measurement of each player is a function

of the transmission frequency strategies adopted by both the principal (sPt ) and

agent (sAt ) players [10].

Rk = f(sPt , s
A
t ), k ∈ {0, 1}, (3.7)

where sPt and sAt are the transmission frequency strategies of principal and agent

players respectively, defined in Eq. (3.6). Higher FAP interference rank values

represent greater interference between the players. Thus the FAP interference

rank Rk is proportional to the number of interfering frequency bands. In this

study the constant of proportionality was chosen as unity, however any positive

constant may be utilised.
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Figure 3.2: SGC/RRM algorithm player strategy definition

Rk = F, k ∈ {0, 1}, (3.8)

where F is the number of interfering frequency bands in MHz.
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3.3.3 Player Strategy Selection

First the principal player decides what strategy to adopt based on the offered

traffic presented, and then the agent player decides what strategy to adopt given

the strategy of the principal player. The SISO capacities of the LTE Physical

Downlink Shared Channel (PDSCCH) for 1.4, 3, 5, 10, 15 and 20 MHz are 4.26,

10.65 17.75, 35.51, 53.26, 71.01 Mbit/s, respectively using the highest modulation

and coding scheme (MCS). In order to achieve these capacity values, SINR values

greater than 35.94 dB are required. Since the users on average experience SINR

values of 30 dB, this thesis utilised a reduction factor of 103

103.594 = 0.25 from

the capacity values in order to characterise the instantaneous offered traffic, e.g.

offered traffic between 0 Mbit/s and 1.1 Mbit/s (4.26 × 0.25) are characterised as

low loads whereas the threshold of high load starts at 2.13 Mbit/s (4.26 × 0.5).

The agent player chooses a transmission strategy from the set of transmission

frequency strategies that minimises its FAP interference with the principal player

given the transmission frequency strategy adopted by the principal player, defined

by Eq. (3.9).

sAt = min
s∈St

(RA(s)|SPt ). (3.9)

Table 3.1: Interference Rank Pay Off Matrix

sAt
Idle

sAt
VLow

sAt
Low

sAt
MediumL

sAt
MediumH

sAt
High

sAt
VHigh

sPt Idle 0 0 0 0 0 0 0
sPt VLow 0 0 0 0 0 0 1.4
sPt Low 0 0 0 0 0 0 3

sPt MediumL 0 0 0 0 0 0 5
sPt MediumH 0 0 0 0 0 5 10
sPt High 0 0 0 0 5 10 15
sPt VHigh 0 1.4 3 5 10 15 20

The best response strategies are the strategies that result in a FAP interfer-

ence rank measurement of zero. From the player FAP interference rank payoff

matrix (Table. 3.1), it is observed that there are multiple best responses (roll back

equilibriums) that the agent player can adopt given the strategy of the principal

player. In situations where the agent player has multiple best response strategies
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to the strategy adopted by the principal player, the agent’s best response strategy

that utilises more of the transmission band is chosen as the agent players strategy.

It is worth noting that the principal player will only play the idle strategy if and

only if the offered traffic presented is 0 Mbit/s; by definition this implies that the

agent player can adopt the strategy up to a very high regime. The SGC/RRM

algorithm is repeated periodically to capture the dynamic characteristics of the

instantaneous offered traffic and ensure that no single player (FAPs) dominates

the principal player status.

3.4 Simulation Results

In this section, the thesis presents the performance of the interference avoidance

techniques in terms of the SINR performance, the spectral efficiency, the radio-

head ECR and the operational ERG. The details of the system parameters and

model assumptions also listed in Table. 3.2 are: Room size (10 m × 20 m),

system bandwidth (20 MHz), carrier frequency (2130 MHz), total number of

users (21), user distribution (Uniform), FAP transmit power (0.1 W), FAP radio-

head efficiency (6.67%), FAP overhead power (5.2 W), micro-cell antenna gain

(10 dBi), dmicro (150 m), outdoor wall loss (10 dB), indoor wall loss (5 dB) and

interference from other FAPs (0–10 W).

The SINR performance is used to quantify the expected channel quality ex-

perienced by a user measured in dBs. The spectral efficiency is used to analyse

the efficiency of the FAP networks in bit/s/Hz. The radio-head ECR perfor-

mance and the operational ERG are used to measure the energy efficiency of the

FAP networks in Joules/bit and the operational energy comparison in percentage,

respectively.

The SGC/RRM algorithm dynamically mitigates the effects of FAP interfer-

ence based on the instantaneous offered traffic presented to the individual FAP in

the E-UTRAN. Fig. 3.3(a) illustrates the comparison of the SINR performance of

the user grids with and without using SGC/RRM algorithm. It can be found that

the SGC/RRM algorithm produced a higher SINR range compared to the base-

line scenario without eliminating any FAP interference. The SINR performance

improvement of the SGC/RRM is due to the fact that a user in a particular FAP
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Table 3.2: Simulation parameters and model assumptions

Parameter Value

Room size 10 m × 20 m

System bandwidth 20 MHz

Carrier frequency 2130 MHz

Total number of users 21

User Distribution Uniform

FAP transmit power 0.1 W

FAP radio-head efficiency 6.67%

FAP overhead power 5.2 W

Micro-cell transmit power 20 W

Micro-cell antenna gain 10 dBi

dmicro 150 m

Outdoor wall loss 10 dB

Indoor wall loss 5 dB

Interference from other FAPs 0–10 W

will not experience interference from one of the dominant neighbouring FAP due

to the fact that the user’s serving FAP is engaged in the SGC/RMM algorithm

with one of the dominant interfering FAP. An improvement in SINR translates

to utilisation of fewer resource blocks for a given offered traffic, thus reducing the

required transmit power and radio-head energy.

The comparison of the spectral efficiency for the FAP network is presented in

Fig. 3.3(b). It can be seen that the spectral efficiency decreases in both baseline

and SGC/RRM algorithm scenarios along with the increase of total interference

from those which are not paired into this particular group. However the difference

in spectral efficiency of the two scenarios reduces steadily with the increase of the

interference. Due to the fact that most of the user’s SINRs are usually in the

high regime as shown in Fig. 3.3(a), all the users can be scheduled in the first

TTI. That is to say, the targeted QoS for each user is met.

The radio-head and operational energy performance of the SGC/RRM al-
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Figure 3.3: Trade-off of spectral efficiency and energy efficiency

gorithm were compared with the baseline scenario as shown in Fig. 3.3(c) and

Fig. 3.3(d). The SGC/RRM algorithm is more energy efficient than the base-

line case. This can be explained that the SGC/RRM algorithm provides the two

players a chance to use only half of the total radio power in the whole network

compared to the baseline scenario to produce more than half of the total RAN

throughput. It can be found that the SGC/RRM algorithm works more effec-

tively when the strength of the surrounding interference becomes stronger (i.e.

larger than 15 dB). It should also be noted that this algorithm can offer 2.5%–

3.5% and 1.6%–2.2% of the operational energy reduction in high load and low

load scenarios.
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3.5 Conclusions

This body of investigation has applied a strategy of interference avoidance to an

indoor LTE-femtocell network of 2 FAPs, which mitigates the effects of interfer-

ence through a sequential game play between FAPs in the E-UTRAN based on

the offered traffic presented to the individual FAP. This is done for a 2-D office

scenario. The comparisons of the simulation results have shown that up to 12%

in radio-head energy and 3% in operational energy can be saved by consuming

less than half the radio-head power while maintaining the user offered traffic un-

changed. It is worth noting that the proposed scheme to can be extended to be

played by more than 2 FAPs as long as the extra care is provided in designing

the interference rank pay off matrix.
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Chapter 4

Deployment Location

Optimisation of Indoor

Femtocells

Having presented one way to boost throughput and the associated energy effi-

ciency by interference mitigation using frequency domain restriction and transmit

power limit of a FAP, the thesis will now examine how to create an algorithm

that optimises the location of FAP with respect to the dominant interference.

This distributed self-deployment solution includes a novel theoretical throughput

framework which considers the effects of capacity saturation of realistic modula-

tion and coding schemes and a statistical indoor propagation model. The results

demonstrated that by knowing the strength and direction of the dominant in-

terference source, significant throughput and energy savings gains can be made

by optimising the location of FAPs. Furthermore, it shows that optimising the

location of access points both within a building and within the individual rooms

is critical to minimise the energy consumption.

Whilst the location and transmission of outdoor BSs are controlled by oper-

ators to meet throughput and coverage targets, there is less understanding and

control on where indoor FAPs can be placed. Conventionally, indoor FAPs are

located in areas of convenience (i.e., near an electricity socket or in the corner of

a room). Indeed, the end-user cannot always arbitrarily decide where a FAP can
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be placed, but this investigation shows that given a choice of regions in a room,

there are regions which are more beneficial than others. The detection of the

beneficial regions can be implemented as a distributed solution, embedded inside

the FAPs. It requires no significant effort on the end-user’s part as the study

also demonstrates that the optimisation algorithm is rapid, automated and is a

one-off process.

4.1 Review of Existing Work

There have been various approaches to investigate the optimal BS placement to

achieve the operator’s desired downlink user QoS or coverage targets, but there

is some lack of knowledge about optimal indoor FAP deployment in the research

community. Optimal placement of wireless nodes have been previously investi-

gated in [52–55], whereby iterative computational techniques were used to find

the optimal location of multiple nodes. Given that the diverse variations in build-

ings, such a model requires knowledge of: the building structure, electromagnetic

properties of materials, and user locations. This is not a practically distributable

solution for homes and small enterprise scenarios. Alternatively, other research

has assumed that the coverage of the FAP is circular and the user locations are

fixed. To the best of the author’s knowledge, no middle-ground has been found

between a deterministic and the statistical modelling approach. Given a general

building structure, no explicit rule has been devised for where a FAP should be

placed, as a function of statistical network parameters and co-channel interfer-

ence.

A global optimisation approach in commercial buildings has been proposed

in two recently published articles [56,57]. However, the literature over-simplified

the role of capacity saturation and the effect of interference, which will lead

to a misleading result. On the contrary, the work in this chapter will show

that by jointly considering the effects of interference and capacity saturation, the

optimisation solution is significantly different from those of noise-limited channels

without capacity saturation. When the capacity saturation is considered, placing

FAP closer to those saturated users will not increase their data rate any more.
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4.2 Research Contribution

Given the large number of propagation variables in indoor buildings and its rela-

tion to the outdoor cellular network, this work provides a best practice in opti-

mising FAP deployment with very little SINR degradation for micro-cell users. In

the first part of this investigation, this thesis optimises one indoor FAP position

with the aim of achieving the highest mean network throughput in the presence

of co-channel interference from a dominant source (either a micro-cell or a FAP

in an adjacent room). In contrast with previous research, the analytical approach

is corroborated by means of a Monte Carlo simulation which encapsulates sub-

carrier level interference and user mobility modelling. The novel contribution

is the simulation results and the proposed theoretical framework that reinforces

the key deployment solutions. Moreover, for a given building size, the trade-off

between increased user QoS and power consumption, as well as the capacity sat-

uration points are demonstrated in the second part of the study. Finally, it is

shown by simulation that the key results hold for a generic building with multiple

rooms on multiple floors with an outdoor interference source. The reason why

only one dominant outdoor micro-cell interference has been considered is because

given that a building is inside the coverage of a cell, the interference of that cell

will be far greater than neighbouring cells that are further away (this excludes

the extreme case that the building is right at the boundary of two cells). The

combined results of the three scenarios will lead to a general low energy indoor

deployment rule.

4.3 Single Room Single FAP Placement

4.3.1 System Model

Previously in Chapter 2, the optimal number of APs to deploy in a single room

has been considered. The conclusion was that for a low maximum downlink user

QoS target, 1 FAP is the most energy efficient deployment. For higher maximum

downlink user QoS targets, 2–3 802.11n APs should be deployed. In this section,

simulation is used to determine where to place this 1 FAP given that there is
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an outdoor interference source from a micro-cell. Furthermore, result of 1 FAP

optimal placement with a theoretical background has been reinforced. Fig. 4.1

illustrates the system model. A number of users are randomly and uniformly

distributed within the indoor office area. The mean user downlink throughput is

considered as the objective metric for optimisation. Two single rectangular rooms

with internal light walls are considered. The path loss models implemented in

the simulator are the same as those used in Chapter 3 (Eq.(3.1) to (3.3)). The

investigation considers the scenario of 1 FAP with 1 interfering outdoor micro-BS,

followed by the scenario of 1 FAP with 1 adjacent interfering FAP. The common

assumptions made are [58]:

Desired	  signal	  	  
Dominant	  interference	  
Subordinate	  interference	  

To	  be	  op6mised	  

To	  be	  op6mised	  

D	  m	   Y	  m	  0	   Y	  m	  

D	  m	   Y	  m	  0	   Y	  m	  

Outdoor	  cell	   Femtocell	   UE	  
y	  	  

x	  	  

o	  	  

Figure 4.1: Simulation and theoretical model

• There is only one outdoor micro-cell interference considered. This is rea-

sonably accurate for this study as proved in Section 5.3.

• The dominant interfering cell(s) (micro-BS in the first scenario and micro-

BS plus FAP in the other room in the second scenario) have a full buffer
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and persistently interfere with the serving-FAP on all channels.

• The channel mode is statistical in order to yield generalised insights into

indoor FAP placement.

• The building is not right at the boundary of two cells.

4.3.2 Simulation Framework

In the simulation framework, the FAP location is varied across the room. For

each location, a sufficiently high number of user positions are considered to yield

converging results. The traditional brute-force exhaustive grid-search is employed

to find the optimal FAP placement that yields the highest mean user throughput.

The simulator supports adaptive MCS based on the channel quality (i.e., SINR).

The link level MCS is generated from the Vienna LTE simulator [25] under the

WINNER II A1 multipath model [26]. The corresponding throughput versus SNR

curves of the look-up tables and the Shannon bound are illustrated in Fig. 4.2.

It can be seen that simply using the Shannon Capacity expression will result in

a huge discrepancy compared to a realistic wireless cellular system.

4.4 Theoretical Framework

In order to verify the simulation result of the optimal coordinate for a FAP to

maximise the mean averaged area throughput in a particular office, an extensive

theoretical model to solve this optimal problem has been developed under certain

assumptions. The theoretical throughput expressions take into account the effects

of capacity saturation, whereby any improvements in the channel quality yields

no improvements in the throughput. This is due to the mutual information satu-

ration of realistic transmission modulation schemes. The theoretical framework’s

assumptions are as follows [59]:

• The variation of throughput is predominantly along the interference align-

ment between the serving-FAP and the interference source.

• A modified Shannon expression is used for throughput, which accounts for

the mutual information saturation of modulation and coding schemes.
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Figure 4.2: Throughput vs. SNR from WINNER II A1 SISO configuration and
Shannon bound

4.4.1 Dominant Micro-BS Interference

Consider a FAP network with one dominated micro-BS interference, where a FAP

is located at (a, b) in the Cartesian co-ordinate system, a micro-BS is located at

D m away from the nearest office wall and a user is located at (x, y). The γx,y

defined as the received SINR for a user at a particular position can be expressed

as,
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γx,y =

PFAP

(dx,y,FAP)1.87×1046.8/10×( f
5

)2

PmicroGmicro

(dx,y,micro)3.67×10
(22.7+PLwall+0.5dx,y,in)/10×( f

5
)2.6

+ σ2
,

≈ PFAPD
3.67 × 10(22.7+PLwall)/10 × (f

5
)2.6

PmicroGmicro × 1046.8/10 × (f
5
)2

100.5dx,y,in/10

d1.87
x,y,FAP

,

= Kγ
10βdx,y,in

dαi,FAP

,

(4.1)

where
PFAPD

3.67×10(22.7+PLwall)/10×( f
5

)2.6

PmicroGmicro×1046.8/10×( f
5

)2
is denoted as Kγ, α = 1.87 and β = 0.05.

PFAP and Pmicro are the transmit power of FAP and micro-BS, respectively. Gmicro

is the expected value of the antenna gain from the micro-BS. dx,y,FAP is the ith

FAP-to-grid distance and dx,y,micro is the ith micro-BS-to-grid distance. dx,y,in

is the distance between the wall and ith grid. As D � dx,y,in, dx,y,micro can be

accurately estimated as D. γx,y can then be re-written as Kγ
10
βdx,y,in

dαi,FAP
.

For a given FAP position of (x = a, y = b), the mean throughput of a user

attached to this FAP across all positions is:

Ca,b =
1

A

∫∫
A

log2(1 + γx,y) dx dy,

≈ 1

A

∫∫
A

log2(γx,y) dx dy,

=
1

A

∫∫
A

log2

Kγ
10β|y|(√

(x− a)2 + (y − b)2
)α
 dx dy.

(4.2)

It can be seen from Fig. 4.3 (the same structure and layout as Fig. 4.1) that the

typical SINR γx,y is in the high regime ranging from 15 to 45 dB so that a high

SINR approximation is reasonable. According to the MCS physical-layer capacity

simulations, the capacity will saturate when γx,y > γs = 35.94 dB, where γs is

defined as the saturation SNR threshold. Hence, the throughput values

(Ca,b) across the room is not continuously increased and should be modified to

reflect this saturated region, which is shown as dbp1 and dbp2 in Fig. 4.4. It is also
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Figure 4.3: SINR grid map

worth pointing out that γx,y hardly fluctuates along the x axis, which is the axis

orthogonal to the direction of the dominant interference. Therefore, Eq. (4.2) can

be re-written as Eq. (4.3):

C
b

=
1

Ys + Yns

CsYs +

∫
Yns

log2

(
Kγ

10βy

|y − b|α

)
dy

 , (4.3)

where Cs = log2(1 + 10
γs
10 ) bit/s/Hz. Ys and Yns are the length of saturated and

non-saturated capacity ranges, respectively.

It is important to note that due to capacity saturation, the mean throughput

of the indoor users has to be broken up into the following 3 scenarios:

1. Scenario 1 (0 < b ≤ b1) : the FAP is close to the outdoor interfering-BS

(window), so that the only non-saturated throughput region is away from

the FAP and interfering-BS.

2. Scenario 2 (b1 < b ≤ b2): the FAP is in the middle region of the room so

that the non-saturated throughput regions exist both towards and away

from the interfering-BS.

3. Scenario 3 (b2 < b ≤ Y ): the FAP is far from the interfering-BS, so that

the only non-saturated throughput region is towards the interfering-BS.
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Figure 4.4: Illustration of the analytical scenarios in terms of the saturated
throughput region with respect to different FAP positions inside the room.

4.4.1.1 Formulation Scenario 1

In scenario 1, the farthest coordinate for FAP cannot exceed b1 where the SINR

value at the wall close to the micro-BS side (i.e. dx,y,in = 0) should just achieve

the saturation SNR threshold γs. Hence, b1 can be calculated as:

Kγ
10βdy,in

bα1
= 10

γs
10 ,

⇒ b1 = α

√
Kγ

10
γs
10

.

(4.4)
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The throughput can therefore be expressed by:

C
b

1 =
1

Y

∫ b+dbp2

0

Cs dy +
1

Y

∫ Y

b+dbp2

log2

[
Kγ

10βy

(y − b)α
]

dy,

=
(b+ dbp2)Cs

Y︸ ︷︷ ︸
= P1

+
(Y − b− dbp2) log2Kγ

Y︸ ︷︷ ︸
= Q1

,

+
β log2 10

Y

∫ Y

b+dbp2

y dy − α

Y

= S1︷ ︸︸ ︷∫ Y

b+dbp2

log2(y − b) dy,

= P1 +Q1 +
β log2 10

2Y
[Y 2 − (b+ dbp2)2]︸ ︷︷ ︸

= R1

−α
Y
S1.

(4.5)

The breaking-point term dbp2 can be solved by the following equation:

Kγ
10β(b+dbp2)

dαbp2
= 10

γs
10 ,

⇒ dbp2 = B exp
[
−W (−F )

]
,

(4.6)

where B = 10
b

20α

(
Kγ

10
γs
10

) 1
α
, F = ln 10

20α
B, W is the Lambert W function, namely

the branches of the inverse relation of the function f(W ) = W exp(W ). S1 can

then be calculated in (4.7). By substituting Eq. (4.7) for S1 in Eq. (4.5), C
b

1 can

be finalised as:

C
b

1 = P1 +Q1 +R1 −
α

Y
(T1 − U1). (4.8)

4.4.1.2 Formulation Scenario 2

When the position of FAP is on the coordinate b2, the user’s SINR at the other

end of the office is equal to γs. b2 needs to be determined before assigning the

proper limits for the mean throughput integral. With reference to Eq. (4.4), b2

can be found to be:

Kγ
10βY

(Y − b2)α
= 10

γs
10 ,⇒ b2 = Y − α

√
Kγ10βY

10
γs
10

. (4.9)
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S1 =

∫ Y

b+dbp2

log2(y − b) dy = y log2(y − b)
∣∣∣∣∣
Y

b+dbp2

−
∫ Y

b+dbp2

y

(y − b) ln 2
dy,

= Y log2(Y − b)− (b+ dbp2) log2 dbp2︸ ︷︷ ︸
= T1

− 1

ln 2

∫ Y

b+dbp2

y − b+ b

y − b dy,

= T1 −
1

ln 2

[
y + b ln(y − b)

]∣∣∣∣∣
Y

b+dbp2

= T1 −
1

ln 2

[
Y − b− dbp2 + b ln(Y − b)− b ln dbp2

]
,

= T1 −
(
Y − b− dbp2

ln 2
+ b log2

Y − b
dbp2

)
︸ ︷︷ ︸

U1

.

(4.7)

After b2 is solved, the mean throughput in this scenario can therefore be

expressed by:

C
b

2 =
1

Y

∫ b−dbp1

0

log2

[
Kγ

10βy

(b− y)α

]
dy +

1

Y

∫ b+dbp2

b−dbp1
Cs dy

+
1

Y

∫ Y

b+dbp2

log2

[
Kγ

10βy

(y − b)α
]

dy,

= P2 +Q2 +R1 +R2 −
α

Y
(T1 + T2 − U1 − U2),

(4.10)

where dbp1 can be solved by the following equation:

Kγ
10β(b−dbp1)

dαbp1
= 10

γs
10 ,

⇒ dbp1 = B exp
[
−W (F )

]
,

(4.11)

and

P2 =
(dbp1 + dbp2)Cs

Y
, (4.12)

Q2 =
(Y − dbp1 − dbp2) log2Kγ

Y
, (4.13)
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C
b

=


P1 +Q1 +R1 − α

Y
(T1 − U1), 0 < b 6 b1

P2 +Q2 +R1 +R2 − α
Y

(T1 + T2 − U1 − U2), b1 < b 6 b2

P3 +Q3 +R2 − α
Y

(T2 − U2), b2 < b < Y
. (4.20)

R2 =
β log2 10

2Y
(b− dbp1)2, (4.14)

T2 = (b− dbp1) log2 dbp1, (4.15)

U2 =
b− dbp1

ln 2
+ b log2

dbp1
b
. (4.16)

4.4.1.3 Formulation Scenario 3

In the last scenario, the mean throughput expression is very similar to that in

scenario 1 and is given by:

C
b

3 =
1

Y

∫ b−dbp1

0

log2

[
Kγ

10βy

(b− y)α

]
dy

+
1

Y

∫ Y

b−dbp1
Cs dy,

= P3 +Q3 +R2 −
α

Y
(T2 − U2),

(4.17)

where

P3 =
(Y − b+ dbp1)Cs

Y
, (4.18)

Q3 =
(b− dbp1) log2Kγ

Y
. (4.19)

4.4.2 Formulation Summary and Convex Optimisation

Equations (4.5), (4.10) and (4.17) complete the expression of the mean through-

put of the network with respect to the position of the FAP b shown in Eq. (4.20).

By combining the previously mentioned 3 scenarios together, the indoor mean

and aggregate throughput for an interference-limited deployment have been for-

mulated. The benefit of this novel expression is that it can be used to portray
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the dominant trends which govern the throughput performance. The thesis will

now combine the scenarios and perform convex optimisation to find the theoret-

ical optimal FAP location and the resulting mean throughput.

It can be shown that the function is convex and that according to the first

rule of finding the maximum value of a function, stationary points can be deter-

mined by differentiating Eq. (4.20) (Note:
∂dbp1
∂b

= B exp[−W (F )] ln 10
20α[1+W (F )]

and
∂dbp2
∂b

=
B exp[−W (−F )] ln 10

20α[1+W (−F )]
) and then solving the differentiated function for zeros. The re-

sulting expression is a closed form expression and the solutions can be evaluated

by straightforward analytical techniques. All the stationary points are tested in

order to verify the type of the stationary points (maxima) by checking if the cor-

responding value in the second-order differential function of Eq. (4.20) is negative.

Finally, the mean throughput value(s) corresponding to all the stationary points

are compared with all endpoints of the interval of each sub-function in Eq. (4.20)

and the global maximum value is selected as the maximum of mean throughput.

The solution bopt is the optimal coordinate for FAP placement.

4.4.3 Dominant FAP Interference

A similar formulation exists when the dominant co-channel interference source is

from a neighbouring FAP. Consider the same scenario as above with an extra in-

building neighbouring FAP interference located at DF m away from the wall close

to the micro-BS. With reference to Eq. (3.2) (nwall = 1) and Eq. (4.1), the received

SINR γF
x,y can be expressed in Eq. (4.21) by neglecting the subordinate micro-BS

interference (on average 14 dB less than the dominant FAP interference):

γF
x,y =

(
KF

dx,y,FAPint

dx,y,FAP

)αF

, (4.21)

where dx,y,FAPint is distance between the interfering FAP and the serving user,

αF = 2 and KF = 10−0.25. Therefore the mean throughput can be computed

using the same methodology derived for Eq. (4.20). The three sub-functions of

the mean throughput C
F

are given as in Eq. (4.22).

Where DF is the distance between the interfering FAP and the nearest room
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C
F

=


P F

1 +QF
1 +RF

1 − αF
Y
S1, 0 < b 6 bF1

P F
2 +QF

2 +RF
1 +RF

2 − αF (S1−S2)
Y

, bF1 < b 6 bF2
P F

3 +QF
3 +RF

2 − αF
Y
S2, bF2 < b < Y

(4.22)

wall,

P F
1 =

(b+ dbp2F )Cs

Y
, (4.23)

P F
2 =

(dbp1F + dbp2F )Cs

Y
, (4.24)

P F
3 =

(Y − b+ dbp1F )Cs

Y
, (4.25)

QF
1 =

(Y − b− dbp2F ) log2KF

Y
, (4.26)

QF
2 =

(Y − dbp1F − dbp2F ) log2KF

Y
, (4.27)

RF
1 =

αF
Y

[
(Y −DF ) log2(DF − Y ) + (DF − b− dbp2F ) log2(DF − b− dbp2F )

− Y − b− dbp2F
ln 2

]
,

(4.28)

RF
2 =

αF
Y

[
DF log2DF − (DF − b+ dbp1F ) log2(DF − b+ dbp1F )

− b− dbp1F
ln 2

]
,

(4.29)

bF1 =
KFDF

αF
√

10
γs
10

, (4.30)

bF2 = Y − KF (DF − Y )
αF
√

10
γs
10

, (4.31)

dbp1F =
KFDF

KF +
αF
√

10
γs
10

, (4.32)

dbp2F =
KFDF +

αF
√

10
γs
10 b

KF +
αF
√

10
γs
10

. (4.33)
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Table 4.1: Simulation parameters and model assumptions

Parameter Value

Scenario 10 m × 20 m

System bandwidth 20 MHz

Carrier frequency 2130 MHz

Frequency reuse 1

Number of FAPs 1

Total number of users 10

User Distribution Uniform

Total number of PRBs 100

FAP transmit power 0.01–0.1 watts

Micro-cell transmit power 5–40 watts

FAP Radio-head efficiency 6.67%

Overhead power 5.2 watts

Pathloss model WINNER II A1 & B4

Distance between Micro-to-FAP 150–400 m

Wall loss 0–20 dB

Scheduler Round Robin

Antenna configuration SISO

Traffic mode Full buffer

After solving the differentiated function of Eq. (4.22), the solution bFopt is the

optimal coordinate for FAP placement in this scenario.

4.5 Simulation and Theoretical Results

The optimal placement is judged according to salient system variables, namely:

the micro-BS location, the electromagnetic properties of the walls, and the ratio of

micro-BS and FAP transmit power. A baseline conventional FAP deployment has

been considered for comparison purposes, whereby the reference FAP is placed at

the corner of the room where the power socket is typically located. The parame-
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ters used in the investigation are as follows and also contained in Table. 4.1: Office

size (10 × 20 m), System bandwidth (20 MHz), Carrier frequency (2130 MHz),

Total number of users (10), Sub-carriers per Physical Resource Block (12), FAP

transmit power (0.01–0.1 W), micro-BS transmit power (5–40 W), FAP radio-

head efficiency (6.67%), FAP overhead power (5.2 W), Micro-BS distance away

from the office (150–450 m), and Wall loss (0–20 dB).

The result of the comparison between the optimal and the conventional is

illustrated in the sub-plots of Fig. 4.5(a), Fig. 4.5(c) and Fig. 4.5(e). The the-

oretical results are shown as lines and are compared with the simulation results

shown as symbols.

4.5.1 Dominant Micro-BS Interference

4.5.1.1 Throughput Results

The impact of the micro-BS to office distance D on the performance of finding the

optimal position is shown in Fig. 4.5(a), when PLwall = 10 dB, PFAP = 0.1 W and

Pmicro = 20 W. The influence of the wall penetration loss is depicted in Fig. 4.5(c)

when D = 200 m, PFAP = 0.1 W and Pmicro = 20 W. And Fig. 4.5(e) shows the

power ratio of micro-BS to FAP effect on the optimal placement decision.

When the users in the office suffer the most severe interference from the out-

door micro-BS, the optimal FAP position tends to be in the middle of the en-

terprise office. This position steadily moves towards the interfering micro-BS

direction and converges to approximately 5–6 m away from the wall close to the

micro-BS. The black curves in the optimal coordinate plots provide an accu-

rate match to the results obtained from the Monte-Carlo simulator. The mean

throughput difference between the optimal FAP position and the worst position

(i.e. the smallest mean throughput) is illustrated in the lower half of Fig. 4.5(a),

Fig. 4.5(c) and Fig. 4.5(e). The worst position is always at the corner of the far

ending of the office. It can be seen that the difference calculated both in the the-

oretical model by Shannon’s capacity equation and the simulation with a MCS

look-up table range from 0.2 bit/s/Hz to 0.8 bit/s/Hz. The following section will

describes how much operational (OP) energy can be saved for an optimal FAP

position compared to the worst scenario.
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Figure 4.5: Mean throughput difference (between optimal scenario and the base-
line) and operational energy reduction gain (ERG): Theoretical (line) and simu-
lation (symbols) results for optimal FAP placement.
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It can be noted that this solution of optimising the FAP location does not

significantly degrade the outdoor network performance. By moving the FAP

from 0 to 5 m closer to the cell-site, the interference to the outside network is

increased by 0–2.5 dB, compared to when the FAP is placed in the middle of the

room. When compared to the FAP randomly placed closer to the window, the

interference is not significantly increased.

4.5.1.2 Energy Results

Fig. 4.5(b), Fig. 4.5(d) and Fig. 4.5(f) show the ERG performance for the same

three sets of equivalent investigation in Fig. 4.5(a), Fig. 4.5(c) and Fig. 4.5(e).

Approximately 8% of OP energy can be saved when the source of the interference

is close to the FAP (150 m), and 1% OP energy reduction can be made when

the interference source is far from the FAP (450 m). The reason being that in

the latter case, no matter where the FAP is located, all user locations in the

room will experience a saturated throughput. Thus, the challenge of optimal

FAP placement is non-existent.

4.5.2 Dominant FAP Interference
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Figure 4.6: Mean capacity gain and ERG comparison: Theoretical (line) and
simulation (symbols) results of optimal FAP placement with a dominant FAP
interference from adjacent room.
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4.5.2.1 Throughput Results

The impact of the micro-BS to office distance D on the performance of finding the

optimal indoor FAP position is shown in the sub-plot Fig. 4.5(a), with parameters

PLwall = 10 dB, PFAP = 0.1 W and Pmicro = 20 W. The influence of the extra FAP

interference is depicted in the sub-plot Fig. 4.6(a) when D = 200 m, PFAP = 0.1 W

and Pmicro = 20 W.

In the presence of the FAP interference, this position almost remains in the

middle as the saturated region is too small to contribute to the non-saturated

ones. The lines provide an accurate match to the results obtained from the

simulator (symbols). The mean throughput difference between the optimal FAP

position and the worst position (i.e. the smallest mean throughput) is illustrated

in the bottom sub-plots Fig. 4.6(a). The worst position is always at the corner

of the far end of the office.

4.5.2.2 Energy Results

Following the same logic as in the previous macro-cell only scenario, the thesis

now quantifies how much energy can be saved relating to the improvement in

capacity just shown. Fig. 4.6(b) depicts the ERG performance for these two

scenarios shown in Fig. 4.1. Approximately 12% of OP energy can be saved when

the source of the interference is close to the FAP (150 m), and 1% OP energy

reduction can be made when the interference source is far from the FAP (450 m).

In terms of the global context, there are 1 billion people in developed countries

and if each house with 5 people has 1 FAP of a persistent 10 W operational power

consumption, the annual electricity energy consumed is 17-20 TWh (1012 Wh).

This is a lower bound as those duplicate FAPs in un-developed nations, shops,

outdoors and workplace are not considered. With the optimal FAP placement,

1.6 TWh can be saved, which translates to the power generated by two 1000 MW

power plants.

4.5.2.3 Comparison with 3GPP Simulator

In Fig. 4.7(a), the optimal placement results from an industrial indoor network

planning simulator based on 3GPP standards, RANPLAN iBuildNet, are con-
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• If more than one FAP is deployed, one FAP
should be deployed as described above, and
the other FAPs should be placed at maxi-
mum mutual distance so that interference
between FAPs is minimized [11], as shown
in Fig. 6c.
The optimal number and locations of FAPs

should be determined sequentially, from the
lowest number to the highest. In a building with
a small number of rooms, inter-FAP interfer-
ence dominates the indoor network performance
[11].

The above theoretical automated deployment
algorithm employs statistical path loss expres-
sions. The results have been validated against an
outdoor-indoor system simulator known as
iBuildNet [14], using ray-traced path loss models
both outdoors and indoors. The simulation con-
figuration is shown in Fig. 6a, and the results
found strongly agree with those predicted by the
theoretical automated deployment algorithm.
The theory therefore allows two potential bene-
fits: automated deployment of cells that are con-
scious of mutual interference, and providing

initial location input for more protracted simula-
tion-based deployment optimization software.

ENERGY AND COST SAVINGS
A key benefit of deploying a more spectrally effi-
cient network is so that the carbon footprint and
expenditures are reduced. There is already a sig-
nificant commitment from major wireless opera-
tors to cut their carbon footprint and reduce
operational expenditures.

While the total power consumption of an
LPN is typically small (10–25 W), there are
already hundreds of millions of LPNs across the
world, and this figure is set to grow rapidly.
Therefore, it is important to consider their eco-
logical and economical impact. Using bench-
marked system simulation tools, it was found
that the network-wide spectral- and transmit-
energy-efficiency improvement achieved by the
proposed automated deployment over the ran-
dom deployment is approximately 20–50 percent,
depending on the environment [6, 11, 12]. This
leads to a carbon footprint reduction of 7–16
percent and a small operational expenditure
(OPEX) saving of 5–12 percent [7].

Furthermore, as a result of deploying LPNs
more efficiently, it can be argued that fewer
LPNs need to be deployed to achieve the same
mean network performance than the reference
system (random deployment). In that case, both
the energy and cost savings are more profound
and can reach 40–50 percent [4, 7].

FUTURE WORK
To the best of our knowledge, relevant cell self-
deployment and self-organization work has been
conducted mainly by Bell Labs and other Euro-
pean researchers for BSs that can fly or at least
reposition themselves in some way [15]. Howev-
er, it is not yet clear from their work how and
where the cells will reposition themselves and
how the mutual optimization works. The work
conducted in self-deployment provides that
insight. Coupled with certain automated mecha-
nisms, in the future cells can reposition them-
selves in accordance with user patterns, traffic
loads, and interference conditions.

One of the key challenges with deployment
optimization generally is that the optimal capaci-
ty location of a cell may not be available for
practical and economic reasons. In that case,
each node should be equipped with certain self-
optimization features such that suboptimal
placement does not exacerbate the network per-
formance. Another reality is that there is a com-
plex balancing act between profit margins from
capacity improvements and those from savings
made on site rental costs.

CONCLUSIONS
This article has given a survey and tutorial of
emerging work on deploying LPNs in a HetNet.
Due to the high node density of future HetNets,
there is a demand for solutions that can reduce
radio network planning and potentially allow
both outdoor and indoor nodes to be deployed
autonomously or with very little guidance.

Figure 6. Optimal FAP deployment for maximum uniform coverage in: a)
investigation setup in iBuildNet; b) a single room; c) multiple rooms.
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in Fig. 6c.
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lowest number to the highest. In a building with
a small number of rooms, inter-FAP interfer-
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Figure 4.7: Optimal FAP deployment for maximum uniform coverage in: a)
investigation setup in iBuildNet; b) a single room; c) multiple rooms.

sidered. The results from the simulation apply to a large building: Fig. 4.7(b)

without internal walls and Fig. 4.7(c) with internal walls [14]. The results show

that there is a FAP that is always deployed close to the outdoor macro-cell inter-

ference source, which is identical to the result found theoretically in the previous

sub-sections. The key advantage of the method this study presents is that one

can use a simple yet tractable expression to calculate the optimal placement of

FAP without having to run a computationally intense simulator.

4.6 Single Room Multiple FAPs Placement

The thesis now turns its attention to observe how to place more than one FAP

in one single room. The results in Fig. 4.8 shows that when more than 1 co-

frequency AP is deployed in the same room, the mutual interference between

them dominate. The meaning of dots in different colours in the plots is the

association of users to different FAPs. Their location is a trade-off between: being

in the central area to reduce path-loss distance to the users, and being further

away from each other to reduce mutual interference. The RAN throughput for

both optimal and conventional scenarios (placement policy stated in Chapter. 2)

increases as more FAPs are deployed. It reaches a saturation region when 6 FAPs

are optimally placed as shown in Fig. 4.9(a). Compared to the baseline elliptical

deployment discussed in Chapter. 2, there is an average 6% ERG obtained from

the optimal deployment shown in Fig. 4.9(b). The ERG threshold is defined in

the second paragraph under Eq. (2.28).
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Figure 4.8: 2 to 6 FAPs optimal location with respect to mutual interference
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Figure 4.9: Average RAN throughput and ERG performance for 2 to 6 FAPs
between optimal and conventional deployment
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4.7 Multi-Room Multi-Floor FAP Placement

The study now considers a building with F floors and R rooms per floor as

shown in Fig. 4.10. The framework of this comparison is how much energy is

saved when the location of a FAP is optimised compared to an even distribution

of FAPs across the building. This investigation is done for FAPs in the presence

of an outdoor micro-cell interference source. A series of RAN QoS offered

loads on the system is considered and what the minimum number of FAPs is

required to meet this targeted load is examined. The parameters used in the

investigation are as follows: number of floors (3), number of rooms per floor (9),

room size (10 m × 20 m × 4 m), system bandwidth (20 MHz), carrier frequency

(2130 MHz), total number of users per building (300), sub-carriers per Physical

Resource Block (12), FAP transmit power (0.1 W), micro-cell transmit power

(20 W), FAP RH efficiency (6.67%), FAP overhead power (5.2 W), micro-cell

distance away from the room (200 m), and wall loss (10 dB). Fig. 4.11 shows

the optimal locations of FAPs for different numbers of FAPs required and the

associated capacity and energy consumption improvements. The rooms on the

top floor have been numbered 1–9 followed by the rooms on the middle floor

(10–18) and the ones on the ground floor (19–27). The micro-cell base station

is located close to the side of rooms numbered (7–9, 16–18 and 25–27). FAP

positions in yellow indicate that the system performance will be almost the same

when deploying a FAP at either of these positions. FAP positions in blue are the

recommended optimal ones in each scenario.

The results in Fig. 4.11(a) shows that at least 1-2 FAP(s) are always required

near the wall that faces the outdoor interference source, and this should be on

a floor with a similar height to the height of the interfering micro-cell-site. The

other FAPs should be deployed on other floors at the far corners in alternating

pattern to minimise the interference. The positions of the FAPs in blue have to

be fixed while one of the FAPs in yellow can be selected as the last FAP position.

A design principle can be summarised as follows:

1. In the presence of no strong outdoor interference, deploy a single FAP

at centre of building. In the presence of outdoor micro-cell interference,

deploy the FAP near the wall that is closest to the outdoor interference
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Outdoor	  interference	  

Outdoor	  cell	   Femtocell	  

Figure 4.10: Simulation model of 3D multi-floors-multi-rooms (each grid on every
floor represents a room)

source. The floor level should be one that is closest to the height of the

micro-cell.

2. Any single additional FAP should be deployed also near the aforemen-

tioned wall on the same floor, but not in the same room as the first FAP.

3. Any multiple additional FAPs should be deployed not on the same floor,

and at the opposite side of the building in corner rooms. These FAPs

should not be on the same floor as FAPs placed in Steps 1 and 2 and with

each other in Step 3.

4. Any additional FAP that do not satisfy rule 3. is likely to cause energy

inefficiency.

Generally speaking, this rule can cover the optimisation of FAP placement for up

to 6 FAPs, which can provide a sufficiently high QoS. The RAN QoS increases as

the number of FAPs increases. This optimal deployment offers an average 12%
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ERG compared to the baseline even distributional deployment. This is shown

in Fig. 4.11(b). Fig. 4.11(c) illustrates how much energy can be reduced while

deploying the optimal FAPs in this building when comparing to the baseline

scenario for a certain RAN QoS. As the number of FAPs needed for different

targeted RAN QoS is not always the same for optimal and baseline deployment,

ERG threshold is omitted is this comparison.

4.8 Practical Implementation

To achieve this distributed FAP placement solution in reality, the thesis pro-

poses that each FAP employs an in-built algorithm that estimates the following

parameters:

• Dominant interference strength: either via pre-knowledge of where the near-

est outdoor BS is, or alternatively via a walk-and-scan method to locate

the strength and direction of the nearest co-channel interference source.

• Distance exponents of path loss model: can be an in-built knowledge, which

is estimated from known literature by knowing the type of environment that

the building is in.

• Length of building or room and the wall penetration loss: can be derived

by associating the type of wall material and known literature on their pen-

etration loss.

In the current technological-economic environment, any indoor AP placement op-

timisation solution is indeed more suited towards large venues, such as shopping

malls, conference centres and enterprise offices. For home users, given a choice of

convenient locations, the AP can at least advise which is better. This is achieved

by knowing the location of the nearest interference source (macro-cell from cell

planning web-site for example) and applying the proposed algorithm. The opti-

misation algorithm is a one-off and rapid process and has been theoretically

predicted to yield improvements to the throughput and energy efficiency of indoor

networks.

One of the key challenges with deployment optimisation generally is that

the optimal capacity location of a cell, may not be available for practical and

economic reasons. In that case, each FAP should be equipped with certain self-
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optimisation features such that sub-optimal placement does not exacerbate the

network performance.

4.9 Conclusions

In this chapter, a theoretical and simulated optimisation framework has been

proposed to find the optimal placement of an indoor FAP in the presence of

either a micro-BS or an in-building FAP interference source. The framework

takes into account statistical propagation parameters, transmitted power levels,

mutual information saturation and the relative position of the indoor room with

respect to the outdoor micro-BS. This work can be extended to consider multiple

FAPs and outdoor macro-cells.

The comparison between theory and simulation shows good agreement, which

indicates that the theoretical model can yield useful insights into the interaction

between the location of FAPs and the resulting throughput and energy consump-

tion performances. This chapter has demonstrated that optimising placement of

indoor FAP location can significantly boost throughput and this should be an

incentive for customers to consider placing the FAPs at certain regions of a room.

The key result is that the optimal FAP position varies between the centre of

the room and towards the interfering source depending on the scenario. Com-

pared to the conventional FAP placement, a performance improvement of up to

20% in mean throughput and 5 to 40% operational energy reduction have been

achieved. Given the large number of indoor access points in the world, this leads

to a significant world-wide energy reduction. The baseline simulation results

are reinforced with a novel theoretical framework, which can be used to develop

and optimise indoor deployment while causing very little SINR degradation for

micro-cell users.
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Figure 4.11: Optimising indoor femtocell deployment and the capacity and energy
consumption improvements
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Chapter 5

Heterogeneous Network:

Capacity, Coverage and

Interference Performance

Characterisation

The investigation has so far mainly considered the indoor network performance

with dominant outdoor interference from one outdoor cell. By considering the

Macro-cell BS (MBS) and co-channel indoor FAPs, the system-level performance

will be characterised using both the dynamic system simulator and a stochastic-

geometry theoretical framework, namely a Spatial-Poisson-Point-Process (SPPP)

analysis. By introducing the interference from all the outdoor MBSs, there exists

a historical open issue of how to analytically model the the performance of the

heterogeneous cellular network accurately [60]. The mathematical intractability

mainly arises from the difficulty of precisely modelling adjacent interference by

taking into account the spatial locations of the MBSs and the stochastic character

of the wireless channel [61]. An alternative and popular approach of conducting

such analysis is the use of costly, time-consuming and often proprietary system-

level simulators [62]. However, this usual method seldom provides insightful in-

formation on system design and the results of optimisation vary from case to case

in terms of the dependency of the system parameters. With the introduction of
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new infrastructure elements to the conventional single tier cellular network, e.g.,

femto/pico BSs, fixed/mobile relays, cognitive radios, and distributed antennas,

the downside of excessive reliance on simulations is even more exacerbated in

the future cellular network, which is becoming more heterogeneous [8, 63–65].

Therefore, accurate and tractable models for downlink capacity and coverage,

considering full network interference is needed in order not to impede the devel-

opment of techniques to combat the other-cell interference.

5.1 Existing Common Analytical Models

To tackle the other-cell interference, communications researchers usually abstract

tractable but overly simple spatial models of the BSs’ locations for performance

analysis. In particular, there are four abstraction models widely used by infor-

mation theorists in this community.

• The Wyner model [66–68]: which is only accurate if there is a very large

amount of interference averaging over the space because this model is nor-

mally one-dimensional and assumes a unit gain from each BS to the associ-

ated user and an equal gain that is less than one to the two users in the two

neighbouring cells. It is highly inaccurate due to the fact that other-cell

interference was modelled as a constant factor of the aggregate interference.

For evolving cellular systems, such as LTE and Worldwide Interoperabil-

ity for Microwave Access (WiMAX) using OFDMA, the Wyner model and

related mean-value methods are highly inaccurate as the SINR values over

a cell vary dramatically for irregular cell deployment. However, some of

the latest discussions were still conducted via this model to evaluate the

capacity of multi-cell systems [69–71].

• 1-D single interference cell model [72]: which is at least correct for the

two cell case, where SINR does vary for different user position and possi-

bly fading. Nevertheless, most sources of interference in the network with

this approach are still neglected and therefore it is highly idealised. A re-

cent work of such a model for the purposes of BS cooperation to reduce

interference is given in [73]. That such a simplified approach to other-

cell interference modelling was still considered state-of-the-art for analysis
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speaks to the difficulty in finding more realistic tractable approaches.

• 2-D regular hexagonal lattice or square grid model [74]: tractable analy-

sis can sometimes be achieved for a fixed user with only a small number

of interfering BSs, for example by considering the “worst-case” user loca-

tion -the cell edge- and finding the SINR which is still a random variable

in terms of shadowing and/or fading. The performance metrics such as

average user rate and network outage probability can be determined only

for this “worst-case” scenario [75, 76]. These are very pessimistic results

which do not provide much insight into the performance of most users in

the system. Moreover, such a model still requires either intensive numerical

simulations or multi-fold Monte Carlo integrations done by computers [60].

Tractable expressions for the SINR in general for a random user location in

the cell and the probability of outage/coverage over the entire cell are still

unavailable in this model and it usually provides information for specific BSs

deployments, and typically fails to provide useful guidance for more ran-

dom, unplanned, emerging underlaid femtocells and picocells heterogeneous

cellular networks. In a nutshell, this 2-D model is still highly idealised and

may be increasingly inaccurate for the heterogeneous deployments common

in urban and suburban areas where cell radii vary considerably.

• Homogeneous Spatial Poisson Point Process (SPPP) model [77–80]: Mo-

tivated by the aforementioned considerations, a new abstraction model is

currently emerging and gaining popularity, according to which an addi-

tional source of randomness is introduced that the positions of the BSs

are modelled as points of a Poisson Point Process (PPP) compared to

that they are placed deterministically on a regular grid. Powerful tools

from applied probability, such as stochastic geometry, are leveraged to de-

velop tractable integrals and tractable mathematical frameworks for several

key performance metrics (e.g., network coverage and average rate). Such

an approach for BS modelling has been considered as early as 1997 [81].

Subsequently, a similar shotgun-based, PPP-based abstraction model was

proposed in [82], and it was shown that, compared with the traditional

hexagonal grid model, the shotgun approach provides upper performance

bounds, but the key metrics of coverage (SINR distribution) and average
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network rate have not been determined. More recently, the SPPP model

has been widely accepted for the analysis of spatial and opportunistic Aloha

protocol [83], and for the characterisation of the SINR of single tier cellular

networks [84]. In particular, a comprehensive framework to compute cov-

erage and average rate of single-tier deployments is provided in [85]. Until

then, the random-based abstraction model for the positions of the BSs had

not received the attention it deserved. It has been demonstrated that the

SPPP model is as accurate as regular grid models, but it has the main

advantage of being more analytically tractable.

It can be noted that the homogeneous (or stationary) SPPP model, which

benefits from the advantages of stochastic geometry characteristics, will continue

being the main tool to study and analyse large networks of essentially randomly

deployed nodes. This is more true for the femtocells underlaid heterogeneous net-

work where FAPs are formed due to the end-user deployments which are regarded

as falling into a random deployment category. A comprehensive study based on

real BSs deployments obtained from the open source project OpenCellID has re-

vealed that the SPPP model can indeed be used for accurate coverage analysis

in major cities worldwide [86]. There are many other researchers currently using

the SPPP-based abstraction model to study one- and multi-tier cellular networks

and interference in a vast literature corresponding to stochastic geometric mod-

elling and analysis of systems with randomly deployed nodes [87–121]. There

have been three independent efforts to applying stochastic geometry to study

heterogeneous networks: downlink coverage and average network rate in a single-

tier cellular network with general fading and minimum distance cell association

policy, downlink coverage and average network rate in an open-access multi-tier

co-channel cellular network with general fading and maximum average received

power cell association policy and uplink interference and power control mod-

elling in a single-tier cellular network with Rayleigh fading. This chapter will

incorporate all the modelling details available in the literature for studying the

downlink performance of heterogeneous cellular network, introduce a few addi-

tional important features (namely the multi-tier property, statistical interference

abstraction and non-co-channel network performance), and obtain the complete

characterisation of the downlink SINR, and the outage probability (i.e., difference
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between 1 and coverage probability) in both open- and closed-access multi-tier

co-channel/non-co-channel heterogeneous network, for the original case where the

mobile user is tagged to the cell that provides the maximum long-term averaged

received power to the user.

5.2 System Model

Consider a collection of BSs modelled by SPPP Φi of intensity λi (i = 1...k) in the

Euclidean plane, respectively. Then, a heterogeneous cellular deployment can be

modelled as a K-tier network where each tier models the BSs of a particular class

and the k SPPPs are assumed to be spatially independent. The mobile users are

also arranged according to some independent SPPP Φu of intensity λu. Without

loss of generality, the analysis of the model is focused on a typical mobile user

located at the origin. The channel coefficient between the typical mobile user and

a BS is assumed to be independent and identically distributed (i.i.d.) Rayleigh

fading and denoted by Hi ∼ exp(1). The standard path loss propagation model

is applied with the path loss exponent αi > 2. Therefore, the downlink received

SINR assuming the user connects to lth BS in an ith-tier is calculated as below

ignoring antenna gain (G) and log-normal shadowing (S):

γil =
PtiPLChild

−αi
il

K∑
k=1

∑
j∈Φk
\BSil

PtkPLChkjd
−αk
kj + σ2

=
PtiPLChild

−αi
il

Ikj + σ2
, (5.1)

where dil and dkj are the distance between the typical mobile user and its associ-

ated home BS and the jth interfering BSs in the kth-tier, respectively. hil and hkj

follow the defined exponential distribution. Pti is the transmit power of BSs in

the ith-tier. PLC is the path loss constant, which is typically equal to 10−4 [26].

Define the new random variable Gi = PtiPLCHi and hence Gi ∼ exp(βi) where

βi = 1
PtiPLC

.
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5.2.1 Open Access

The thesis defines open access as a typical user can connect to the BS in any

tier while the closed access is defined as the user can only connect to a specific

tier. The typical user in an open access network is tagged to the ith-tier only if

the received power Pri in ith-tier is greater than any received power Prk (k 6= i)

in other tiers. Therefore, the probability that the typical user is tagged to the

ith-tier can be expressed in the following mathematical form:

pTi = ERi

{
P[Pri(ri) > max

k,k6=i
Prk(rk)]

}
,

= ERi

{ K∏
k=1
k6=i

P
[
Pri(ri) > Prk(rk)

]}
,

= ERi

[ K∏
k=1
k 6=i

P
(
Ptir

−αi
i > Ptkr

−αk
k

)]
,

=

∫ +∞

0

K∏
k=1
k 6=i

P

Rk >

(
Ptk

Pti

) 1
αk

r
αi
αk
i

 fRi
(ri) dri,

(5.2)

where fRi
is the probability density function (pdf) of the random variable Ri

denoted as the distance between the typical user and the nearest BS in the ith-

tier. The pdf and cumulative distribution function (CDF) for a random variable

X are denoted, unless otherwise specified, as fX(x) and FX(x). The derivation of

fRi
(ri) is based on the fact that no other BS within the tier is located closer than ri

which is the distance separating the typical mobile user and its associated closest

home BS. Therefore there is no BS at a distance from the typical user smaller

than ri. This probability can be derived by employing the 2-D Poisson process

defined as P[N(D) = m] = (λ|D|)me−λ|D|
m!

. When m = 0 and D = πr2, then the

complementary cumulative distribution function (CCDF) of Ri can be expressed

by this definition as

P(Ri > ri) = P[(BSs closer than ri) = 0] = e−λiπr
2
i , (5.3)
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so that the pdf of Ri can be found by differentiating the CDF of Ri: (1− P(Ri >

ri) = 1− e−λiπr2i ) as

fRi
(ri) =

dFRi
(ri)

dri
= 2λiπrie

−λiπr2i . (5.4)

With the reference to Eq. (5.3), the expression
K∏

k=1
k 6=i

P
[
Rk >

(
Ptk

Pti

) 1
αk r

αi
αk
i

]
in the

last step of Eq. (5.2) can be manipulated as
K∏

k=1
k6=i

e
−λkπ

(
Ptk
Pti

) 2
αk r

2αi
αk
i which can be used

with Eq. (5.4) to further simplify pTi:

pTi =

∫ +∞

0

K∏
k=1
k6=i

P

Rk >

(
Ptk

Pti

) 1
αk

r
αi
αk
i

 fRi
(ri) dri,

=

∫ +∞

0

K∏
k=1
k 6=i

e
−λkπ

(
Ptk
Pti

) 2
αk r

2αi
αk
i · 2λiπrie−λiπr

2
i dri,

= 2λiπ

∫ +∞

0

ri exp

−π K∑
k=1
k6=i

λk

(
Ptk

Pti

) 2
αk

r
2αi
αk
i − πλi

(
Pti

Pti

) 2
αk

r
2αi
αi
i

 dri,

= 2λiπ

∫ +∞

0

ri exp

−π K∑
k=1

λk

(
Ptk

Pti

) 2
αk

r
2αi
αk
i

 dri,

(5.5)

Setting αi = αk = α, pTi yields a more elegant form as
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pTi(α) = 2λiπ

∫ +∞

0

ri exp

−π K∑
k=1

λk

(
Ptk

Pti

) 2
α

r2i

 dri,

= λi

∫ +∞

0

exp

−π K∑
k=1

λk

(
Ptk

Pti

) 2
α

r2i

 d(πr2i ),

=
λi

K∑
k=1

λk

(
Ptk

Pti

) 2
α

.

(5.6)

Eq. (5.6) confirms the intuitive result that a user prefers to connect to a tier

with higher BS density and transmit power. Starting with Eq. (5.3) in mind,

the probability of the event Di > dil can therefore be achieved. By definition,

the event Di > dil is indeed the event of Ri > dil conditioned on that the typical

user is attached to the ith-tier, where the random variable Di is denoted as the

statistical distance between the typical user and the serving BS. The CCDF of

Di > dil can be expressed as

P(Di > dil) = P[Ri > dil|User is attached to ith tier],

=
P[Ri > dil, Pri(Ri) > max

k,k6=i
Prk(Rk)]

pTi
,

=

∫ +∞
dil

K∏
k=1
k 6=i

P

[
Rk >

(
Ptk

Pti

) 1
αk r

αi
αk
i

]
fRi

(ri) dri

pTi
,

=

2λiπ
∫ +∞
dil

ri exp

[
−π

K∑
k=1

λk

(
Ptk

Pti

) 2
αk r

2αi
αk
i

]
dri

pTi
.

(5.7)
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The CDF FDi
(dil) of Di is 1 − P(Di > dil) and the pdf fDi

(dil) of Di is therefore

given by

fDi
(dil) =

dFDi
(dil)

ddil
,

=

2λiπdil exp

[
−π

K∑
k=1

λk

(
Ptk

Pti

) 2
αk d

2αi
αk
il

]
pTi

.

(5.8)

Setting αi = αk = α, fDi
(dil) simplifies to

fDi
(dil)(α) = 2π

K∑
k=1

λk

(
Ptk

Pti

) 2
α

dil exp

−π K∑
k=1

λk

(
Ptk

Pti

) 2
α

d2
il

 , (5.9)

for K = 1, Eq. (5.9) reduces to Eq. (5.4).

The average typical user’s data rate of the overall network is taken over both

the SPPP Φi for all tiers and the exponential fading distribution and is defined

as follows

C =
K∑
i=1

CipTi, (5.10)

where Ci is the mean achievable user data rate in the ith-tier and is averaged over

both the distribution of Di and the exponential fading distribution

Ci = EDi

EΓi

[
Beff log2

(
1 +

γil
γeff

)] ,

= Beff

∫ +∞

0

EΓi

[
log2

(
1 +

γil
γeff

)]
fDi

(dil) ddil,

(5.11)

where the adjustment factor of Beff = 0.56 is the bandwidth efficiency and γeff = 2

is the SNR efficiency for LTE with Round Robin scheduling and SISO antenna

configuration being applied according to [122]. When a continuous random vari-

able X takes only non-negative values, the following formula can be used for

computing its expectation
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E(X) =

∫ +∞

0

P(X > ζ) dζ. (5.12)

With this approach, EΓi

[
log2

(
1 + γil

γeff

)]
can be further developed as follows

EΓi

[
log2

(
1 +

γil
γeff

)]
=

∫ +∞

0

P

log2

[
1 +

PtiPLChild
−αi
il(

Ikj + σ2
)
γeff

]
> ζ

 dζ,

=

∫ +∞

0

P
[
PtiPLChil > γeffd

αi
il (Ikj + σ2)(2ζ − 1)

]
dζ,

=

∫ +∞

0

∫ +∞

0

∫ +∞

γeffd
αi
il (Ikj+σ2)(2ζ−1)

fGi
(gil)fIkj(Ikj|dil) dgil dIkj dζ,

=

∫ +∞

0

e−βiγeff(2ζ−1)σ2d
αi
il

∫ +∞

0

e−βiγeff(2ζ−1)d
αi
il IkjfIkj(Ikj|dil) dIkj dζ,

=

∫ +∞

0

e−βiγeff(2ζ−1)σ2d
αi
il Lkj

[
−βiγeff(2ζ − 1)dαi

il

]
dζ,

(5.13)

where Lkj

[
−βiγeff(2ζ − 1)dαi

il

]
is the Laplace transform of the random variable Ikj

evaluated at −βiγeff(2ζ − 1)dαi
il conditioned on the serving BS being at a distance

dil from the typical mobile user at the origin and it yields
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Lkj

[
−βiγeff(2ζ − 1)dαi

il

]
=

∫ +∞

0

e−βiγeff(2ζ−1)d
αi
il IkjfIkj(Ikj|dil) dIkj,

= EΦk

[ ∫ +∞

0

e

−βiγeff(2ζ−1)d
αi
il

K∑
k=1

∑
j∈Φk
\BSil

PtkPLChkjd
−αk
kj

fGk
(gkj) dgkj

]
,

= EΦk

[ ∫ +∞

0

K∏
k=1

∏
j∈Φk
\BSil

e−βiγeff(2ζ−1)d
αi
il PtkPLChkjd

−αk
kj fGk

(gkj) dgkj

]
,

= EΦk

[ ∫ +∞

0

K∏
k=1

∏
j∈Φk
\BSil

e−βiγeff(2ζ−1)d
αi
il gkjd

−αk
kj βke

−βkgkj dgkj

]
,

= EΦk

[ K∏
k=1

∏
j∈Φk
\BSil

βk

βk + βiγeff(2ζ − 1)dαi
il d
−αk
kj

]
,

= EΦk

[ K∏
k=1

∏
j∈Φk
\BSil

Pti

Pti + Ptkγeff(2ζ − 1)dαi
il d
−αk
kj

]
,

=
K∏

k=1

∫
R2

λk

[
Pti

Pti + Ptkγeff(2ζ − 1)dαi
il d
−αk
kj

− 1

]
ddkj,

=
K∏

k=1

exp


∫
R2

−λk
[

1 +
dαk
kj

Ptk

Pti
γeff(2ζ − 1)dαi

il

]−1

ddkj

 ,

=
K∏

k=1

exp


∫ +∞

(
Ptk
Pti

) 1
αk d

αi
αk
il

−2λkπv

[
1 +

vαk

Ptk

Pti
γeff(2ζ − 1)dαi

il

]−1

dv

 ,

=
K∏

k=1

exp

−λkπ
(
Ptk

Pti

) 2
αk

d
2αi
αk
il

∫ +∞

[γeff(2ζ−1)]
− 2
αk

[γeff(2ζ − 1)]
2
αk

1 + u
αk
2

du

 ,

=
K∏

k=1

e
−λkπ

(
Ptk
Pti

) 2
αk d

2αi
αk
il A(ζ,αk),

(5.14)

where the fourth step follows from the i.i.d. distribution of Gk and its further

independence from the SPPP Φk, the seventh step follows from the probability
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generating functional (PGFL) [123] of the SPPP. In the ninth step, the manipu-

lation results from converting from Cartesian to polar coordinates and the lower

limit of the integral is
(
Ptk

Pti

) 1
αk d

αi
αk
il due to the fact that the closest interferer in

the kth-tier is at least at a distance
(
Ptk

Pti

) 1
αk d

αi
αk
il (from the last step in Eq. (5.2)).

The variable u is substituted for v2[
Ptk
Pti

γeff(2ζ−1)d
αi
il

] 2
αk

in the tenth step.

Combining Eq. (5.13), (5.14) and (5.8), Ci can be finalised as

Ci = Beff

∫ +∞

0

∫ +∞

0

e−βiγeff(2ζ−1)σ2d
αi
il

K∏
k=1

e
−λkπ

(
Ptk
Pti

) 2
αk d

2αi
αk
il A(ζ,αk) dζ

·
2λiπdil exp

[
−π

K∑
k=1

λk

(
Ptk

Pti

) 2
αk d

2αi
αk
il

]
pTi

ddil.

(5.15)

In an interference-limited network, setting σ2 = 0 and all path loss exponents to

α, Ci can be further simplified as

Ci(α)|σ2=0 = Beff

∫ +∞

0

∫ +∞

0

K∏
k=1

e
−λkπ

(
Ptk
Pti

) 2
α
d2
ilA(ζ,α)

dζ

· 2π
K∑

k=1

λk

(
Ptk

Pti

) 2
α

dil exp

−π K∑
k=1

λk

(
Ptk

Pti

) 2
α

d2
il

 ddil,

= 2π
K∑

k=1

λk

(
Ptk

Pti

) 2
α

Beff

·
∫ +∞

0

∫ +∞

0

dil exp

−π
K∑

k=1

λk

(
Ptk

Pti

) 2
α

d2
il[1 + A(ζ, α)]

 dζ ddil,

=

∫ +∞

0

Beff

1 + A(ζ, α)
dζ.

(5.16)

Substituting Eq. (5.16) in Eq. (5.10), C(α)|σ2=0 can be obtained as
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C(α)|σ2=0 =

∫ +∞

0

Beff

1 + A(ζ, α)
dζ

K∑
k=1

pTi,

=

∫ +∞

0

Beff

1 + A(ζ, α)
dζ.

(5.17)

For a special case when α = 4, the mean achievable user data rate of the overall

open access LTE heterogeneous network can be computed as

C(4)|σ2=0 =

∫ +∞

0

Beff

1 + A(ζ, 4)
dζ,

= 0.56

∫ +∞

0

1

1 +
√
γeff(2ζ − 1) arctan

√
γeff(2ζ − 1)

dζ,

≈ 0.92 bit/s/Hz.

(5.18)

The last step follows the approximate value of the numerical integration by us-

ing a method of Gauss-Kronrod quadrature formula and this suggests that the

mean downlink spectral efficiency in an LTE heterogeneous cellular network with

Rayleigh fading and no AWGN is predicted to be 0.92 bit/s/Hz. It reveals that

the average interference-limited network data rate is not affected by BS density,

BS transmit power, or even the number of tiers. This means that adding BSs

or raising the power increases interference and desired signal power by the same

amount, and they eventually offset each other. Therefore, the network sum data

rate increases in direct proportion to the total number of BSs.

The last metric of performance characterisation to be studied is the outage

probability (i.e., difference between 1 and coverage probability). From the right

hand side of Eq. (5.13), the expression inside the integral can be interpreted as

the probability that the data rate is greater than ζ. A similar expression for the

probability that the received SINR is greater than ξ, namely, the probability of

coverage, at any given serving distance dil is given by
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Pcov(dil) = P(γil > ξ) = e−βiξσ
2d
αi
il Lkj

[
−βiξdαi

il

]
,

= e−βiξσ
2d
αi
il

K∏
k=1

e
−λkπ

(
Ptk
Pti

) 2
αk d

2αi
αk
il A(ξ,αk),

(5.19)

where A(ξ, αk) = ξ
2
αk

∫ +∞

ξ
− 2
αk

(1 + u
αk
2 )−1 du. To obtain the probability of coverage

averaging the whole plane in an open access interference-limited heterogeneous

network is obtained by integrating with respect to dil (assume αi = αk = α)

Pcov =

∫ +∞

0

K∏
k=1

e
−λkπ

(
Ptk
Pti

) 2
α
d2
ilA(ξ,α)

fDi
(dil)(α) ddil,

=

(
1 + ξ

2
α

∫ +∞

ξ−
2
α

1

1 + u
α
2

du

)−1

,

(5.20)

and the probability of outage averaging the whole plane is given by

Pout = 1− Pcov,

= 1−
(

1 + ξ
2
α

∫ +∞

ξ−
2
α

1

1 + u
α
2

du

)−1

.
(5.21)

Not surprisingly, the probability of outage and coverage is not a function of the

BS density, transmit power or the number of tiers in an open access heterogeneous

cellular network.

5.2.2 Closed Access

In this subsection, expressions for metrics derived in the open access network will

be provided for the closed access scenario, accordingly. The user can only be

associated with a specific tier. The probability that the typical user is tagged in

the specific ith-tier is 1 and to an other tier is 0 by definition. It should be noted

that the pdf of random variable Di is the same as that for Ri in a closed access
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network. From Eq. (5.11), the mean achievable user data rate in the ith-tier with

closed access can be expressed as

CCA
i = Beff

∫ +∞

0

EΓi

[
log2

(
1 +

γil
γeff

)]
fRi

(dil) ddil,

= Beff

∫ +∞

0

∫ +∞

0

e−βiγeff(2ζ−1)σ2d
αi
il

K∏
k=1

e
−λkπ

(
Ptk
Pti

) 2
αk d

2αi
αk
il B(ζ,αk) dζ

· 2λiπdile−λiπd
2
il ddil,

(5.22)

where B(ζ, αk) comes from the last two steps of Eq. (5.14) setting the lower limit

of the integral to 0 since the interferer from the kth-tier can be arbitrary close to

the typical user and yielding

B(ζ, αk) =

∫ +∞

0

[γeff(2ζ − 1)]
2
αk

1 + u
αk
2

du,

=
2π[γeff(2ζ − 1)]

2
αk

αk sin
(

2π
αk

) .

(5.23)

For an interference-limited network, setting σ2 = 0 and all path loss exponent to

α, CCA
i can be further simplified as

94



5. HETEROGENEOUS NETWORK: CAPACITY, COVERAGE AND
INTERFERENCE PERFORMANCE CHARACTERISATION

CCA
i (α)|σ2=0 = 2λiπBeff

∫ +∞

0

dil

∫ +∞

0

K∏
k=1

e
−λkπ

(
Ptk
Pti

) 2
α
d2
ilB(ζ,α)

e−λiπd
2
il dζ ddil,

= 2λiπBeff

∫ +∞

0

∫ +∞

0

dil exp

−πd2
il

λi +
K∑

k=1

λk

(
Ptk

Pti

) 2
α

B(ζ, α)

 dζ ddil,

= Beff

∫ +∞

0

λi

λi +
K∑

k=1

λk

(
Ptk

Pti

) 2
α
B(ζ, α)

dζ,

= Beff

∫ +∞

0

1 +
K∑

k=1

λk
λi

(
Ptk

Pti

) 2
α

B(ζ, α)

−1

dζ.

(5.24)

For a special case when α = 4, the mean achievable user data rate of the ith-tier

in a closed access LTE heterogeneous network can be computed as

CCA
i (4)|σ2=0 = Beff

∫ +∞

0

1 +
K∑

k=1

λk
λi

√
Ptk

Pti
B(ζ, 4)

−1

dζ,

= Beff

∫ +∞

0

1 +
π

2

K∑
k=1

λk
λi

√
Ptk

Pti
γeff(2ζ − 1)

−1

dζ.

(5.25)

The last step of the expression involves an improper integral which can be com-

puted to any specified precision by using the method of Gauss-Kronrod quadra-

ture formula. It is also an intuitive result that the higher BS density and transmit

power provide a higher mean achievable user data rate. Fig. 5.1 depicts the av-

erage spectral efficiency versus different FAP density to macro-cell BS density

ratio in a two-tier interference-limited LTE heterogeneous network. The power

of MBS to FAP is set to 400. The cross-over point occurs at the density ratio of

around 20, which means the closed access network of any tier provides the same

network performance in terms of the average data rate when the the number of

FAPs is 20 times more than the number of MBSs.

Recall Eq. (5.21), the ith-tier probability of outage averaging over the whole

95



5. HETEROGENEOUS NETWORK: CAPACITY, COVERAGE AND
INTERFERENCE PERFORMANCE CHARACTERISATION

0 20 40 60 80 100
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

λ
FAP

/λ
Macro

S
p

e
c
tr

a
l 
e

ff
ic

ie
n

c
y
 (

b
it
/s

/H
z
)

 

 

Open Access

Macro−cell in Closed Access

FAP in Closed Access

Figure 5.1: Average LTE spectral efficiency versus the ratio of FAP density to the
macro-cell BS density comparison between open access and closed access policy
in a two-tier interference-limited heterogeneous network

plane in an interference-limited heterogeneous network (assume αi = αk = α) can

be achieved and yields

P
CA

iout = 1− P
CA

icov,

= 1−

1 +
π

2

K∑
k=1

λk
λi

√
Ptk

Pti
ξ

−1

.
(5.26)

Fig. 5.2 shows the probability of outage versus SNR threshold comparison between

open access and closed access policy in a two-tier interference-limited heteroge-

neous network, with three different FAP to MBS density ratio. It is expected that

the closed access model to gives pessimistic results compared to an open access
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deployment due to the strong interference generated by nearby BS.
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Figure 5.2: Probability of outage vs. SNR threshold comparison between open
access and closed access policy in a two-tier interference-limited heterogeneous
network, with FAP to MBS ratio 10, 30 and 50

5.2.3 Non-co-channel Deployment

In this sub-section, a brief discussion on the average user data rate and the

probability of outage in non-co-channel deployment with open and closed access

policy will be given. The term “non-co-channel” means there is no existence of

inter-tier interference. The mean achievable user data rate of the ith-tier network

under open access policy is equivalent to the result of one-tier network under

open access policy and therefore the mean achievable user data rate of a K-tier

open access interference-limited network with the same path loss exponent is the

same as Eq. (5.17). Moreover, the mean achievable user data rate of the ith-tier

network under closed access policy is equal to average spectral efficiency of any ith
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network under closed access policy as Eq. (5.24). Thus the probability of outage

in an open access network and the probability of outage in any ith-tier closed

network are identical to Eq. (5.21) and Eq. (5.26). That is to say, while using

more radio resource in non-co-channel deployment, this scenario does not provide

a more significant enhancement of the mean achievable user data rate nor does

it offer a lower probability of outage as a whole.

5.3 Statistical Interference Model

Owing to the tractability of the above framework using SPPP, it provides a

method to have a deeper look into the statistics of the aggregate interference. This

section will take the aggregate interference in a K-tier closed access heterogeneous

network as an example to demonstrate the concept of how to derive the statistics

of such random variables through the moment generating function (MGF). Using

the same notation Ikj of Eq.(5.1) to denote the aggregate interference received for

a typical user. The MGF of the random variable Ikj is defined as follows

MIkj(s) , E(esIkj) (Ikj > 0). (5.27)

Since the Laplace transform of a function f(t), defined for all real numbers t > 0,

is the function F (s), defined by

F (s) , L [f(t)](s) =

∫ +∞

0

e−stf(t) dt, (5.28)

Eq. (5.27) evaluated at −s can be re-written as the Laplace transform of the pdf

of Ikj
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MIkj(−s;αk) = L [fIkj(Ikj)](Ikj),

= E(e−sIkj),

= EΦk

{
EGk

[
exp

(
− s

K∑
k=1

∑
j∈Φk
\BSil

PtkPLChkjd
−αk
kj

)]}
,

= EΦk

{ K∏
k=1

∏
j∈Φk
\BSil

EGk

[
exp

(
− sgkjd

−αk
kj

)]}
,

= EΦk

( K∏
k=1

∏
j∈Φk
\BSil

βk

βk + sd−αk
kj

)

=
K∏

k=1

exp

[
−2πλk

∫ +∞

0

(
1− βk

βk + sv−αk

)
v dv

]
,

=
K∏

k=1

exp

−πλk( s

βk

) 2
αk
∫ +∞

0

1

1 + u
αk
2

du

 ,
=

K∏
k=1

exp

−2π2λk csc
(

2π
αk

)
αk

(
s

βk

) 2
αk

 .

(5.29)

Therefore, the pdf of Ikj is obtained by taking the inverse Laplace transform as

fIkj(Ikj;αk) = L −1[MIkj(−s)](Ikj),

= L −1


K∏

k=1

exp

−2π2λk csc
(

2π
αk

)
αk

(
s

βk

) 2
αk


 (Ikj),

=

(
π

Ikj

) 3
2 K∑

k=1

λk csc
(

2π
αk

)
αk

√
βk

exp

−π4

Ikj

K∑
k=1

λ2
k csc2

(
2π
αk

)
α2
kβk

.
(5.30)

The CDF of Ikj is thus given by

99



5. HETEROGENEOUS NETWORK: CAPACITY, COVERAGE AND
INTERFERENCE PERFORMANCE CHARACTERISATION

FIkj(Ikj;αk) =

∫ Ikj

0

fIkj(t;αk) dt,

=

∫ Ikj

0

(
π

t

) 3
2

K∑
k=1

λk csc
(

2π
αk

)
αk

√
βk

exp

−π4

t

K∑
k=1

λ2
k csc2

(
2π
αk

)
α2
kβk

 dt

= erfc

 π2√
Ikj

K∑
k=1

λk csc
(

2π
αk

)
αk

√
βk

 .
(5.31)

For a special case where all the path loss exponents are equals to 4, the pdf and

CDF of the aggregate interference reduce to

fIkj(Ikj; 4) =

(
π

Ikj

) 3
2 K∑

k=1

λk

4
√
βk

exp

−π4

Ikj

K∑
k=1

λ2
k

16βk

, (5.32)

FIkj(Ikj; 4) = erfc

 π2√
Ikj

K∑
k=1

λk

4
√
βk

 . (5.33)

The last metric of the statistical interference is the expected value of the aggre-

gated interference received at the typical user end. Since the largest value of Ikj

cannot be decided from the receiver, only the upper bounded expectation can be

attained. From the first principal and Eq. (5.12), the upper bound of expectation

where αk = 4 should be defined as

100



5. HETEROGENEOUS NETWORK: CAPACITY, COVERAGE AND
INTERFERENCE PERFORMANCE CHARACTERISATION

E(Ikj)(z; 4) 6 lim
Ikj→z

∫ Ikj

0

1− FIkj(ω; 4) dω,

=
π3/2

2

√
Ikj

K∑
k=1

λk√
βk

exp

− π4

16Ikj

 K∑
k=1

λk√
βk

2


− π4

8

 K∑
k=1

λk√
βk

2

erfc

 π2

4
√
Ikj

K∑
k=1

λk√
βk

 ,

(5.34)

where z is equal to the multiplication of the largest transmit power in the kth-

tier and −αk
th power of the distance which is the same as the cell height (z =

Ptkd
−αk
Cell ). With this approach, the assumption of considering only one outdoor

interferer made in Chapter 3 and Chapter 4 can be fully justified. The interference

comes from the outdoor BSs only and thus z should be set to the transmit power

of BS multiplied by 500−4 and the closest interferer except for the strongest

one considered is at least one cell radius (500 m) away. Fig. 5.3 illustrates the

received interference power comparison between the closest MBS and all other

BSs corresponding to different setting of MBS transmit power. It can be seen

that the discrepancy between these two different interference powers is roughly

at a ratio of 1.4× 104. Therefore, it is reasonable to ignore the other interference

effect in the study of interference avoidance and optimal deployment of indoor

FAPs.

5.4 Conclusions

General models for the multi-cell SINR, average user data rate and interference

statistics using stochastic geometry have been derived by incorporating the latest

existence literature. Under the assumption of Rayleigh fading, the resulting ex-

pressions for the downlink SINR CDF (equivalent to the outage probability), the

ergodic user data rate and the aggregate interference distribution involve quickly

computable integrals, and in some practical special cases can be simplified to

common integrals (e.g., error or complementary error function) or even to simple
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Figure 5.3: Interference power comparison between the strongest outdoor BS and
all the remaining cells vs. different transmit power of BS

closed-form expressions. The SPPP model is as accurate as the traditional grid

model and in additional to being more tractable, the SPPP model may better

capture the increasingly opportunistic and ever-increasingly dense placement of

BSs with variable cell radii in future LTE and LTE-Advanced networks.
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Chapter 6

Energy Efficiency in
Heterogeneous Network:
Outdoor-Indoor Coordination

The first part of the study in this chapter will demonstrate that without any

other interfaces, the mutual interference between indoor and outdoor networks

significantly erodes the spectral efficiency of each other in a closed access het-

erogeneous network. The outdoor-indoor interference problem is then tackled by

increasing the penetration loss of the outdoor-indoor wall boundary. The second

part of the investigation considers the usage of a controllable interface that acts

as a dynamic barrier between the outdoor and indoor networks to mitigate the

interference. The interfaces comprise a frequency-selective-surface (FSS) which

is a band-stop filter. This yielded significantly improved throughput and energy

efficiency gains. However, effectively separating the outdoor and indoor networks

means that they are unable to share radio resources during periods of asymmetric

loading. In the event that an indoor FAP is overloaded and the outdoor MBS is

under-loaded, it may prove beneficial to remove the FSS. In doing so, indoor users

can be offloaded to the outdoor MBS (or vice versa), but mutual interference is

increased. The trade-off between interference mitigation and outdoor-indoor re-

source sharing is analysed. The analysis is conducted by using both a theoretical

stochastic geometry analysis derived in the previous chapter and multi-cell-multi-

user simulation results, which serves to jointly address the long-standing problems

of spectrum and energy efficiencies.
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6.1 Introduction

The exponential growth in mobile data demand has a significant caveat. More

than 70% of the mobile traffic is demanded by indoor users, where the cover-

age by outdoor cells is typically poor. This is primarily due to the fact that

outdoor MBSs are planned to maximise outdoor coverage. Furthermore, the in-

sufficient coverage for the MBSs leads to the appearance of indoor dead zones and

the challenging indoor channel propagation environment makes accurate network

planning difficult and expensive [16,124,125].

In order to accommodate for the rapid growth of indoor cellular traffic, mobile

operators have proposed to deploy low-powered small cells such as FAPs, as an

integrated indoor-outdoor solution for the ever increasing appetite of high data-

rate wireless applications. The challenge in the two-tier network consisting of a

MBS network underlaid with FAPs is how to mitigate the inter-tier interference,

which hinders the indoor user communication, from the outdoor network, and

vice versa. Existing proposals on centralised interference management are not

feasible for the random deployed FAPs which are installed and controlled by the

end users [95]. The work integrates the FSS with a two-tier closed access network

to mitigate the inter-tier interference, and quantify the spectral efficiency and the

transmission and deployment related energy savings. The FSS has been proposed

as a method to reduce the power of a signal passing through it [126], typically

for security and interference reduction purposes [127]. Their design is relatively

straightforward, consisting of repeated manufactured patterns on a film that can

be as thin as paper. When femtocells are configured as closed access, each FAP

is only accessible by its own users. When they are configured as open access, a

FAP could be accessed by both its users and all co-frequency macro-cell users.

The remaining of this piece of work will only concern the closed access unless

stated otherwise.

6.1.1 Related Work

In order to mitigate the mutual interference between cells, existing research has

focused on coordinated transmission and scheduling techniques [73, 128]. The

emphasis from network operators is that the coordinated solutions need to be
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distributed and coordination needs to be localised to a small group of cells.

Nonetheless, existing research on self-organising-networks (SONs) largely requires

the exchange of instantaneous or statistical CSI between cells [129]. The exchange

is largely conducted on the control interface between the concerned cells [130].

However, there is a lack of willingness for operators to implement control in-

terfaces between outdoor and indoor cells due to complexity. Furthermore, the

closed subscriber group (CSG) nature of many indoor cells increases the complex-

ity of inter-cell coordination. In addition, the difficulty of mitigating the inter-tier

interference has initiated research on different interference management schemes

for two-tier networks, which encompasses multiple-antennas [131–133], power con-

trol [40,134,135], cognitive radio, [136,137], adaptive FAP access scheme [138–140]

and spectrum allocation [141–144]. In terms of the intra-tier and inter-cell inter-

ference analysis, the performance of two-tier networks using stochastic geometry

has been reviewed in the last chapter. It needs to be emphasised once again

that the advantage of having the MBSs and FAPs modelled as an SPPP is that

its throughput and outage performance is mathematically tractable yet accurate

compared to the traditional distribution modelled by lattices or a hexagonal lay-

out which is regular, well-planned and centralised.

6.1.2 Contributions

In this study, a tractable theoretical two-tier network framework with wall and

FSS loss is presented. The body of investigation is conducted by extending a

mathematically tractable SPPP framework of a two-tier network for closed ac-

cess to include wall and FSS loss and the theoretical energy reduction gain. The

throughput benefit of FSS on the outdoor-indoor cellular network, the potential

transmission energy saving compared to the reference network without FSS de-

ployment and the total energy efficiency compared to the reference network of

deploying more non-co-channel indoor FAPs to improve the mean user throughput

have been intensively examined by a multi-cell-multi-user simulator reinforced by

the extended analytical and tractable framework provided by SPPP. The trade-

off between outdoor interference to the indoor users and off-loading indoor traffic

to outdoor MBS with the resulting total energy saving have been well balanced
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and captured.

6.2 System Setup

6.2.1 Network Topology

The investigation considers two popular forms of cellular network topology, as

shown in Fig. 6.1 and Fig. 6.2:

observed cell-site with 
coverage radius, r 

1st layer 
interference 

cells 
2nd layer 

interference 
cells 

Indoor Building and 
Indoor femtocell 

Access Point 

r 

L 

femtocell W 

Figure 6.1: Network topology uniform hexagonal outdoor and indoor cell-site
model

• Uniform Cell Deployment : the outdoor MBSs are deployed in a con-

ventional hexagonal grid [145] and the indoor femtocells are deployed ran-

domly within each outdoor cell. This is shown in Fig. 6.1. The rationale

for the conventional uniform hexagonal deployment of outdoor cells is that

its regular geometry offers the best network capacity performance and can

be seen as an upper-bound.

• Irregular Cell Deployment : both the outdoor MBSs and the indoor

FAPs follow an SPPP distribution with different intensities. This is shown

in Fig. 6.2. Two different types of BSs are randomly placed on a 2-D Eu-

clidean plane according to the aforementioned independent SPPPs. The

space is then fully tessellated following the maximum power connectivity
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Figure 6.2: Network topology of non-uniform SPPP two-tier network model in
an 20 km ×20 km area

model when fading is ignored. The rationale for the irregular random de-

ployment is that in reality cell-site location is non-uniform and is based on

site rental cost and the local propagation environment. While this SPPP

model of a two-tier network may lead to a FAP being unacceptably close

to a MBS, the results thus can be seen as a lower-bound of the network

capacity.

For the uniform cell deployment, the performance statistics are taken from

the central cell-site and two-tiers of cellular interference is considered to accu-

rately reflect the interference-limited network performance [145]. Each cell has a

coverage radius r and an inter-cell-site distance of
√

3r for one-sector MBSs. The

indoor network is a single room with length L and width W, covered by a single

femtocell in the middle of the room. For the irregular cell deployment, a single

user is considered and a large sample of random cell distributions are considered
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from an SPPP. The cell density is λ, which is inversely proportional to the square

of the coverage radius: λ ∝ 1
r2

.

The system considered is still the LTE-OFDMA system. The standard de-

ployment for LTE is to deploy all cells on the same frequency, which means that

all cells in any tier are interfering with each other. The SPPP notations and the

associated random variables are adopted from Section 5.2 in Chapter 5 by setting

the number of tiers K = 2. In a realistic wireless system, the throughput is gov-

erned by the received channel quality, which determines the amount of data that

can be decoded successfully at the receiver. For an increasing channel quality,

the transmitter is able to transmit higher order modulation and coding schemes,

achieving a greater throughput per radio resource. In terms of modelling, the

spectral efficiency of the system is determined by either employing AMC schemes

for simulation results in Table 2.1 and adjusted Shannon expression for theoretical

framework (Eq. (5.22)), which is an upper-bound capacity performance function.

The study consider both mean and edge user throughput. The edge user

throughput is defined as the minimum user throughput that 95% of the users can

achieve. Both metrics are useful in the sense that often the mean yields an indi-

cation of how efficient the network resources are being utilised, whereas the ratio

between edge and mean throughput indicates the fairness in QoS received [146].

The ratio in this thesis is defined as the fairness index.

6.2.2 Frequency-Selective-Surfaces

FSS technology is an RF technology and that the filtering is operating in the

pass band. FSS is traditionally employed in radars and satellite communication

antennas, but more recently, they have been applied to indoor environments to

block certain carrier bands for security and interference reduction reasons.

A typical square-loop FSS design is shown in Fig. 6.3 along with the frequency

response. Typically, a band-stop FSS will have the following key electro-magnetic

characteristics that affect the system level performance:

• Stop-Band : The frequency band at which attenuation takes place when

the FSS is in the active state. In our investigation, this is the 1.9–2.6 GHz

band, which covers most of the LTE, 802.11n Wi-Fi and HSPA bands.
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Figure 6.3: Typical frequency response and deployment of Frequency-Selective-
Surface (FSS)

Typically it is difficult to make very narrow or very wide-band FSS due to

the physical structure of the pattern.

• In-Band and Out-Band Attenuation : The in-band attenuation is the

amount of signal power attenuation achieved over the stop-band region.

Typically a value of 25–50 dB can be achieved. The out-band attenuation is

the amount of signal power attenuation achieved in other spectrum regions,

which typically is 5–25 dB.

• Incidence Angle Tolerance : The frequency response of the FSS typi-

cally varies with the incidence angle of the incoming signal. A tolerance of

±60 ◦ is generally achievable.

• Insertion Loss : There is generally an insertion loss inherent when deploy-

ing the FSS, which is the loss experienced when the FSS is in the off-state.

When the FSS is in the off-state, it is transparent with typically 2–5 dB

insertion loss. The off-state is also called the in-active state in this thesis.

On the other hand, the on-state is therefore the active state which is used

in the numerical results section.

The typical material costs of the FSS are very low.
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Table 6.1: Modeling Parameters [37]

Parameter Symbol Value
Operating frequency f 2.13 MHz
Bandwidth for macro-cell 20 MHz
Bandwidth for femtocell 5 MHz
Macro-cell transmit power PMBS 20 W, 40 W
Femtocell transmit power PFAP 0.1 W
Femtocell over-head power 5.2 W
Outdoor cell distribution Uniform Hex. or SPPP
Outdoor cell density λMBS 0.4–4 per km2

Indoor femtocell density λFAP 10λMBS

Outdoor cell coverage radius r 300–1000 m
User distribution SPPP and Uniform
Outdoor user density 30 per km2

Indoor user density 0.1 per m2

Path loss exponent α 4
AWGN power spectral density N0 4× 10−21 W/Hz
Scheduler Round Robin
Adaptive modulation scheme Look-up tables (Table. 2.1)
External wall loss Lwall 5 dB, 10 dB
FSS band-stop frequency fFSS 1.9–2.7 GHz
FSS in-band attenuation LFSS 20 dB
FSS insertion loss 3–5 dB

6.3 Baseline Performance of the Two-tier Closed-

access Heterogeneous Network

The thesis now examines the baseline performance of a two-tier closed-access

heterogeneous network without FSS. Conventionally, indoor cellular users are

served by outdoor cells whose signal has to suffer the high penetration losses of

building walls (typically 10 dB). The deployment of indoor femtocells significantly

improves indoor capacity and alleviates the available radio resources for outdoor

cells. However, the indoor cells cause additional interference to outdoor regions

close to the indoor deployment location. The detailed simulation parameters can

be found in Table 6.1.
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Figure 6.4: Mean data rate per user and fairness index results for: 6.4(a) one-tier
outdoor network, 6.4(b) one-tier indoor network.

6.3.1 Performance of Mean Data Rate per User in the
One-Tier Network

The results in Fig. 6.4(a) and Fig. 6.4(b) show the performance of the isolated

one-tier outdoor and one-tier indoor networks respectively. As the cell coverage

decreases, each cell has proportionally fewer users, yielding a greater number of

radio resources per user. Therefore, the mean throughput per user increases.

The theoretical macro-cell spectral efficiency is 0.92 bit/s/Hz (using Eq. (5.18))

and the theoretical user throughput is obtained from the multiplication of the

theoretical macro-cell spectral efficiency and the number of resource blocks per

user. This performance can be regarded as an upper-bound to the two-tier net-

work performance because by integrating the indoor and outdoor networks, the

mutual interference will degrade their isolated performances.

The curves of mean user throughput in Fig. 6.4(a) exhibit the same basic

shape and as one would expect that a regular hexagonal simulation provides an

upper-bound result and the SPPP model simulation offers a lower-bound result.

The SPPP theoretical results serves as a verification of the SPPP simulation

results. The difference between the results of SPPP simulation and theory is due

to the perfect Shannon’s equation being applied to the analytical model while

the adaptive modulation and coding scheme being used in the simulator. The

111



6. ENERGY EFFICIENCY IN HETEROGENEOUS NETWORK:
OUTDOOR-INDOOR COORDINATION

results in Fig. 6.4(b) is obtained from one single room without any interference

known as a noise limited network. The theoretical results for SINR higher than

the maximum value (3.55 bit/s/Hz) in the look-up table (Table 2.1) of the MCS

have been backed-off to the same level as that in the look-up table. The fairness

index decreases as the number of users increases for both outdoor and indoor

network.

6.3.2 Performance of Mean Data Rate per User in the
Two-Tier Network without FSS

The results in Fig. 6.5(a) and Fig. 6.5(b) show the performance of the integrated

two-tier closed access network. Whilst the trends are similar to those found in the

isolated one-tier results, the performance has been degraded due to their mutual

interference coupling. The theoretical macro-cell spectral efficiency reduces to

0.80 bit/s/Hz calculated using Eq. (6.1)

CNoFSS
Macro (4)|σ2=0 = Beff

∫ +∞

0

1 +
FAP∑

k=Macro

λk
λMacro

√
Ptk

PtMacro

A(ζ, 4)

−1

dζ,

= Beff

∫ +∞

0

1 +
FAP∑

k=Macro

λk
λMacro

√
Ptk

PtMacro

√
γeff(2ζ − 1) arctan

√
γeff(2ζ − 1)

−1

dζ,

= 0.80 bit/s/Hz,

(6.1)

where the power ratio of MBS to FAP is set to 200× 10
Lwall

10 , and the theoretical

FAP spectral efficiency is 2.15 bit/s/Hz computed using Eq. (5.25)
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CNoFSS
FAP (4)|σ2=0 = Beff

∫ +∞

0

1 +
FAP∑

k=Macro

λk
λFAP

√
Ptk

PtFAP

A(∆ζ, 4)

−1

dζ,

= Beff

∫ +∞

0

1 +
FAP∑

k=Macro

λk
λFAP

√
Ptk

PtFAP

√
γeff(2∆ζ − 1) arctan

√
γeff(2∆ζ − 1)

−1

dζ,

= 2.15 bit/s/Hz,

(6.2)

where the factor of ∆ = 10−
2Lwall

10 is introduced for the compensation for the home

FAP which has been affected by the adjusted wall loss in the SINR expression.

The theoretical user throughputs are calculated in the same way as the one-tier

scenario.
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Figure 6.5: Mean data rate per user and fairness index results for: 6.5(a) two-tier
outdoor network, 6.5(b) two-tier indoor network.

6.4 Integrated Performance with FSS

In this section, the similar sets of results will be illustrated while the FSS atten-

uation is switched on.
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6.4.1 Throughput Performance

The results in Fig. 6.6(a) and Fig. 6.6(b) show the performance of the inte-

grated two-tier outdoor and two-tier indoor networks respectively. The theoret-

ical macro-cell spectral efficiency reverts to 0.91 bit/s/Hz (using Eq. (6.1) and

setting the power ratio of MBS to FAP to 200×10
Lwall+LFSS

10 ) gives theoretical FAP

spectral efficiency of 7.54 bit/s/Hz (using Eq. (6.2) and setting ∆ = 10−
2Lwall+LFSS

10

). The theoretical spectral efficiency for the indoor network is far too optimistic

due to Shannon’s Equation and is capped to the highest value (3.55 bit/s/Hz)

that the adaptive modulation and coding scheme can provide for illustrational

comparison. Whilst the trends are similar to those found in the results for the

one tier network, the performance has returned to that of the isolated one-tier

networks, which can be regarded as optimal. This is because the FSS has elim-

inated the mutual interference between the outdoor and indoor networks. The

results exhibit that by deploying FSS interfaces, an improvement of up to 1.3

fold in mean throughput and 4.6 fold in throughput fairness for outdoor users

is achieved while an enhancement of 1.2 fold in mean throughput and 2 fold in

throughput fairness for indoor users can be obtained.
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Figure 6.6: Mean data rate per user and fairness index results for: 6.6(a) outdoor
network with FSS, 6.6(b) indoor network with FSS in a two-tier heterogeneous
network
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6.4.2 Energy Reduction Results

The radio-head ERGRH results for both the outdoor two-tier network and the

indoor two-tier network are illustrated in Fig. 6.7(a) and Fig. 6.7(b), respectively.

The test network is the one aided by the FSS while the reference network is

the one without the introduction of the FSS. All the results are obtained from

Eq. (2.28). As the radio-head powers for the MBS and FAP remain unchanged,

the ERGRH is therefore proportional to the ratio of the network throughput in

the test network to the throughput in the reference network. This ratio fluctuates

in Fig. 6.7(a) as the cell radius varies in the simulation due to the different fading

and shadowing experienced in each transmission time interval whereas the ERGRH

is fixed for SPPP theoretical model since the spectral efficiency is independent of

the intensity. It can be noted from Fig. 6.7(a) that the ERGRH is 12.5% for the

theoretical model and the simulation results provide an average ERGRH of 10%

and up to 22% for the outdoor network.

For the indoor network, Fig. 6.7(b) shows that the ERGRH is 37% and 82%

for the theoretical and simulated SPPP models, respectively. The hexagonal

simulation results offer an average ERGRH of 9% and up to 13%. The radio-head

ERG results for simulated and theoretical SPPP are much greater than the results

for an hexagonal model. This is because the throughput in the test network is

almost same for the both hexagonal and SPPP models illustrated in Fig. 6.6(b)

while the throughput in the reference network for SPPP is a lower-bound and

for hexagonal layout is an upper-bound shown in Fig. 6.5(b). For the same

test network, the lower-bound of mean throughput in reference network leads

to an upper-bound in energy saving and the upper-bound of mean throughput

in reference network results in a lower-bound in energy saving. The operational

ERG is not studied in this section as the number of MBSs or FAPs does not

change during this evaluation and thus there would not be too much gain in

ERGOP which is basically determined by the over-head power of base stations.
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(b) Indoor two-tier ERGRH results with out-
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Figure 6.7: ERGRH comparison between the baseline without FSS and the test
network with FSS: 6.7(a) Outdoor two-tier ERGRH results with indoor interfer-
ence] and 6.7(b) Indoor two-tier ERGRH results with outdoor interference

6.5 Offloading Indoor Users to Outdoor Macro-

cell Base Station

The study has covered the evaluation of system throughput and the ERGRH in

the case when the FSS is active for both outdoor and indoor users. It has been

shown that the FSS effectively shields the mutual interference for all the users. In

this section, the investigation of the ERGOP performance for the indoor two-tier

network is presented for the case when the FSS is inactive due to the demand of

serving more indoor users which will be offloaded to the available resource blocks

provided by the MBS. By switching off the FSS, the indoor system performance

will incur a considerable degradation and thus can serve fewer users for a targeted

mean user data rate. The subsequent section will illustrate how much traffic

needs to be offloaded to the outdoor MBS and how large a percentage of the

demanded resource blocks are taken in the total available number of resource

blocks. The ERGOP performance will be evaluated in comparison between the

baseline scenario in which more non-co-frequency FAPs will be deployed (up to 4)

when the FSS remains active and the proposed scenario in which an unsupported

number of indoor users will be offloaded to the nearest MBS while keeping the
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targeted mean user data rate unchanged when the FSS is inactive. The trade-off

of this proposed soft FSS switching between interference mitigation and open

access to the outdoor MBS for indoor users is also investigated.

6.5.1 Hexagonal Model

Fig. 6.8(a) shows that the required percentage of resource blocks needed from

the MBS is up to 25% for different configuration of MBS transmit power and

external wall loss (shown as Wall in the legend on the plots). It can also be seen

that there is no need to offload any indoor users when the distance D from the

MBS to the FAP is greater than or equal to 300 m when the indoor network turns

into a noise limited network due to not much interference caused from the MBSs.

The four curves roughly exhibit the same trend that the percentage reduces as

D increases (i.e. the effect of mutual interference diminishes).

The operational ERG versus number of indoor users is depicted in Fig. 6.8(b).

In an interference limited scenario when D is not greater than 200 m, an ERG

of up to 65% can be achieved compared with placing more indoor FAPs. There

is almost no operational ERG in a noise limited scenario when D is greater than

200 m as the over-head power dominates the ERG performance though a radio-

head ERG is obtained. Due to this power characteristic, a huge operational ERG

can only be expected by means of reducing the number of deployed FAPs. This

is to say, by deploying more FAPs, the ERGOP will experience a substantial jump

from the previous point.

6.5.2 SPPP Model

In Fig. 6.9(a), the horizontal black line without any markers indicates the FSS

switching point. It represents the most number of resource blocks that the outside

MBS can offer. The required percentage of resource blocks, plotted with markers

on the four other curves below the switching point line, can be potentially met.

The dynamic FSS should always be active (on-state) when the curves exceed the

switching point line corresponding to the scenario in which the outdoor MBS is

incapable of supporting the number of resource blocks that the FAP needs. As

mentioned previously, the throughput result of the SPPP model can be regarded
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Figure 6.8: Required percentage of resource blocks from MBS versus the distance
from the MBS to the FAP and ERGOP results versus targeted number of indoor
users in hexagonal model

as a lower bound since the base stations will in some cases be located very close

together. Based on this lower bound throughput, more resource from the outside

MBS may be required, hence the percentage can be seen as an upper bound which

on average is around 80%. The actual deployment of the two-tier network will

require some percentage between this upper bound and the lower bound of 25%

obtained from the regular hexagonal model.

The operational ERG versus the targeted number of indoor users is depicted

in Fig. 6.9(b). An ERG of up to 65% is achieved compared with deploying more

indoor FAPs. All curves exhibit a similar trend to those in the hexagonal model

shown in Fig. 6.8(b). The difference arises because the SPPP approach offers an

upper bound on the ERG performance as it can be seen that for a given targeted

number of users, the required number of extra FAPs is always never less than

that for the hexagonal model.

6.6 Conclusions

This chapter has attempted to address the long-standing problems of jointly op-

timising spectrum and energy efficiencies for a radio access network. A novel
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Figure 6.9: Required percentage of resource blocks from MBS versus the ratio of
FAP intensity to MBS intensity and ERGOP results versus targeted number of
indoor users in SPPP model

approach of balancing interference mitigation and off-loading users using a con-

trollable interface comprising of a FSS, which acts as a dynamic signal barrier

between the outdoor and indoor networks has been investigated. The theoretical

and matching simulation results have demonstrated that without any FSS inter-

faces, the mutual interference between indoor and outdoor networks erodes the

capacity of each other significantly. An improvement of up to 1.3 fold in mean

throughput, 4.6 fold in fairness index for outdoor users and 1.2 fold in mean

throughput, 2 fold in fairness index for indoor users can be achieved. It has also

shown that when some of the indoor traffic was off-loaded to the outdoor network

by switching off the FSS interface to maintain the QoS of the remaining indoor

users compared with the reference scenario of deploying more indoor femtocells

in the traditional way, the indoor operational energy reduction gain can range

from no gain for the noise limited network and up to 65% in cases where outdoor

interference is the limiting factor for indoor users.
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Chapter 7

Conclusions and Future Work

7.1 Conclusions

The thesis has investigated the capacity and energy performance for Wi-Fi tech-

nology and mobile cellular heterogeneous network consisting of outdoor macro-

cell basestations (BSs) and indoor home (femtocell access points) FAPs. It has

addressed the question of whether home FAPs or Wi-Fi APs are more energy-

and spectral-efficient for a given quality-of-service (QoS). The thesis then pre-

sented novel approaches to further reduce the energy consumption by providing

a higher network capacity or deploying less access points with the aid of inter-

ference avoidance and dynamic optimal placement algorithms. Throughout the

analysis, a co-channel LTE multi-user and multi-cell simulator has been developed

to evaluate the system-level performance of the Orthogonal Frequency Division

Multiple Access (OFDMA) based cellular networks. Aside from that, an exten-

sion of the emerging abstraction model for cellular heterogeneous networks has

also been provided to reinforce the simulation results or simply produce certain

results that require considerable simulation effort before. Finally, the analysis of

a trade-off between an interference mitigation technique for indoor home network

and outdoor-indoor resource sharing has been explored and the optimal solution

has been provided for different settings of the network.

Based on the analyses and results presented throughout this thesis, the de-

tailed descriptions of contributions are illustrated below in different themes.
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7.1.1 Wi-Fi or Femtocells

This body of investigation has examined the relative merits of LTE and 802.11n

Wi-Fi radio access technologies (RATs), in order to establish a baseline system-

level performance. It was found that LTE-femtocells best suit small home net-

works, providing a high level of spectral- and energy-efficiency. Results indicate

that one FAP is always more energy efficient than one 802.11n AP for both Sin-

gle Input, Single Output (SISO) and Multiple Input, Multiple Output (MIMO)

antenna configurations irrespective of whether there is outdoor interference or

not. However, the bandwidth availability of 802.11n allows greater system-level

throughput to be achieved for multi-AP networks, suitable for enterprises. A

simulated novel trade-off between capacity and energy consumption has been

presented for indoor networks, which serves as a useful guidance for deployment.

It can be concluded that deploying one FAP is always more spectral and energy

efficient than one 802.11n Wi-Fi AP (saves 4.44% operational energy); Deploying

up to 3 multiple 802.11n APs is always more energy efficient (21.80% operational

energy saving) than deploying multiple FAPs within the same room in conven-

tional scenario.

7.1.2 Interference Avoidance

This study has applied an alternative form of hard frequency reuse method to an

indoor LTE-Femtocell network, which mitigates the effects of interference through

a sequential game play between FAPs in the E-UTRAN based on the offered load

presented to the individual FAP. The results have shown that up to 12% in radio-

head energy and 3% in operational energy can be saved by consuming less than

half the radio-head power while maintaining the user offered load unchanged.

Since the operational energy saving directly links to the number of FAPs deployed,

the current 3% saving without reducing the number of FAPs is good enough

considering there will be more and more small cells deployed in the next 5 years.
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7.1.3 Optimal Indoor FAPs Deployment

Given the large number of propagation variables in indoor buildings and its re-

lation to the outdoor cellular network, this work has provided a best practice in

optimising FAP deployment with very little Signal to Interference-plus-Noise Ra-

tio (SINR) degradation for outdoor users. In the first part of this investigation,

this thesis has optimised one indoor FAP position with the aim of achieving the

highest mean network throughput in the presence of co-channel interference from

a dominant source (either a micro-cell or a FAP in an adjacent room). In con-

trast with previous research, the analytical approach is corroborated by means of

a Monte Carlo simulation which encapsulates sub-carrier level interference and

user mobility modelling. The novel contribution is the simulation results and

the proposed theoretical framework that reinforces the key deployment solutions.

Moreover, for a given building size, the trade-off between increased user QoS and

power consumption, as well as the capacity saturation points are demonstrated

in the second part of the study. Finally, it is shown by simulation that the key

results hold for a generic building with multiple rooms on multiple floors with

an outdoor interference source. The combined results of the three scenarios have

lead to a general low energy indoor deployment rule.

The key conclusions besides those given in the study of Wi-Fi or Femtoecells

are as follows:

• For buildings with more than one room, no FAPs should be deployed in the

same room of a building;

• In the presence of a strong outdoor interference source (i.e., from a micro-

cell), the location of some of the co-frequency FAPs, should be placed near

the wall nearest the outdoor interference source to counter-act the high

level of indoor interference.

The energy reductions for several key comparisons are as follows:

• Optimising placement of a single FAP in a single room saves 5% operational

energy;

• Optimising placement of multiple FAPs in a multi-room building saves av-

erage 12% operational energy.

In general, improving the location of the FAPs, whilst keeping their number the
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same can improve the RAN throughput by 33%. Whilst, improving the location

of the FAPs and reducing the number of FAPs can save 40% operational energy.

7.1.4 Extending Analytical Heterogeneous Network Model

with Stochastic Geometry

In this theoretical framework, a tractable model for the multi-cell SINR, average

user data rate and interference statistics using stochastic geometry have been

derived by incorporating the latest literature. Under the assumption of Rayleigh

fading, the resulting expressions for the downlink SINR Cumulative Distribution

Function (CDF) (equivalent to the outage probability), the ergodic user data rate

and the aggregate interference distribution involve quickly computable integrals,

and in some practical special cases can be simplified to common integrals (e.g.,

error or complementary error function) or even to simple closed-form expressions.

This fundamental portfolio has provided an approach of double verification for

future simulation generated results. It should be noted that the result of the

statistics of aggregate interference has made it possible to analytically justify the

reason why only one dominant outdoor interference considered in the previous

chapter is sufficient from a certain distance between the interference and the

observed indoor FAP.

7.1.5 Interference Mitigation via FSS and Indoor-outdoor

Interactions Evaluation

In the final work of this thesis, it has first demonstrated that without any other

interfaces, the mutual interference between indoor and outdoor networks erodes

significantly the spectral efficiency of each other in a closed access heterogeneous

network. The outdoor-indoor interference problem is then tackled by increas-

ing the penetration loss of the outdoor-indoor wall boundary via the usage of a

controllable interface, namely, a frequency-selective-surface (FSS). This yielded

significantly improved mean throughput (1.3 fold for outdoor users and 1.2 fold

for indoor users) and energy efficiency gains. However, effectively separating the
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outdoor and indoor networks means that they are unable to share radio resources

during periods of asymmetric loading. In the event that an indoor FAP is over-

loaded and the outdoor MBS is under-loaded, it has been proved that indoor

users can be offloaded to the outdoor MBS (or vice versa) to achieve a higher

network capacity as a whole although mutual interference is increased. The trade-

off between interference mitigation and outdoor-indoor resource sharing has been

analysed. The study jointly addressed the long-standing problems of spectrum

and energy efficiencies. It has shown that by switching off the FSS interface to

maintain the QoS of the remaining indoor users compared with the reference

scenario of deploying more indoor femtocells in the traditional way, the indoor

operational energy reduction gain can range from no gain for the noise limited

network and up to 65% for the interference-limited network, respectively.

7.2 Future Works

One of the most interesting extension of this thesis is to see the performance from

integrated solution that combines the approaches of interference avoidance, opti-

mal placement and the dynamic control of FSS and switch-over between indoor

and outdoor interaction. In additional to that, there are some other techniques

worth exploring to gain a much wider insight on the topic of energy efficient

networks.

7.2.1 Traffic Aware and QoS Constrained Sleep Mode Mech-

anisms

This investigation can evaluate the potential operational cost and energy savings

that can arise from implementing a sleep mode mechanism. Two questions need

to be considered before a sleep signal can be triggered. First, if a cell is switched

off (sleep), what is the new coverage and capacity pattern of the network? Second,

when does a cell decide to sleep or stay active? The theoretical framework devised

in this thesis can help to derive the network coverage as a function of a certain

sleep mode threshold in a realistic network. By using an empirical traffic load
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and achievable capacity formula, the associated energy-cost consumption model

can also be attained. The objective of the proposed work is to maximise the

energy savings, whilst satisfying the performance both in terms of the achievable

throughput and user coverage.

7.2.2 Migration to Extremely High Frequencies

There is debate regarding whether increasing the transmission frequency to the

high GHz micro-wave spectrum will be beneficial in terms of energy consumption.

The benefits include a significantly greater availability of unlicensed spectrum

(up to 40 fold). However, the concern is that the propagation characteristics at

high frequencies will limit the wireless application to very short ranges (personal

space). The study can show how high in frequency the current cellular network

and Wi-Fi outdoor network can migrate up to, respectively. The potential benefit

of this analysis is that knowledge of the governing trade-offs allows the radio

planner to better understand the relative spectral and energy benefits and pitfalls

of migrating to higher transmission frequencies.

7.2.3 D2D Communications

The challenge of reliably communicating data from one device to another has

been the underpinning motivation for communications research. There is a strong

business case for growth of the wireless capacity to match the ever increasing data

demand. Given the proliferation of cellular communication devices, it makes sense

to consider new protocols within the framework of a cellular network or at least

in co-existence to reduce the burden of current BSs both in delivering information

bits and excessive power consumption. Device-to-device (D2D) communication

is one of the best candidates to fulfil the commitment. The proposed work can

devise a dynamic algorithm that optimally selects the transmission band and

D2D routing path strategy based on the conventional cellular outage constraint

using a combination of Monte-Carlo simulations and stochastic geometry. The

expected interference from regular cellular users and other D2D transmissions

and the overall routing distance will be of importance. The algorithm could be

125



7. CONCLUSIONS AND FUTURE WORK

used to estimate the expected outage probability of the D2D channel and the

impact it has on conventional cellular channels. The benefit of this algorithm is

that a serving BS is able to make decisions that balance the performance of both

regular cellular users and D2D users to achieve a desired energy savings.
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Appendix

A.1 Copyright permissions

The permission for reusing the published works in both print and electronic ver-

sions of this thesis have been duly acquired from the publishers and attached

herein.
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