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Abstract
In wireless systems, providing high data rate services is a major challenge, 

particularly for mobile terminals (MTs) in multi-floor buildings. The system perfor­

mance is impaired by path loss, and co-channel interference due to the need to reuse 

the limited available spectrum. One way to achieve high data rates and better signal 

quality in this environment is by getting the transmitter and the receiver closer to 

each other through the use of distributed antenna systems (DASs). DAS reduces the 

overall transmit power (and hence co-channel interference) and achieves better link 

reliability by exploiting spatial diversity of multiple antennas. Currently, DASs are 

designed primarily to provide good coverage in outdoor environments. However, high 

quality indoor reception and high data rates may not be guaranteed if the system is 

not deployed within the building. Indoor environments can be very complex, and an 

insight into the design, and a thorough understanding of the performance of DASs 

inside the building is required.

In this thesis, the performance of an in-building DAS employing frequency 

reuse is examined, where remote antenna units (RAUs) are deployed on each floor 

throughout the building and connected to a central unit (CU) where received signals 

are processed. The impact of co-channel interference on system performance is in­

vestigated by using a propagation channel model derived from multi-floor in-building 

path loss values retrieved from measurement results.

System performance is investigated in terms of location-specific spectral effi­

ciency and bit error rate (BER) which are analysed for a range of potential MT 

locations and various in-building propagation characteristics. The potential benefits 

of location based antenna selection and deployment options are also investigated. 

Co-channel interference cancellation where CUs cooperate through joint signal pro­

cessing in order to reduce the impact of co-channel interference is considered. Results 

obtained suggest that the proposed scheme can facilitate better use of the available 

radio spectrum, and provide high data rates for indoor MTs.
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Chapter 1 

Introduction

Contents

1.1 Trends in Wireless Communication S y ste m s.................... 14

1.2 Motivation and Challenges........................................................  17

1.3 The Concept of In-Building D A S ...........................................  23

1.3.1 Objectives and Contributions............................................  25

________ 1A__ The Structure of this T h esis .......................................................... 2£L

1.1 Trends in Wireless Communication Systems

The wireless communication industry is currently experiencing a period of 

tremendous growth with no foreseeable decline in the near future. As of the end 

of 2005, there were approximately 2 billion wireless subscribers worldwide, and this 

number is expected to increase to approximately 7.2 billion by the end of 2015 [1|. 

This has led to explosive increases in data usage, and the demand for high data 

rate services due to the advent of smart phones, ipads and various handheld units. 

Cisco(2010), reported in its Visual Networking Index [2] that, there was approxi­

mately 0.09 exabytes of data traffic on the world’s mobile networks each month. By 

the end of this year, the figure will have more than doubled to 0.2 exabytes. When

14



1.1. TRENDS IN WIRELESS COMMUNICATION SYSTEMS

you consider that one exabyte is the equivalent of one billion gigabytes, the short 

term implications for the network are immediately apparent. This is a huge chal­

lenge for the industry and it is clear that new wireless technologies are needed sooner 

rather than later, especially as the trend for data consumption is set to rocket to 3.6 

exabytes by 2015 [2].

New wireless technologies have appeared approximately every 10th year (as 

illustrated in Figure 1.1) since the first generation (1G) of wireless mobile commu­

nication systems (based on analog technology) were introduced in the 1980s [3, pp. 

563-567]. In the 1990s, the second generation (2G) digital mobile systems with im­

proved spectral efficiency and voice quality were rolled out [4, pp. 12-13]. The third 

generation (3G) mobile service networks were developed in the early 2000s to satisfy 

the requirements of data transmission and quality for multimedia services [5, pp. 

23-29]. More recently in 2010, possible candidates of fourth generation (4G) mobile 

service networks (developed from current pre-4G networks) such as the Long Term 

Evolution (LTE) and Worldwide Interoperability for Microwave Access (WiMAX)

1G
~ 2 .4 k bp s

2G
-6 4 k b p s

3G
2 M b p s

3.9G
lO O M bps

4G
lG b p s

1980 1990 2000 2010 Year

Figure 1.1: Mobile network evolution.
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1.1. TRENDS IN WIRELESS COMMUNICATION SYSTEMS

have been deployed in many countries to further improve the transmission speed 

and provide mobile broadband connectivity across cities [5, pp. 229-252]. The LTE- 

Advanced is a further evolution of the LTE, offering vastly higher capacity and more 

spectral efficiency gains. The LTE-Advanced will address the market needs of the 

next decade, with data rate of up to lGbps. It is expected that the technology will 

first be commercially available in 2012, with wider deployments by 2015 [6, 7].

The advancements in wireless systems have been enhanced by the prolifera­

tion of wireless computer networks operating in unlicensed portions of the spectrum. 

Wireless Local Area Networks (WLAN) are often deployed to provide wireless con­

nectivity to existing networks or the internet to mobile users within buildings [5, 

pp. 30-40]. The current generation of WLANs are based on the IEEE 802.11 family 

of standards, and were originally introduced in the 1990s. Successive improvements 

such as the IEEE 802.11b (CDMA, 2.45 GHz), 802.11a (OFDM, 5.8 GHz), 802.l lg  

(OFDM, 2.45 GHz) and 802.lln  (OFDM/MIMO, 2.45 GHz) have seen a promis­

ing increase in performance. The marketing of Wi-Fi (wireless fidelity) has also been 

crucial in the success of these WLAN systems for ensuring interoperability of WLAN 

equipment from different vendors. The Wi-Fi standard is currently experiencing a 

major growth, although in contrast to contemporary wired networks, the maximum 

achievable data rates are still relatively low [5, pp. 30-35]. The presence of walls and 

floor inside buildings also limits the achievable rate. Thus, the consideration of mo­

bile data offload through Wi-Fi networks as a solution to the unprecedented increase 

in mobile data traffic, cannot guarantee high data rate transmission. Furthermore, 

systems operating in the unlicensed frequency bands are prone to co-channel inter­

ference from other systems operating in close proximity. Such interference may not 

only degrade the system performance causing packet losses and throughput reduc­

tions, but may also compromise the system’s security and privacy [5, pp. 30-35]. 

Therefore, it is essential to develop techniques that allow systems to operate well in 

the presence of interference.

16



1.2. MOTIVATION AND CHALLENGES

1.2 Motivation and Challenges

Although new wireless technologies will continue to emerge to fulfill the demand for 

high data rate services, the radio systems engineer is faced with a number of chal­

lenges when designing wireless systems. Amongst these is the provision of high data 

rate wireless service to an unlimited number of users (thus requiring more frequency 

spectrum), but allocated frequency spectrum is limited. It is expected that the unli­

censed and the licensed bands will soon be overcrowded due to the increasing number 

of users, especially in high user-density areas (such as urban/metropolitan areas and 

within buildings) [8]. Optimal allocation of frequency channels particularly in these 

environments remain a challenge for modern cellular systems. In order to increase 

the efficiency of spectrum utilisation, frequency reuse is indispensable; however, in­

terference between users competing for spectrum will become the limiting factor to 

performance. Thus, wireless systems often encounter conflicting requirements be­

tween either providing reliable communication or obtaining higher spatial reuse of 

spectrum. Therefore, the design of the wireless systems that supports high data 

rates for limited bandwidth requires spectrally efficient schemes especially for indoor 

communication systems [9].

In addition to the above limiting factor, transmission power is limited. In con­

ventional macrocellular systems (providing a wide area coverage for rural, suburban 

and urban environments typically of the order of a kilometer or more), providing 

reliable wireless performance - for example, a guaranteed minimum data rate for a 

given transmit power is difficult because of path losses, the random wireless chan­

nel fluctuations (known as fading), and most seriously, co-channel interference from 

neighboring base-station (BS) transmissions. To achieve peak data rate of up to 

lGbps (as expected of 4G systems), greater power level is required if the same com­

munication distance between the BS and the mobile terminal (AIT) in conventional 

macrocellular systems is maintained. On the other hand, if the transmission power

17



1.2. MOTIVATION AND CHALLENGES

is kept the same as in the conventional macrocellular systems, the communication 

range will significantly shrink. Consequently, gigabit wireless services may only be 

available near the BS [10].

In many countries, 60-80% of users are indoors. A study by Japan’s NTT 

DoCoMo found that more than 70% of mobile traffic in a 3G system, originates 

from or terminates inside buildings [11]. Mobile data is mostly consumed from in­

side buildings; however, delivering high data rate wireless services inside buildings 

is a tough challenge for the macro network, particularly in high-rise residential and 

office buildings, factories, airports, shopping malls, and other indoor environments 

with high concentrations of mobile users. Many 3G networks deployed to date have 

been designed primarily to provide good coverage in outdoor environments not inside 

buildings. Only serving macro BS within a few hundred meters of a building can

Figure 1.2: Reduced coverage due to long radio propagation distance.
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1.2. MOTIVATION AND CHALLENGES

provide sufficient level of radio frequency (RF) signal to support indoor voice/data 

services. In reality, only a few buildings will fall into this category. The coverage 

problem is essentially due to the long radio propagation distance between the BS 

and the indoor MTs (Figure 1.2), and the electromagnetic shielding of wireless sig­

nals from the outdoor macrocell network, by the floors and walls inside the building, 

resulting in lower bit rates for data services, lower capacity and, in some instances, 

complete loss of signal [12]. Achieving adequate coverage and reliable system perfor­

mance within buildings is therefore very crucial.

A promising approach to resolve the above technical issues is by getting the 

transmitter and receiver closer to each other. This technique creates the benefits of 

higher-quality links, lower transmission power (hence lower co-channel interference), 

and more spatial reuse. There are existing technologies capable of reducing the radio 

transmission distance between the transmitter and the receiver. Amongst these are 

relays, microcells and distributed antenna systems.

Relays. Relays are operator deployed infrastructure points which route the 

data between the source and destination via multiple hops and routes, thereby en­

hancing the overall end-to-end performance. An illustration of a multi-hop relay 

system is depicted in Figure 1.3. The use of relaying techniques is currently the 

focus of intense research in the area of cooperative communications [13, 14] as well 

as in upcoming deployments of multi-hop cellular networks (MCN) - for example, 

the IEEE 802.16j, the multi-hop relay specification for the IEEE 802.16e (WiMAX) 

wireless standard. Relays are used to fill coverage holes in existing cellular systems 

(at the cell-edge, at tunnels/subways/railways), or end-user deployed in poor cover­

age areas, or even provide temporary coverage (for example, during public events). 

The application of the multi-hop concept to cellular networks, however, raises many 

technical issues, such as the best positions for the BS and relay stations (RSs), 

the number of RSs, spectrum allocation and multiplexing between the BS and RSs, 

scheduling and handover [15, 16].
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Microcells. Microcells are operator installed radio networks that improve 

outdoor coverage in urban areas experiencing poor reception. In the microcellular 

system, a conventional large cell (macrocell) is split into a number of small cells 

(microcells) [17-19]. Each microcell has a BS and a user can communicate directly 

with the closest BS. An illustration of microcellular system is depicted in Figure

1.4. Typically, the radio range of a microcell is less than a kilometer wide and the 

antennas are usually mounted at street level [20]. Since the service area of a microcell 

is reduced greatly with respect to that of a macrocell, the radio transmission distance 

between the user and the BS is reduced significantly and higher data rate can be 

achieved for a given transmit power. The disadvantage associated with microcells 

are the high costs associated with installation and maintenance of new cell BSs. 

Furthermore, microcells do not guarantee reliable indoor coverage.

Distributed antenna systems (DASs). In DASs, a macrocell is divided 

into a number of sectors. In contrast to the conventional collocated antenna system 

where the antenna units are centrally collocated, remote antenna units (RAUs) in 

DAS are geographically distributed in the macrocell so that the radio transmission 

distances from a MT to the surrounding RAUs are reduced and high data rates 

can be achieved for a given transmit power and bandwidth [21], An illustration of 

the DAS is depicted in Figure 1.5. DAS is able to achieve an improved spectral 

efficiency without using the extra frequency bandwidth through all RAUs since they 

are typically connected to the BS or a central unit (CU) via dedicated wires such 

as optical fibres or coaxial cables. RAUs in the DAS are only simple antenna units 

carrying out transmission and reception for its CU unlike in microcellular systems. 

Saleh [22] originally introduced DAS to simply cover the dead spots in environments 

hostile to radio propagation, such as in mines or tunnels and indoors; however, DASs 

have drawn considerable attention in recent years due to their enormous improvement 

in terms of signal quality, power efficiency and data rates [23]. Relative to deploying 

more BSs, DAS is becoming increasingly popular with vendors as an inexpensive way
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Figure 1.3: An illustration of a relay system.

Figure 1.4: An illustration of a microcellular system.

21



1.2. MOTIVATION AND CHALLENGES

Figure 1.5: An illustration of a DAS. 

to increase coverage and date rate.

The common problem associated with the each of the above technologies is 

that they have all been designed primarily to provide good coverage in outdoor en­

vironments with cell sizes generally within hundreds of meters. Indoor regions with 

high traffic density (e.g. train-stations and airports) are not well served. Since a 

great portion of mobile communication service users are likely to be located within 

buildings, providing high data rate services for those users by traditionally distribut­

ing antennas within sectors of a macrocell or via the use of relays could be very 

difficult to achieve, particularly in multi-floor buildings. Although the users are rel­

atively stationary, the traffic density can be extremely high. Furthermore, because 

the RAUs are generally located outside, large penetration losses are often encoun­

tered when propagating the signal into the building. A better strategy to provide 

additional capacity and coverage for indoor users is to install a dedicated in-building 

DAS within the building. This is described in the following section.
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1.3 The Concept of In-Building DAS

The in-building DAS is a dedicated wireless distribution system where RAUs are 

deployed on each floor throughout the building to distribute the RF signal with 

sufficient strength to provide 3G voice and high speed data services for MTs within 

the building. An illustration of an in-building DAS is depicted in Figure 1.6. In this 

setup, the wall penetration loss provides isolation between the outdoor macro cellular 

layer and the indoor radio system. Furthermore, the in-building DAS exploits the 

power falloff due to penetration of the signal through the floors in order to reuse 

the same spectrum in spatially separated floors, which increases system spectral 

efficiency and also reduces co-channel interference.

Figure 1.6: An illustration of an in-building DAS

In contrast to the conventional DAS, Wi-Fi and other techniques for increasing 

system capacity, the radio signal is confined to a smaller area, generally within a few
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meters. Consequently, the path loss of the transmitted signal is much smaller, which 

implies that data rate is likely to be a great deal higher in the in-building DAS. The 

indoor reception is improved, and the subscriber is happy with the higher data rates 

and reliability. The operator can reduce the amount of traffic on their expensive 

macrocell network, and can then redirect its resources to provide better coverage 

for other mobile users, leading to efficient spatial reuse of the limited spectrum. 

The enhanced coverage and data rate provided by in-building DAS will reduce the 

motivation for mobile users to switch carriers.

On the other hand, the in-building mobile communication systems are likely to 

face a critical problem of interference. This is mainly because the in-building com­

munication system introduces a markedly different propagation environment char­

acterized by a complex mix of strong line of sight (LOS) and non LOS (NLOS) 

propagation, which are affected by factors including, but not limited to, the walls, 

floors, building partition, floor plan, building layout and possible nearby buildings 

in dense urban environments. The multipath generated by reflection from nearby 

buildings and transmission from other floors within the building may increase the 

level of interference, which may greatly diminish the advantages of DAS if the same 

frequency channels are reused - for example, in adjacent floors of high-rise buildings

1-4] ■

Due to these differences, channel modelling and performance analysis of in­

building DAS may not be carried out using existing tools for conventional DAS and 

different mathematical tools are needed. Thus, in order to analyse and design multi­

floor in-building wireless systems with acceptable performance, it is necessary to 

explore the characteristics of the indoor propagation channel and develop a propa­

gation channel model which accounts for inter-floor interference caused by the effect 

of the building structure and its terrain. This exploration is also important when 

deploying indoor femtocell system which is one of the technologies planned for future 

in-building mobile communication system [25].
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1.3.1 Objectives and Contributions

The aim of this thesis is to investigate the performance of an in-building wireless 

communication system employing DAS for high data rate indoor communication in 

the presence of co-channel interference. Of particular importance in this thesis is 

propagation processes in the indoor radio channel. Among various building types, 

multi-storey buildings are a common feature in many cities and are expected to 

exhibit the most demand for high capacity and high data rate wireless services. 

Therefore, this thesis focuses on radio propagation and performance analysis in a 

multi-storey building environment. The outcome of this thesis contributes toward 

appropriate channel modelling, and subsequently gives an insight into the design and 

the potential uplink system performance of DAS in multi-storey buildings.

The primary objectives of this research have been:

1. to investigate the three dimensional (3D) radio channel propagation character­

istics in indoor high-rise buildings,

2. to formulate indoor propagation channel models from path loss values retrieved 

from measurement data,

3. to evaluate the impact of co-channel interference on the performance of in­

building DAS using the system models,

4. to analyse location-specific performance of in-building DAS,

5. to determine the effect of the building structure and its terrain on performance,

6. to compare and contrast the performance for different RAU deployment op­

tions,

7. to investigate interference avoidance strategy where a subset of N' strongest 

RAUs out of N available RAUs is selected for combining, and the resulting 

impact on the performance of system,
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8. to investigate in-building DAS in the context of joint processing, where the 

CUs cooperatively reduce the impact of co-channel interference and improve 

performance of the system.

In order to achieve these objectives, the uplink transmission in and around 

a multi-storey building has been examined. The same set of spectrum is assumed 

to be reused on each floor. The levels of interfering signals from vertically located 

co-channel MTs have been quantified and the system performance has been evalu­

ated. System performance has been evaluated in terms of location-specific spectral 

efficiency and BER which are analysed for a range of potential MT locations and 

various in-building propagation characteristics. Two RAU deployment options have 

been investigated and their impact on performance evaluated.

1.4 The Structure of this Thesis

This thesis is comprised of seven chapters, and the related publications to this re­

search are shown on pages vi-vii of this thesis. As a foundation for the subsequent 

investigations presented in this thesis, the characteristics of indoor propagation en­

vironments are examined in Chapter 2. The key propagation mechanisms, the re­

ceived signal variations and the typical behaviour in indoor propagation channel 

are discussed. To provide a review of the research activities concerning in-building 

propagation, previous related research on indoor environments is also surveyed.

Chapter 3 overviews the investigation. Along with the underlying philosophy 

of the investigation, it also provides the essential details of the propagation model 

and the system model which are used in conducting the investigation.

Chapter 4 evaluates the uplink spectral efficiency achievable in the in-building 

DAS based on the channel and system models developed in Chapter 3. The adaptive 

multi-level quadrature amplitude modulation is applied. Location-specific spectral 

efficiency under a specified BER constraint is analysed. Location-specific antenna

26



1.4. THE STRUCTURE OF THIS THESIS

selection via interference avoidance and the impact on the achievable spectral effi­

ciency is investigated via simulation. The impact of RAU deployment options on 

system performance is also presented. A range of representative numerical results 

are provided to develop insights into the design of in-building DAS. To the author’s 

knowledge, this is the first study of uplink in-building DAS performance in high-rise 

building that uses measured propagation data and considers co-channel interference 

emanating from vertically located MTs. The outcome of this chapter is a set of 

guidelines for deploying in-building DAS.

Chapter 5 quantifies the performance of in-building DAS in terms of achievable 

BER for various in-building characteristics. The developed models in Chapter 3 are 

utilized, mathematical formulas are derived to compute the BER, and hence used to 

quantify the gains due to the integration of DASs inside the building. A range of 

representative numerical results are provided.

Chapter 6 introduces co-channel interference cancellation of the received sig­

nal among co-channel receivers, where each CU can cooperate through joint signal 

processing for all cells in order to estimate the received signal, reduce co-channel in­

terference introduced by frequency reuse among the floors, and maintain high spectral 

efficiency. A range of representative numerical results are provided. This chapter 

also overviews previous studies on interference mitigation and shows that no previous 

research has been published relating interference cancellation to in-building DAS via 

joint processing.

Chapter 7 presents the key conclusions from this thesis and suggests directions 

for future developments.

Appendix A details the derivation of the variance of co-channel interference 

discussed in Chapter 3

Appendix B presents the generation of Rayleigh and Nakagami random vari­

ables discussed in Chapter 5.
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2.1 Introduction

A common feature of many urban environments is the presence of multi-storey build­

ings (Figure 2.1). They are built not just for economy of space but also considered 

symbols of a city’s economic power. As discussed in chapter 1, mobile data is mostly **
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Figure 2.1: Multi-storey buildings, a common feature of many urban cities

consumed from inside buildings, thus the design of wireless systems that provide high 

data rates inside buildings is of primary concern in this thesis. In order to achieve 

this objective, a general understanding of radio propagation inside the building is 

required. Therefore, the aim of this chapter is to explore radiowave propagation 

characteristics in indoor wireless environment, particularly in multi-floor buildings. 

The possible propagation paths in an indoor environment are outlined and this is 

extended in chapter 3, where indoor propagation channel models are formulated 

from path loss values retrieved from measurement results in order to evaluate the 

performance of the system. Section 2.2 describes the phenomena influencing the 

propagation of radio signals inside the building. The received signal variation due to 

small-scale fading, large-scale fading and distance dependence are explained. Section 

2.3 presents a literature review on in-building propagation modelling, and it has been 

divided into two parts. The first part surveys the case where the transmitter and 

the receiver are both located on the same floor, and the second, propagation models 

for multi-floor buildings. Significant findings and their implications for propagation
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modelling are discussed. Finally, Section 2.4 summarises the chapter.

2.2 In-Building Radio Propagation

In the development of mobile radio communication systems, extensive research has 

been performed for the understanding of propagation characteristics of radio waves 

in outdoor environments [26-30]. While the fundamentals of radio wave propagation 

remain the same in indoor environments, indoor radio channels differ from outdoor 

channels in three important aspects, namely; (a)the indoor environments are inher­

ently 3D in topology, (b) the propagation distances are typically much smaller, and 

(c) the physical variation of the environment is much greater for a much smaller 

range of transmitter-receiver separation distances [31]. Indoor propagation is com­

plicated and strongly influenced by local features, such as floor layout and building 

construction materials for walls, floors and ceilings, and possible nearby buildings 

in dense urban environments [32]. An understanding of radio propagation inside 

buildings has been made possible through numerous experimental measurements 

and ray tracing techniques. Site specific propagation predictions were presented in 

[33, 34], which included measured path loss due to obstructions such as walls, soft 

partitions and floors. Furthermore, ray-tracing techniques were used in [35] to pre­

dict in-building propagation characteristics with reasonable accuracy. A few major 

propagation mechanisms govern the propagation of these rays inside the building. 

For example, when a ray strikes a flat surface such as an internal wall, the incident 

ray generates two rays, the reflected ray and the transmitted ray. This is further 

discussed in Section 2.2.1.

2.2.1 In-Building Radio Propagation Phenomena

In any given location within the building, the received signal is usually comprised of 

several components which propagate along different paths. Figure 2.2 illustrates the
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radio propagation phenomena which have been represented as rays in a hypotheti­

cal high-rise building environment. The signal component propagates through the 

following paths [36, p78]:

Direct path. - This is the most basic path for radio propagation, in which 

radio signals travel along the shortest path between the transmitter and receiver. In 

Figure 2.2 the direct path (coloured green) can include a LOS path with no inter­

vening obstacle, and a NLOS path with obstacles (e.g. floors, walls) between the 

transmitter and the receiver. The transmitted signals are likely to experience at­

tenuation when passing through the obstacles. Therefore, appropriate methods for 

estimating the transmission loss through obstacles are required for accurate propa­

gation modelling in indoor environments.

Reflected path. This path occurs when a propagating electromagnetic wave 

strikes an object which is large compared with the wavelength of the propagating 

wave, and then reflects towards the opposite direction of the incident wave. Reflection 

is generally regarded as an important propagation process which has been found to 

contribute significantly to the received signal strength [36, pp. 78-79]. The strength 

of this path depends on the electrical and physical properties of the object. If the 

incident wave impinges on a dielectric object, then part of the energy is transmitted 

through, part of the energy is reflected back, and part of the energy is absorbed. 

The material properties, wave polarisation, angle of incidence, and frequency are 

the parameters which can influence the extent of energy rcflection/transmission. 

Reflections typically occur at walls, floors and nearby buildings in close proximity as 

illustrated in Figure 2.2 (coloured red). The reflected paths are potential dominant 

energy paths and may need to be considered.

Diffracted path. This path occurs when the direct path between the trans­

mitter and receiver is obstructed by obstacles with abrupt changes such as a sharp 

edge or a corner [36, pp. 90-91]. Diffraction can occur from the corners of corridor, 

the window edges or the vertical edges of the walls inside a building. When the
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direct path is obstructed and significantly attenuated, the radio signal can reach the 

receiver via a diffracted path (coloured brown), as illustrated in Figure 2.2, and may 

be the major contributor to the received signal strength.

Scattered path. This path occurs when the propagating waves travel through 

a medium consisting of obstacles that are small compared to the wavelength and then 

scatters in several different non specular directions. For example, scattered paths 

can result when a radio wave impinges on a door knob and then propagates to the 

receiving terminal [36, pp. 100-1011. Scattering is expected where a large amount of 

clutter such as furniture and office equipment is present.

(i) Direct path
(ii) Reflected path
(iii) Diffracted path

Figure 2.2: A hypothetical high-rise building environment showing possible propa­

gation paths

2.2.2 Multipath Fading

Multipath fading is a feature that needs to be taken into account when designing 

or developing an in-building radio communications system, this is of particular im­

32



2 .2 . IN-BUILDING RADIO PROPAGATION

portance in this thesis. As signals propagate from a transmitter through the indoor 

environment via different propagation mechanisms, the received signal arrives at the 

receiver not only via the direct path, but via other paths as a result of reflections 

from objects such as buildings, walls furniture, etc that are adjacent to the main 

path as discussed in Section 2.2. The received signal envelope at the receiver tends 

to vary as a function of distance and time. The overall signal at the radio receiver is 

a summation of the variety of signals being received. As they all have different path 

lengths, the signals will add and subtract from the total depending on their relative 

phases. Three scales of signal fluctuation can be identified [26, pp. 67-69], namely 

small-scale fading, large-scale fading and distance-dependent path loss.

Small-scale fading. Small-scale fading is used to describe the rapid fluctu­

ation of the amplitude of a radio signal over a short distance (in the order of half 

a wavelength) [26, pp. 67-69]. Fading is caused by interference between multiple 

versions of the transmitted signal that arrive at the receiver at slightly different 

times [36, pp. 139-141]. These multipath waves combine vectorially at the receiver 

resulting in a signal that can vary widely in amplitude and phase.

The Rayleigh distribution is commonly used to model the envelope (in volts) of 

multipath signals in wireless systems when there is NLOS between the transmitter 

and receiver. The probability density function (PDF) for a Rayleigh distributed 

received signal a (in volts) can be expressed as [36, pp. 172-174]

where a2 is the mean power (in watts) of the multipath signal.

The Nakagami-m fading distribution was first introduced by Nakagami [37] for 

modelling ionospheric and troposheric fast fading channels. The Nakagami-m distri­

bution provides a very good fit for measured data in a variety of fading environments 

and has been widely adopted for multipath modelling in wireless communications

otherwise
(2 .1)
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due to its good accuracy and versatility. This distribution is useful for the modelling 

of radiowave propagation in environments where there is a LOS or specular signal 

component in addition to other multipath (Rayleigh) components. The PDF for a 

Nakagami distributed signal a (in volts) is given by [38, p. 329]

p{a)

1°
a > 0

otherwise
(2.2)

where F(-) is the gamma function defined by F(x) =  tx~1e~tdt, m is a parameter 

accounting for the fading severity thereby having a significant impact on the error 

performance of the system, and O is the average fading power of the received signal. 

The parameters Q and m can be expressed as

Q = E { a 2} (2.3)

Q2
E {(a2 -  D)2} ’

1
m > -  

~  2
(2.4)

The notation E {x }  denotes the expected value of x. The Nakagami-m distribu­

tion relates to other distributions through some simple formulae. For example, the 

Rayleigh distribution is a special case of the Nakagami distribution when m =  1. The 

Nakagami-m distribution can closely approximate a Rician distribution also [38, pp. 

329-330],

Large-scale fading. Large-scale fading is used to describe the long-term 

fluctuation of the received signals when small-scale fading is averaged out over a 

localised area of the order of tens of wavelengths [26, pp. 67-69]. This type of signal 

fluctuation is due to the presence of large obstacles in the propagation path, hence it 

is also known as shadowing. The Lognormal distribution is commonly used to model 

this scale of fading [30, p. 155]. The PDF for a lognormal distributed signal a (in
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volts) can be expressed as [30, pp. 232-233]

p{a)

20
aa In 10\/27r

(20 log a - u)2
2ff2

0

a > 0

otherwise
(2.5)

where u(dB) and cr(dB) are the mean and standard deviation of the slow fading 

component respectively, a is the mean of the fast fading voltage.

Distance-dependent path loss. This is the third and largest scale of signal 

variation which describes the attenuation of the received signal as the distance be­

tween the transmitter and receiver increases. This scale of signal variation is due to 

the spatial divergence of the radiowaves in space over the given environment [26, pp. 

67-69]. Figure 2.3 shows the linear relationship between the received signal (in dB) 

and the distance from the transmitter (in logarithmic units), in which small and large 

scale fading have been averaged out. The distance-dependent path loss determines 

the area mean [26, p 22]. In outdoor environments, the area mean normally follows 

an inverse exponent law with the distance d between the transmitter and the receiver, 

in the form of ^  [26, pp. 24-26]. The path loss exponent A determines the rate of

Figure 2.3: Distance-dependent mean power variation
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decay of the received signal with respect to the separation between the transmitter 

and the receiver, and can typically take a value between 2 to 6 depending on the 

propagation environment. In indoor environment, the value A can be smaller than 2 

for propagation down corridors, or larger than 2 for propagation through rooms and 

walls [39]. This will be discussed in greater details in Section 2.3.

2.3 In-Building Radio Propagation Modelling

Extensive radio propagation measurements have been conducted in a wide variety of 

buildings in order to understand radio propagation behaviour inside the building [40- 

54]. To differentiate in-building propagation phenomena, researchers often classify 

buildings by the following categories: residential homes in suburban areas, residen­

tial homes in urban areas, traditional older office buildings with fixed walls (hard 

partitions), open-plan buildings with movable wall panels (soft partitions), factory 

buildings, grocery stores, retail stores, and sports arenas. Hard partitions describe 

obstructions within the building which cannot be easily moved such as existing walls 

and corridors, while soft partitions describe movable obstructions such as office furni­

ture, which have a height less than the ceiling height. Within a building, propagation 

geometry may be classified as LOS where the transmitter and receiver are visible to 

one another or obstructed (NLOS), where objects within the building block a di­

rect propagation path. Physical similarities often exist between different types of 

buildings. For example, factory buildings and grocery stores both contain a large 

amount of metal inventory and often have few hard partitions within the building. 

Traditional office buildings, with many walls made of plaster and metal lathe, often 

have similar propagation characteristics to large residential homes or retails stores 

that contain many partitions. Although predicting radio coverage between floors of 

a multi-storey buildings has proven to be difficult, measurements have shown that 

there are general rules-of-thumb that apply.
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Numerous propagation models have been developed to predict radio propaga­

tion behaviour to enable the efficient planning of wireless communication systems. 

A variety of methods have been used to develop these propagation models. This 

include Empirical and Site-Specific models. Empirical/statistical models are usually 

a set of equations that are derived from experimental measurements. These equa­

tions are simple and can be used to predict the received signal strength efficiently. 

Predictions from these models have been compared with measured propagation data 

to assess their accuracy. Alexander [40] first found that the mean path loss, PL 

(dB) between transmitter and receiver of separation distance, d could be represented 

by a power law and given by

PL(d) =  A • log10(d) (2.6)

where A is the gradient parameter used to indicate the signal decay rate in the 

building. This model is simple and can be easily applied to an indoor environment 

with a single input parameter (i.e. the transmitter and receiver separation distance, 

d). However, the prediction accuracy is greatly dependent on the gradient parameter 

A derived from each building construction type through measurements. As a result, 

a series of measurements in different commercial buildings and houses is required.

On the other hand, site-specific models are based on electromagnetic methods 

such as the ray-tracing and finite-difference time-domain (FDTD) methods. Hybrid 

models which combine more than one electromagnetic models have recently emerged 

as another promising indoor propagation modelling approach [41]. The purpose of 

this section is to evaluate relevant propagation models reported in the literature and 

then formulate a propagation model for use in this thesis. The formulated propa­

gation model is then used to estimate the mean path loss between the transmitter 

and the receiver. For a system within multi-floor buildings (as considered in this 

thesis) with transmitters and receivers located inside the building, it is important to 

model the path loss within a floor of interest (intra-floor) as well as between floors

37



2.3. IN-BUILDING RADIO PROPAGATION MODELLING

(inter-floor). Propagation modelling approaches for both of these cases are discussed 

in the following sections.

2.3.1 Intra-Floor Propagation Modelling

Modelling radio signal propagation within a floor of interest is required for cases 

where the transmitter and receiver are on the same floor (e.g. single floor buildings). 

Previous research has shown that the mean received signal strength is generally 

found to decay with the distance between the transmitter and receiver. The log- 

distance propagation model is a common model which predicts the mean path loss, 

PL(d)(dB), between a transmitter and receiver separated by a distance d as [42]

where d is the distance between the transmitter and the receiver, PL(da) is the mean 

path loss (dB) measured at a specified distance, d0, and A is the path loss exponent.

respect to the 3D separation between the transmitter and the receiver, and can 

typically take a value between 2 to 6 depending on the propagation condition (the 

variation can be attributed to the physical layout and type of building, as summarized 

in Table 2.1). Experimentally obtained values of A for indoor environments vary 

considerably depending on the presence of a LOS or a NLOS propagation path. 

For example, if there is LOS propagation path between a transmitter and receiver 

in an open space (e.g. a large room or corridor), values for A are reported in the 

literature [43] to vary from 1.8 < A < 3. For NLOS cases (e.g. between rooms 

separated by several partitions), values for A are reported in the literature to vary 

from 2.45 < A < 6.5 [43]. In indoor environments, a reference distance (selected so 

that it lies in the far field of the transmitting antenna) of dQ =  lm  is typically used.

Several researchers have attempted to modify (2.7) in order to obtain a better 

fit to their measured data for different indoor environments. The lack of accuracy in

(2.7)

The path loss exponent A determines the rate of decay of the received signal with
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Table 2.1: Path Loss Exponent Measured in Different Buildings [43].

Building Path Loss Exponent, A

Grocery store 1.8

Retail store 2.2

Open-plan Factories 1.4 - 3.3

Suburban office building open-plan 2.4 - 2.6

Suburban office building with soft partition 2.8 - 3.8

Office building with hard partition 3.0

the above model occurs because it is only a function of distance and the impact of 

specific propagation environment features (e.g. the intervening walls and partitions) 

between the transmitter and the receiver are not accounted for.

Seidel et at. [44] have subsequently considered the impact of intervening walls 

and obstacles by adding relevant attenuation factors (wall attenuation factor) to the 

distance-dependent path loss model. This models assume that the signal attenuates 

as in free space (A =  2) and attributes all additional path loss directly to interven­

ing soft partitions and concrete walls. The mean path loss predicted by the wall 

attenuation factor (WAF) model can be represented as

PL(d) =  PL(d0) +  10A (freespace) log10 +  p • WAFsoft +  q • WAFconcrete (2.8)

where p and q are the number of soft partitions and concrete walls between the 

transmitter and receiver, respectively. WAFsoft and WAFconcrete are respectively soft 

partitions and concrete walls attenuation factors derived from experimental mea­

surements. Typical values for WAFsoft and WAFconcrctc are 1.4 dB/partition and 

2.4 dB/wall, respectively [44], By including the wall attenuation factor in (2.8), 

it is shown that more accurate mean path loss predictions than from the distance- 

dependent models represented by (2.6) and (2.7) can be achieved. However, addi­

tional input information is required regarding the types of intervening walls.
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2.3.2 Inter-Floor Propagation Modelling

Modelling radio signal propagation between floors is required when the transmitter 

and receiver are on different floors of a building as illustrated in the representation 

of the high-rise building shown in Figure 2.4. The intervening floors between the 

transmitter and receiver are likely to have a significant influence on the mean path 

loss. There have been numerous experimental studies of the indoor radio channel 

in multi-storey office buildings, and this section outlines several relevant, notewor­

thy empirical propagation models developed to predict signal strengths within the 

buildings.

Floor 3

*

/

/

Floor 2

\
\

\

*

Floor 1

Transmitter S ReceiverI

Figure 2.4: Generalised depiction of inter-floor propagation in multi-storey building

Motley and Keenan’s [45] model is based on experimental measurements of 

the received signal strength/path-loss in a multi-storey office building at 900 and 1700 

MHz. Similar to Seidel’s model for intervening walls within a single floor (2.8), the 

path loss was observed to follow a logarithmic relationship with distance but includes
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an additional attenuation factor accounting for each intervening floor between the 

transmitter and the receiver. The path loss can be represented as

where F  (dB) is the loss encountered propagating through a single floor and k rep­

resents the number of penetrated floors in the transmission path between the trans­

mitter and the receiver. A is the path loss exponent. At 900 MHz the parameters A 

and F  were found to be 4.0 and 10 dB respectively; whereas at 1700 MHz, A =  3.5 

and F  =  16dB [45]. It is noted that higher losses are predicted at 1700 MHz, and for 

the limited number of floors considered in [45], the path loss was observed to increase 

linearly with the number of floors penetrated. However, propagation measurements 

conducted by several researchers have shown that for a large number of floors, the 

incremental attenuation of each additional floor decreases with an increasing number 

of floors between a transmitter and receiver [46-47].

Based on experimental measurements in two multi-storey university buildings 

(containing a mix of laboratories, offices and classrooms) at 917 MHz, LaFortune 

and Lecours [46] attempted to modify Motley and Keenan’s model. The mea­

surement set was divided into a number of canonical regions such as propagation in 

corridors, penetration through soft and hard internal partitions and propagation to 

adjacent floors. Models to predict the mean path loss were fitted to the measure­

ments. When the transmitter and receiver are located on different floors, the loss in 

excess of free space can be represented as [46]

where n and p are the number of (internal, soft partitioned) walls and concrete floors 

in the transmission path between the transmitter and the receiver respectively, and 

d is the distance between the transmitter and the receiver. In contrast to the model 

proposed in (2.9), the floor attenuation is observed to decrease as more floors separate 

the transmitter and receiver.

(2.9)

PL(dB) =  —1.5n -  10.7log10 lOd -  23.8 -  41.71og10 10p (2.10)
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In [47], Bertoni et al. developed a theoretical model, based on the geometrical 

theory of diffraction (GTD), which explains the propagation between a transmitter 

and a receiver located on different floors of a building. It was observed that de­

pending on the structure of the building and the location of antennas, either direct 

ray propagation through floors or diffraction outside the building would determine 

the propagation characteristics and strength of the signal. The direct paths through 

the floors may include multiple reflections between semi-transparent walls, floors 

and ceilings. The electromagnetic field strength of this path at the receiver can be 

represented as [47]

| £ f =  MhIT  n 2„„„ , T B i » . , ,  (2 .ii)
where ZQ is the free space wave impedance, Pe is the effective radiated power, and L is 

the distance between transmitting and receiving antennas the radio wave penetrates 

through the floors. T|oor and T^all n accounts for losses due to each floor and wall 

respectively.

The diffracted paths involve transmission outside the building through windows 

and diffraction into paths that run along side the face of the building and propa­

gate back through another window into a different floor. The electromagnetic field 

strength at the receiver via such diffracted path can be represented as [47]

 ̂_ z0p,n o\a,) n, ̂  rt rL,,„
47rL2 Sn L n m  Fin (2 . 12)

where Lnm(n — 1 ,2 ,3 ;m  =  1,2) are the lengths of the diffracted paths, Tglassj and 

^waiik accounts for the losses through glass and interior walls in the transmission 

paths between the transmitter and the receiver. In (2.12), D(cti) is the diffraction 

coefficient for a propagating wave bending through angle a,:. Depending on the 

construction of the building and window frame, different choices may be made for the 

diffraction coefficient. The coefficient for an absorbing wedge obtained by Keller’s 

diffraction theory [48], was used in investigating the relative strength of the total 

field associated with the direct path through the floors and the diffracted path. The
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coefficient can be expressed as

(2.13)

where k =  2n/\ is the wave number and A is the wavelength. Typical values of Twan, 

Tgiass and Tfloor from experiment measurements and the knowledge of the material 

are 2.2dB. 0.25dB and 13.0dB respectively. This model offers complete physical 

calculations which are suitable for different kind of buildings in order to further 

improve the accuracy of empirical propagation models.

The models proposed by Seidel and Rappaport [49] are based on experi­

mental measurements made in two multi-storey buildings. The measurements were 

conducted at 914 MHz; however, it was suggested the model could be generally ex­

tended to the low microwave bands (1.0-5.0 GHz). Seidel and Rappaport proposed 

a distance-dependent model and a floor attenuation factor model. The path loss 

models for multi-storey buildings can be represented as [49]

D(at) =
2nk

1
27T + Oil

1. Distance-dependent path loss model

PL(d) =  PL(d0) +  lOA(multi-floor) log10 (2.14)

This model is similar to the model described by (2.7), except that the mean path 

loss exponent is a function of the number of floors between transmitter and receiver. 

Larger value of A (typically between 4-5.5 for one to three floors [49]) is chosen 

to account for the increased attenuation by intervening floors. The values of A (multi-floor) 

are given in Table 2.2.

2. Floor attenuation factor path loss model

PL(d) =  PL(d0) +  10A(same floor) log10 ( — ) +  F AF  (2-15)d

43



2.3. IN-BUILDING RADIO PROPAGATION MODELLING

where A is the (constant) path loss exponent from data measured when the transmit­

ter and the receiver are on the same floor (given in Table 2.2), and FAF  is the floor 

attenuation factor representing losses encountered while propagating though a num­

ber of floors. FAF  is a function of the building type, and number of floors between

Table 2.2: Experimental Values of Path Loss Exponent, A Through Floors of Two 

Multi-Storey Buildings [49].

Building A

All buildings:

All locations 3.14

Same floor 2.76

Through 1 floor 4.19

Through 2 floors 5.04

Through 3 floor3 2.22

Office building 1

Entire building 3.54

Same floor 3.27

Office building 2

Entire building 4.33

Same floor 3.25

the transmitter and the receiver. The values of the floor attenuation factor is given 

in Table 2.3. It is noted that the FAFs shown in Table 2.3 are not a linear function 

of the number of floors between the transmitter and receiver. Since all floors in the 

buildings examined are identical, if penetration through the floors was the only dom­

inant propagation path, the FAF  should increase linearly. However, the incremental 

FAF  decreases as more floors arc penetrated, suggesting there may be other factors 

such as multipath reflections from neighbouring buildings that affect the path loss.
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Since the publication of the Seidel model in 1992, various improvements have been 

suggested [50-52], but the model remains widely used and forms the basis of the 

International Telecommunications Union (ITU) model for mean path-loss prediction 

in multi-storey buildings [53].

Table 2.3: Experimental Values of FAF  in Two Office Buildings [49].

Building FAF  (dB)

Office building 1

Through 1 floor 12.9

Through 2 floor 18.7

Through 3 floor 24.4

Through 4 floor 27.0

Office building 2

Through 1 floor 16.2

Through 2 floor 27.5

Through 3 floor 31.6

The ITU model is based on a number of experimental studies conducted in 

a wide range of buildings t hroughout the world at various frequencies. The mean 

path-loss is given by [53]

PL(dB) — 20 log10 /  +  Nt log10 d +  Lf(k ) — 28 (2-16)

where Nt is the distance power loss coefficient that expresses the loss of signal power 

with distance. This coefficient is an empirical one with some values provided in Table

2.4. /  is frequency (in MHz), d is the distance between the transmitter and the 

receiver, Lf is the floor penetration loss, and k is the number of floors separating the 

transmitter and receiver. Table 2.4 shows values for Nt and Lj at typical operating 

frequencies, although it is suggested that a better performance can often be obtained

45



2.3. IN-BUILDING RADIO PROPAGATION MODELLING

Table 2.4: ITU Model: Distance-Dependent Exponents and FAF s [53].

Frequency (GHz) Distance Dependent, Nt Floor Attenuation, Lf(dB)

0.9 33 9 (1 floor)

19 (2 floors)

24 (3 floors)

1.8-2.0 30 15 +  4(Nt -  1)

5.2 31 16 (1 floor)

if the model is tuned by incorporating experimental measurements for Nt and L f from 

the buildings of interest.

In addition to these findings, Austin et al. [54] have developed mechanistic 

models to characterise the indoor radio channel, particularly focusing on inter-floor 

propagation using FDTD method in order to identify the dominant mechanisms 

governing propagation within buildings.

The models proposed by Austin et al. [54] are based on FDTD implementation 

in two reinforced concrete multi-floor buildings surrounded by multi-storey buildings. 

The results presented indicate the power arriving on adjacent floors in a multi-storey 

building is dominated by the component penetrating through the floors and the 

component reflected by adjacent buildings. Based on the Friis equation [36, pp. 

70-73], the model consists of two components which can be expressed as

PL = ŵ
47tgL

B
„2 n + E

6=1
\i\dh

niTniTiw) (2.17)

In the first component, da is the distance between the transmitter and receiver when 

the radio wave penetrates through the floors, n is the number of intervening floors in 

the transmission path between the transmitter and the receiver and k is the (linear) 

attenuation through a single floor. The second component is the strength of the 

reflected path which reflected back from the surrounding buildings, where B denotes
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the number of adjacent buildings parallel to an external face, d\, is the distance be­

tween the transmitter and receiver when the radio wave reflects from surrounding 

building b, T is the reflection coefficient at the building face and r is the transmis­

sion coefficient through the glass windows. Xw is the wave length. Transmission 

through two sets of glass windows and reflection at a glass fronted building reduces 

the received power by 18 dB and can be modelled by reflection and transmission 

coefficients of 0.5 in [54]. The results have also indicated that double-reflections 

and edge diffraction can increase the received power; however their contribution is 

inconsequential enough to be excluded from consideration in the mechanistic model.

2.3.3 Propagation Modelling Approach in This Thesis

Sections 2.3.1 and 2.3.2 reviewed the approaches for modelling mean path loss vari­

ations in single and multi-floor buildings. In this thesis, a floor by floor analysis 

of an in-building wireless communication system employing DAS is presented. All 

of the models used in this thesis are based on an understanding of the key propa­

gation mechanism (s) in multi-storey buildings and relate the radio propagation to 

the specific layout of the buildings considered; however, in-building path loss values 

are retrieved from measurement results in multi-storey high-rise buildings [49-54]. 

These types of models are well suited to the analyses presented in this thesis where 

the performance over an entire floor is of interest. The common propagation paths 

assumed include, LOS from the transmitter to the receiver, diffraction at the win­

dow frame, and reflections from adjacent buildings; and in most circumstances one 

or two components dominate the mean received power. The parameters fitted to 

the models used in this thesis, include the distance between the transmitter and the 

receiver, d, propagation exponent, A, and the penetration loss, p, the reflection loss, 

tp, the diffraction loss, (pu<n and the transmission loss through the glass window, (pu,n- 

The detailed in-building propagation channel models are described and formulated
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in chapter 3 and used to evaluate the performance of the in-building DAS.

2.4 Summary

Indoor wireless systems pose one of the biggest design challenges to wireless communi­

cation system designers. Reflection, diffraction and scattering cause signal variations 

and propagation losses. The propagation environment is considerably more complex 

than outdoor environments. Multi-storey buildings often encourages 3D deployment 

strategies, with frequency channels often reused on adjacent (or nearly adjacent) 

floors. Furthermore, the path between a transmitter and a receiver inside a building 

may vary from having complete LOS with no intervening obstacles to NLOS with 

one or more different obstacles between and around them. Therefore understanding 

how radio waves propagate within buildings, and give rise to co-channel interference, 

is important in order to analyse and design in-building wireless systems with accept­

able performance. This chapter has presented the commonly observed in-building 

propagation phenomena, and the received signal variations due to small-scale fading, 

large-scale fading, and distance-dependence. Various modelling techniques that are 

used to predict propagation behaviour in indoor environments have been reviewed. 

These include models for the case where the transmitter and the receiver are both lo­

cated on the same floor, and propagation models for the case where the transmitter 

and the receiver are located on different floors. If the characteristics of the prop­

agation channel is predicted accurately, radio frequency engineers can confidently 

predict the coverage area, evaluate system performance and design indoor wireless 

systems so that interference is minimised and system capacity is maximised. One 

of the major contributions of this thesis is an evaluation of the performance of in­

building DAS based on a propagation channel model which accounts for inter-floor 

interference caused by the effect of the building structure and its terrain.
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3.1 Introduction

Future wireless systems will need to provide gigabit wireless data services to a large 

number of users. The 4G systems are expected to provide broadband packet data 

services with peak data rate of about 100Mb - lGbps [55]. However, there are
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important technical issues to be addressed. Amongst them are limited bandwidth 

and limited transmit power. In December 2007, ITU allocated the spectrum for 4G 

systems as follows [56]: 450-470MHz (20MHz), 790-806MHz (16MHz), 2.3-2.4GHz 

(100MHz) and only 3.4-3.6GHz for Global use. 200MHz bandwidth in the global 

frequency band must be shared by several operators (at least 2) and reused every­

where. The frequency spectrum allocations are limited while gigabit data services 

are increasingly demanded. Furthermore, the received signal quality degrades due 

to long radio transmission distance between the transmitter and the receiver. This 

leads to path and shadowing losses, since the transmit power is limited. Thus, for 

high rate transmission, a huge transmit power is required if the same communication 

range in distance as in the present cellular systems is kept. On the other hand if the 

transmit power is kept the same as in the present systems, high data rate services 

may only be available near the BS [57]. Therefore, a fundamental change is necessary 

in wireless access network architecture. One promising solution to solve the problems 

arising from limited bandwidth and limited transmit power is DASs.

This chapter introduces DASs and provides the essential details of the channel 

and system models which are used in conducting the analysis of the in-building 

DAS. The difference between the conventional DAS and the in-building DAS in the 

context of co-channel interference is discussed in Section 3.2. Section 3.3 presents 

the in-building DAS system models, and the impact of the building layout and its 

terrain on system performance is examined. The path loss between the MTs and 

each RAU, and the received signal-to-interference-plus-noise ratio (SINR) are also 

formulated.

3.2 Distributed Antenna Systems

DASs, which employ multiple RAUs connected to a CU have drawn considerable 

attention in recent years due to their enormous improvement in terms of signal
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quality, coverage of dead spots, power efficiency and data rates [58]. Early proposals 

on the use of distributed antennas were simply to cover dead spots in environments 

hostile to radio propagation, such as in tunnels, mines and indoor environments. In 

such environments, the propagation loss encountered by the signal may render the 

use of a single central antenna ineffective [22], RAUs in the DAS are geographically 

distributed so that the radio transmission distances from a MT to the surrounding 

RAUs are reduced and high data rates can be achieved for a given transmit power 

and bandwidth [59-63]. There is no additional signal processing needed at the RAUs 

except for amplifiers and down-converters. DAS increases the spectral efficiency 

without using extra bandwidth through all RAUs since they are typically connected 

to the CU via dedicated wires such as optical fibres.

However, most of the recent work on the conventional DAS have been focused 

on outdoor environments with cell sizes generally within hundreds of meters. In [59] 

and [60], it has been shown that DAS reduces co-channel interference in a multicell 

environment, and hence significantly improves system performance and capacity, 

particularly for MTs near cell boundaries. A similar study was considered in [61] 

for outdoor systems, where the authors argue that the DAS always achieves higher 

capacity than any corresponding multi-antenna system using colocated antennas. 

However, the results provided in these previous studies cannot be applied directly 

to 3D in-building multi-floor propagation environments. Since the demand for high 

data rate services is predominantly from mobile users who are relatively stationary in 

cafés, restaurants, offices, hotels, shopping centers, bars, pubs, subways, gyms, train 

stations, airports, homes, and other in-building environments, providing good signal 

quality which is needed for high data rate services, through distributed antennas is 

crucial, especially in multi-storey building environments.

An alternative solution proposed in this thesis is in-building DAS, where each 

floor of multi-storey buildings is treated as a cell and multiple RAUs are distributed 

on every floor throughout the building, to provide dedicated in-building coverage.
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The RAUs are spatially distributed so that they are always visible from a MT within 

every floor of the building. Each RAU is connected to a CU by means of optical fibre 

links. The distributed antennas creates the following potential benefits:

• Higher received signal strength due to reduced propagation distance between 

the transmitter (MT) and the receiver (RAU),

• lower transmit power and hence lower co-channel interference,

• increased spectral efficiency due to more spatial reuse in spatially separated 

floors,

• hence, higher data rates.

On the other hand, the in-building DAS is likely to face a critical problem of 

interference between co-channel cells which can severely limit the system capacity 

and performance.

3.2.1 Co-channel Interference

In order to meet the increasing demand for wireless communication services, the 

same frequency channels are reused within different cells due to the limited available 

spectrum. Frequency reuse causes co-channel interference, which is detrimental to 

system performance, reducing the reliability, data rate and the number of users that 

can be supported. Frequency reuse is widely used in outdoor mobile communication 

systems, but the resulting co-channel interference from neighbouring BSs can be 

reduced with careful deployment strategies [62, pp. 16-19]. However, reducing co- 

channel interference for systems operating indoors is a challenge because the reuse 

distances indoors are typically much smaller, and all transceivers are located in close 

physical proximity.
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3.2.2 Inter-Floor Interference

Unlike two dimensional (2D) planar frequency reuse strategies developed for outdoor 

cellular systems employing DAS, multi-storey buildings encourage a 3D approach to 

system analysis and design. The in-building environment is considerably more com­

pact and the propagation inside buildings has a more complex multipath structure 

than that of the outdoor mobile radio channel. The multipath generated by reflec­

tion from nearby buildings and transmission from other floors within the building 

may increase the level of interference, which may greatly diminish the advantages 

of DAS if the same frequency channels are reused in adjacent floors of high-rise 

buildings [63]. The shorter the distance between co-channel floors, the greater the 

influence of co-channel interference. Although the floors form natural boundaries, 

signals can leak onto adjacent floors of the building via mulitpaths. Estimating inter­

floor interference in indoor environments is complicated by the large variability in 

building layout, architectural styles, and building materials. In dense urban environ­

ments, nearby buildings in close proximity can potentially reflect strong co-channel 

signals back onto other floors, further complicating the problem. This phenomenon 

is also significant when deploying indoor fcmtocell system which is another wireless 

technology planned for indoor environments [64], Therefore, to analyse and design 

multi-floor in-building wireless systems with acceptable performance, it is necessary 

to develop a propagation channel model which accounts for inter-floor interference 

caused by the effect of the building structure and its terrain.

Therefore, this thesis explores the performance of in-building DAS for high 

data rate indoor communication in the presence of co-channel interference. Radio 

channel propagation characteristics in indoor high-rise buildings, with full frequency 

reuse among floors, and the resulting impact on system performance is studied. The 

quality of service provided to the users will depend on the strength of the desired 

signal and the relative strength of the interfering signal. The ratio between the
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desired and interfering signal powers is termed the signal-to-interference ratio (SIR). 

However, due to multipath fading on the desired and interfering propagation paths, 

the instantaneous SIR will fluctuate and consequently lead to a higher BER. It should 

be noted that achieving adequate coverage (i.e. sufficient desired signal strength at 

the RAU) for in-building DAS is usually not an issue, as the distances between the 

MTs and RAUs are considerably shorter, rather it is interference (typically from 

vertically located co-channel systems) that constrains performance [65].

3.3 In-Building DAS Modelling

In this section the system models which are the necessary prerequisites for the fol­

lowing chapters of this thesis are presented. To be able to analyse and evaluate the 

performance of in-building DAS, models for signals and channel are needed. The 

mathematical technique to evaluate the SINR of the in-building DAS is also pre­

sented.

3.3.1 System Description and Channel Model

The uplink transmission model in a multi-storey building is shown in Figure 3.1, 

where each floor represents a cell equipped with evenly spaced, multiple ceiling 

mounted RAUs, which are located in the same position on every floor, to serve 

all MTs on each floor. The RAUs are connected to a CU where received signals are 

constructively processed. Each floor of the building has a similar construction with 

an open office interior floor plan and the same frequencies are assumed to be reused 

on each floor. However, frequency reuse within the same floor is avoided in order to 

reduce co-channel interference, which implies that co-channel interference can only 

emanate from nearby floors.

In the building, it is assumed there are a total of U CUs, one on each floor and 

each CU connects to N RAUs. For a simple analysis, it is assumed that the floors
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Figure 3.1: An illustration of in-building DAS with frequency reuse on every floor.

are shaped as cuboids with a common inter-floor spacing of F meters and that there 

is one active MT evenly located across each floor at a height of v meters. The MT 

of interest, u , is located on the middle floor (reference floor) of the building. It is 

also assumed that there is a multi-storey building located a few meters away from 

the reference building.

In radio propagation between floors of high-rise buildings, experimental results 

have shown that there are two likely possible sources of interference. Depending on 

the structure of the building, and the location of the transmitter and the receiver, 

co-channel interference could emanate from [54]:
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Ï. direct signal transmission through the floor partitions, which may include mul­

tiple reflections between the walls, floors and ceilings;

2. transmissions that involve signal reflections and scattering from nearby build­

ings that propagate back into the reference floor.

Although the dominant propagation path is via penetration through the floors, the 

reflection paths are largely free space and consequently may carry higher power, 

relative to paths penetrating through the floors after 2-3 floor separations. Thus, 

in the uplink transmission of the DAS considered in this chapter, the impact of co­

channel interference from the direct and the reflected paths is studied. In this case, 

a RAU will receive a desired signal from a MT on the reference floor, and co-channel 

interfering signals from other MTs on co-channel floors via direct signal penetration 

through the floors and reflections from a nearby building.

The transmitted signal by MT-u to the n-th RAU can be expressed as

xu(t) =  Re [xu(i)] =  Re Iv^Ps'V] K  [?'] Pts(t -  zTs)ej27r/ci
L z oo

(3.1)

where Re[x] represents the real part of x, xu(t) is the complex representation of the 

transmitted signal, Ps is the transmit power which is assumed to be the same for 

all MTs, bu [z] is the transmitted symbol with E[bu] =  0 and E[bu ■ &*] =  1, where 

* represents the complex conjugate. Ts represents the symbol duration, pra(t) is a 

pulse waveform defined as pr,(t) =  1 for 0 < t < Ts and pra(t) =  0 otherwise and f c 

is the carrier frequency.

The channel from MT-u to the n-th RAU on the reference floor is modelled as 

the sum of low pass equivalent impulse responses of the individual paths which can 

be expressed as

hu,n(t) = h'u,n(t) +  K,n(t) (3.2)

where hun(t) and hUyTl{t) are the impulse response for the paths that run through the 

floors (direct path) and the reflected paths from a neighbouring building, respectively.
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The complex low pass equivalent impulse response for h' (t) is expressed as

h'uJ t )  =  (du,ny x/2 ■ <pk£  • « u,n ■ e* “-» • S(t -  T u > n )  (3.3)

where (dUtn)~X is the distance dependent path loss when the signal propagates through 

the floors. du>n is the distance between MT-w and the n-th RAU on the reference 

floor. A is the path loss exponent of propagation and typically takes a value between 

2 to 6 depending on the propagation condition (the variation can be attributed to 

the physical layout and type of building, as summarized in [49]). is the penetra­

tion loss through a single floor and k =  u — u represents the number of penetrated 

floors in the transmission path between MT-u and the n-th RAU on the reference 

floor. The penetration loss introduced by each floor depends on the thickness and 

conductivity of the floor material. The reported penetration loss for floors made of 

concrete were found to be lOdB to 15dB per floor while those made of concrete over 

corrugated steel exhibit penetration loss as large as 26dB at 1700MHz (measurement 

values of penetration loss for different floor materials are summarized in [66]). It 

should be noted that, over the frequency range of interest (1.0-2.5 GHz) assumed 

in this thesis, the electromagnetic properties of typical materials encountered within 

buildings can be modelled as frequency independent [45]. In (3.3), dûn is determined 

by the locations of the MT and the RAU. Assuming a (x, y, z) Cartesian coordinate 

system, let (xu,yu) denote the coordinate of the MT-u, and (xn,yn) represents the 

coordinate of the n-th RAU on the reference floor. Then the MT-RAU distance in 

3D space is given as

du,n =  V (xu -  xn)2 +  (yu -  yn)2 +  [Fk +  (v -  F)]2 (3.4)

Note that the number of intervening floors between the desired MT and its target 

RAU on the reference floor is zero (i.e. k =  0). aUiTl, 0u n and Tu n in (3.3) are the 

channel fading coefficient, the path phase, and the path delay. It is assumed that 

transmission channels for all MTs are independent such that au>n, dUtTl and rU;„ are
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statistically independent. S(t) denotes the Dirac delta function. It is assumed that 

9un and ru,rL are uniformly distributed over [0,2n] and [0,Ts\ respectively.

Correspondingly, the complex low pass equivalent impulse response for hu,n(t) 

in (3.2) can be expressed as

ĵ2
K,n(t) =  (¿u,n) • <Pl{n ‘ &u,n ' «u.n ' ^ u’n • 6(t -  f tt,n) (3.5)

where du.n denotes the distance between MT-u and the n-th RAU on the reference 

floor when the signal is reflected by a neighbouring building as illustrated in Figure 

3.1. dun can be approximated as

du,n =  d\ +  d2 (3.6)

where d\ is the distance between MT-w and the neighbouring building, and d2 is 

the length of the reflected path from the neighbouring building to the n-th RAU 

on the reference floor. In (3.5), <pUiTl is the reflection coefficient at the building 

surface and (pUtn is the transmission loss through the glass windows. au.n, 9Utn and 

run are the channel fading coefficient, the path phase and the channel delay of 

the reflected path respectively. The distribution of aU}Tl can be approximated as 

Rayleigh distribution since a LOS condition does not exist in the reflected signal 

path. 6u n and rUjn tend to have the same distribution as 9ûn and rUjn respectively. 

The small delay spread relative to long symbol interval is assumed as in modulation 

schemes like orthogonal frequency division multiplex (OFDM) [67]. Hence, the effect 

of intersymbol interference (ISI) on the bit error rate (BER) performance is negligible.

Thus, in the examined building, when the MT and the RAUs are within the 

same floor of interest, intra-floor propagation is modelled as (du,n) 7 , however when 

the MT and the RAUs are on different floors, inter-floor propagation is modelled as 

(dUiTl)~X/2 ■ (Pu{n +  (dUin̂  ■ $1% ■ (pUyn as indicated in (3.3) and (3.5).
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3.3.2 Uplink Received Signal

The uplink received signal by the n-th RAU on the reference floor includes com­

ponents from the desired M T-u, co-channel interfering MT-u from other floors of 

the building, and channel noise. This can be represented by its complex low-pass 

equivalent as

u
ru,n{t) = Xu'(t) <8 hu' n(t) + ® K,n(t) + Vn(t)

u=l,u^u

=  K ',  „) A/2 • <x/ „ • e^u><n
u

Xu'Q - V , J

+  ^  ̂ Qr) ’ %u(j' ~̂uìn) "l- Vn( )̂ (3.7)

where =  (du,n)~A/2 • v?*n • nu,n • e-7̂ '” , Qr =  (du,n)~X/2 • &u,n • V?«,« • dU)„ • e-7̂ ’" and 

77„(i) is the background additive white Gaussian noise (AWGN) at the n-th RAU, 

with zero mean and a double sided power spectral density No/2. The notation 8 

denotes the convolution operation.

In [68], channel measurements were performed to determine channel charac­

teristics in and around office and factory buildings where a LOS is present. The 

measurements showed that the propagation follows a Nakagami-m fading distribu­

tion, where the received signal consists of several specular components plus several 

Rayleigh fading components. The Nakagami-m distribution provides a very good fit 

for measured data in a variety of fading environments. Accordingly, the envelope of 

the desired signal is modelled by Nakagami-m distribution. Hence, a 2, n is Gamma 

distributed with the PDF expressed as [69]

/ 2 x _  ( mn\ mD au
Poi',Sau'^ v $ W  r

(a2, I™"-1v u ,n 7

mr
exp TYln 2

- 7—  a  /O u ina 677. a u\n <  0 (3.8)

where T(-) is the gamma function defined by T(x) =  / 0°° tx~1e~tdt, mn is a parameter 

accounting for the fading severity and 0 n is the average fading power of the received 

signal. The parameters Dn and mn may be expressed as Qn =  E[aU J  and mn =
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E[(a2 )2j ’ — 2’ respectively. It is assumed that interfering signals from other
u  ,n

floors of the building have no specular component; therefore, the envelope of the 

interfering signal is Rayleigh distributed with mean square E[a^n\ =  1. The PDF 

of the instantaneous interfering signal power in a Rayleigh fading channel can be 

obtained by letting mn =  1 .

Assuming the phase and the path delay are known at the receiver and the 

receiver has a perfect timing synchronisation with the M T-« i.e., ry^ =  0, the 

demodulated signal of MT-u over one symbol period Ts is given by

Zn =  Re ru,n(t) ■ e j27tU ■ e  ̂ d t j =  Re Sn +  E  Iu,n
û u

+  Vn (3.9)

where Sn is the desired signal component received by the n-tli RAU on the reference 

floor, expressed as

1
S n =  Y  I  ( d u ',n )

—A/2 jO /
olj • e u ’n • x (t) ■ e~j°u'’n ■ e~]2nfctdt

s JO

=  v /F  K ',„ )"V2 ■K '-V u' (3.10)

Iun is the interfering signal component received from other floors by the n-th RAU 

on the reference floor, expressed as

rTs

4 / Gd • Xu{t -  Tu n) ■ e 36u’n +  Qr ■ xu(t -  fu>n) ■ e j6u’n ) dt

l  r r u ,n  r T s \  (1 (  f T u >n  \

=  j r  l K[i\ +  /  bu[i +  lU dt +  J f\  bu^  +  /  bu  ̂+  1M dt

G, Q r— —  [bu[i] ■ (tUi„) +  bu[i +  1] • (Ts — Tûn)\ +  —  [bu[i] ■ ( fu,„) +  bu[i +  1] • (Ts — fu>n)]
7\ T,

(3.11)

where Gd =  (du,n)_A/2 • 4 , «  ' au,n • eAK'n~e 7 Q  and Qr =  (4 ,n )_A/2 • V>u,n ■ If>u,n ■ au,n ■ 

ej(0u,n 0„',n)_ ] and bu[i +  1] are the previous and current symbols transmitted by

the M T-« within [0, Ts] respectively. The total co-channel interference term received
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by the n-th RAU on the reference floor, denoted by Iu, is written as

u
(3.12)

The expectation of Iu can be easily derived as E[IU] =  0 and the variance denoted 

by a\ is derived in Appendix A as

Since the number of interfering sources is sufficiently large and interfering sources 

are independent of each other, the total co-channel interference term /„ , can be ap­

proximated as a zero mean Gaussian distributed random variable by invoking the 

central limit theorem (CLT) [69]. The assumption that the multiple access interfer­

ence is Gaussian distributed is valid for a large number of interferers, and when the 

interference emanates from a sufficiently large number of independent components.

If there are only a small number of mobiles in the system, the Gaussian Ap­

proximation has been shown to underestimate the BER. An improved Gaussian ap­

proximation has been developed by Morrow and Lehnert [70] to yield more accurate 

predictions. However, this technique requires significantly more computational ef­

fort than the standard Gaussian approximation. In this thesis, multiple floors are 

considered, and each floor has more than one RAU, thus sufficiently large number 

of independent interfering components are assumed and for this reason the standard 

Gaussian approximation is considered to be sufficiently accurate. This assumption 

has since been the basis of the many studies investigating the performance of wireless 

systems in the presence of co-channel interference [60-62, 67, 71-77].

In (3.9), //„ is the noise component with zero mean and a variance of a  ̂ =  

N0/(2TS), which is assumed to be equal for all RAUs.

(3.13)
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3.3.3 Minimum Mean Square Error Combining

At the receiver, the minimum mean square error combining (MMSEC) is applied, 

where the received signal by the n-th RAU, given in (3.9), is multiplied by a con­

trollable weight (Figure 3.2) in order to achieve spatial diversity.

In the MMSEC spatial diversity scheme [71, p 437], the combiner output used 

for the detection is a linear combination of the weighted signals of all RAUs. The 

decision variable for detecting the desired signal on the reference floor using MMSEC 

is given by

where Wn is the optimum weight which maximizes the SINR. In the presence of co­

channel interference, MMSEC spatial diversity is used not only to combat the fading 

of the desired signal (as with maximal ratio combining - MRC, which is the optimal 

combiner in a noise only system) but also to suppress the power of the interfering 

signals at the receiver. However, when there is no interference, MMSEC maximizes

Combined
output

z0(t)

Figure 3.2: Diagram of MMSEC diversity scheme.

(3.14)
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the output signal-to-noise ratio (SNR) and its performance is then equivalent to 

that of MRC. For comprehensive discussions of various diversity schemes and the 

derivation of corresponding weight vectors, the reader is referred to [71, pp. 363- 

412). The optimum weight Wn in (3.14) is expressed as [72]

Wn =  ^  (3.15)
Pn

where au'n is the channel fading coefficient of the desired signal and pn is the variance 

of the interfering signal plus background noise at the n-th RAU on the reference floor. 

pn is written as

pn =  E [Iu -ru] + al (3.16)

Substituting E [Iu ■ I*] with (A.4) as derived in Appendix A into (3.16), pn is rewrit­

ten as
u

Pn =  ^ Y l  [(du.") V £ ,„ +  (4,n ) (3'17)
/ /UĴU

Therefore the optimum weight Wn is expressed as

W„ = (3.18)
3 E u^ ' [ « n ) " A< n  +  (du ,n ) - X<Pu,n <i%,n ] +

Correspondingly, given the location (xu,yu) of the desired MT-u , the instantaneous 

SINR may be obtained as

>tvTV

l { x u,yu) =  y ^ T n(xu,yu) =
( E t u u s „ ) ' TV

y N W2a2, + y N , W2a2 ^  PL ^n=\ n Iu Z -m = 1 n r> -----1 '
E '4" - 2a (3.19)

n = 1 ¿—/n=l "  n ” l u 1 1 "  r) n=l

where "yn(xu, yu) is the SINR per RAU and A\ =  Ps(du> n)~X- The average SINR, de­

fined as the ratio of the average received desired signal power to the average received 

interfering signal power plus noise power, can be expressed as

TV

7 (xu,yu) =  Y
ps ■ K ', „ ) - A

T l  T 2 Y lu =  l,u#u ' [A *  +  A ]  +  2^
• a

TV

= E
2g ,
TV0 K ' \—A

n = l !  ' No [ A  +  R « ]  +  1
•a (3.20)
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where Du =  (du<n) V£,n and Ru =  (du,n) Â u, n ^  is the ratio of the transmit 

symbol energy to noise power density at the MT, where Es is expressed as

E, =  Ps ■ Ts (3.21)

Since <x2> is Gamma distributed, the PDF of the instantaneous SINR, 7 (xu,yu), in 

(3.19), for arbitrary values of the Nakagami fading parameters is then obtained as 

[73]

1 /'°°
Ey(x,i,yu)\U ~

~ Jo

cos E „V=1 tan 1 ( ¿ )  - t j
-d t (3.22)

where f3n =  mn/^n(xu,yu). I11 the case where a2,n is assumed to be Rayleigh dis­

tributed, P-y(xu,yu)(7) is obtained by letting mn =  1. The SINR is largely a function 

of the propagation environment, the number and the specific location of the MTs.

3.4 Summary

This chapter has extended the propagation studies considered in Chapter 2 to anal­

yse the performance of in-building DAS in the presence of co-channel interference in 

a multi-storey building. Unlike the propagation studies in 2D outdoor DASs, this 

thesis is unique in that it considers a 3D approach to investigate inter-floor prop­

agation between floors of a generalised multi-storey building, and the impact of a 

neighbouring building is studied. I11 the building examined, co-channel inference 

could emanate from paths penetrating through the floors, and signal reflections from 

a neighboring building. Propagation channel models and techniques for evaluating 

the performance of in-buidling DAS were presented. The considered building is sim­

ple, but broadly representative for many modern building environments, and serves 

as a good starting point for inter-floor performance analysis of wireless systems em­

ploying DAS. The resulting system model is the basis for the subsequent system 

performance analyses discussed in Chapters 4, 5 and 6.
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Chapter 4

Achievable Spectral Efficiency 

Performance of In-Building DAS
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4.1 Introduction

As discussed in the thesis introduction, the radio spectrum available for wireless 

services is extremely scarce, while high data rate services are increasingly demanded 

particularly within buildings. Hence, spectral efficiency is of primary concern in 

the design of future indoor wireless communication systems. The performance of 

the systems is largely limited by interference from other systems (MTs) operating 

over the same frequency bands. In order to evaluate the system performance in the 

presence of interference, the desired and interfering signal power from transceivers
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operating within the building are required as investigated in Chapter 3, based on the 

underlying propagation and channel model for the building structure and its terrain. 

Accordingly, the effects of different system parameters on the performance of the in­

building DAS is investigated in this chapter using the system models. The spectral 

efficiency achievable is used as the metric to measure the performance of the system, 

which is evaluated for different possible MT locations evenly spaced across the entire 

floor of the building. For each MT location, the achievable spectral efficiency is 

computed under a specified BER constraint in order to determine the achievable 

data rate. Section 4.2 derives location-specific spectral efficiency and discusses a 

location-specific RAU selection strategy. A range of representative numerical results 

are presented in Section 4.3 and a summary of the findings in this chapter is presented 

in Section 4.4.

4.2 Achievable Spectral Efficiency

In this section, the location-specific uplink spectral efficiency achievable in the in­

building DAS is defined. The adaptive multi-level quadrature amplitude modulation 

(MQAM) which dynamically determines the modulation level based on the received 

SINR is applied to maximize spectral efficiency while keeping the BER under a target 

value [74-76]. This is essential since most applications require a certain maximum 

BER. During a good channel condition, a higher order modulation level is used, while 

during a poor channel condition, a lower modulation level is used. The relationship 

between BER and SINR, 7 , under a certain modulation level Mj =  2J for MQAM 

can be approximated as [77]

PeX7) =  7 exp 5
-3 7

2(2J -  1)
(4.1)

where j  (an even number) is the number of bits per symbol. Given a target instan­

taneous BER equal to P0, the region boundaries (or adaptive modulator switching
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thresholds) 7j for switching across the modulation levels can be solved from (4.1) 

and may be expressed as

7j =  — ̂  ln(5Po)(2J — 1); j  =  0,2,4,- •• ,J  (4.2)

The average spectral efficiency with unit of bits per second per Hertz, is the sum of 

the data rates log2(M j) =  j  weighted by the probability that the j-th  modulation 

constellation is assigned to M T-u. Given the location of MT-tt , this can be expressed 

as
xA  r j+iTu(xu,yu) =  2_^\og2(Mj) / P1(xu,yu)('y)d'Y (4.3)
3=1

where the values of 7j and 7J+i are obtained respectively according to (4.2), for a 

given Pq. Note that j j +i =  + 00. By substituting (3.22) in Chapter 3 into (4.3), 

interchanging the order of integration and simplifying trigonometric identities, Tu is 

rewritten as
j

Tu(xu,yu) = 5 ^  log 2(Mj)
3=1
„  1 i°° sin(Bjjt) -  f7j+i) -  sin(B^t) -  tr/j) 

n J0 tB2(t) { J

where Bx =  mn ’ tan~ l ( ^ )  and B2 =  +  {j^)2)mnl2- In general, the

integral in (4.4) can be computed numerically using computer software such as MAT-

LAB.

4.2.1 Location-Specific Antenna Selection

In this section, a location-specific antenna selection strategy, where a subset of N 

strongest RAUs out of N available RAUs is selected for combining, is investigated 

in the in-building DAS.

Due to the range of geometric arrangements possible with MTs and RAUs in 

uplink transmission analysis, it is observed that there is the potential for a co-channel 

MT located directly above the reference floor, to get very close to a RAU located on
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the reference floor, such that the distance between the co-channel MT and the desired 

RAU on the reference floor is less than the distance between the desired MT and 

reference RAUs on the reference floor, i.e. du n < du' n. Accordingly, the achievable 

spectral efficiency is found to depend not only on the proximity of the desired MT to 

its RAU, but also very much on the location of the co-channel MT within the building 

because the path loss of the interfering signal can be much smaller than that of the 

desired signal in some locations across the floor. This finding is significant in terms 

of the number of RAUs to be selected for combining from N diversity branches.

For various geometric arrangements of MTs described by Figure 4.1, A  RAUs 

are deployed on each floor and the performance of the system is evaluated with the 

system model, in order to show the effect of location of the desired MT and the 

co-channel MTs on the selection of RAUs. Figure 4.1(a) and (b) show two types 

of layouts for RAU deployment on each floor, (a) is the single line configuration, 

and (b), the square configuration. The achievable spectral efficiency is obtained by 

moving both the desired MT on the reference floor and the co-channel MTs on the 

co-channel floors over a large number of locations across the entire floor. Although an 

increase in average spectral efficiency is expected with increasing number of RAUs, 

it is important to note that some R AUs would have insignificant contribution to the 

total received signal. This is either due to large transmission path loss or the effect of 

co-channel MTs getting very close to RAUs located on the reference floor as shown in 

Figure 4.1(c)-(e). These RAUs could be discarded to avoid interference and to save a 

considerable amount of the receiver’s signalling overhead. In conventional 2D outdoor 

DAS in cellular networks, the RAUs with the shortest distance to the MT would be 

selected for combining [17]; however, selecting such RAUs for uplink transmission 

of 3D inter-floor communication may not enhance the performance of the system if 

a co-channel MT is located on a floor directly above (or below) the selected RAU. 

Therefore, a selection strategy which determines the appropriate RAUs to select for 

combining based on specific location of MTs is proposed. For example, if both the
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(a) Scenario I:- Single Line Configuration (b) Scenario II:- Square Configuration

1 J Front-Left Side V 2 J Front-Center ( 3 ) Front-Right Side

4 ) Middle-Left Side ( 5 ) Center ( 6 ) Middle-Right Side

7 ) Back-Left Side ( 8 ) Back-Center ( 9 ) Back-Right Side

Figure 4.1: RAU locations and MT geometrical arrangements.
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desired and co-channel MT are located at the center of the floor, all N RAUs can be 

selected for combining, however, when both MTs are located at the window side of 

the floor, selecting just two RAUs may in fact be sufficient. This way, the receiver 

would only combine RAUs with significant SINRs at any location across the entire 

floor before taking detection decision. This insight is validated by simulation in 

Section 4.2.2 through Figure 4.6, where the achievable spectral efficiency is shown 

as a function of the parameter SNR for different values of N' at specific locations of 

MTs.

4.2.2 Numerical Results

In this section, a range of results for illustrating the achievable spectral efficiency of 

the exemplified DAS in high-rise buildings is presented.

In order to analyse the system numerically, the analytic formulas derived in 

Chapter 3 are evaluated for the multi-storey building structure shown in Figure 3.1 

in an uplink scenario. A summary of parameters used in evaluating the performance 

of the system is listed in Table 4.1, unless specified otherwise.

Performance Comparisons - Two RAU Deployment Options

RAU deployment is a factor that can cause significant variations in the achievable 

spectral efficiency. Consequently, the analysis for the two RAU layout scenarios have 

been considered.

Figure 4.1 shows the two RAU deployment scenarios and various possible MT 

location combinations across the entire floor. In Scenario I, there are 4 ceiling 

mounted RAUs aligned horizontally and evenly spaced across the center of the floor 

as shown in Figure 4.1(a) (single line configuration). Scenario II is identical to Sce­

nario I except that RAU positions are transposed to opposite sides of the floor as 

shown in Figure 4.1(b), a square configuration which results in 2 RAUs on all sides of
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Table 4.1: Summary of Parameters

Parameters Value

Number of floors in the building, U 7

Inter-floor spacing, F 4m

Floor dimension, (x,y) 40m X 40m

MT located across the floor at height, v lm

Number of RAUs on each floor, N 4

Path loss exponent, A 2.5

Penetration loss, ip 13dB

Reflection loss, (p 8dB

Transmission loss through a glass window, ip 0.13dB

Distance between the reference and the adjacent building, du;n 10m

Nakagami fading value, m 1.8,1.5,1.25,1.0

Threshold value, T 0.6

Transmit SNR, Es/Nq 30dB

Target BER, P0 10"3

the floor. Note that when the positions (xu,yu) and (xn,yn) are given, the distances 

from MTs to RAUs can be calculated. Consequently, the SINRs can be obtained 

and the achievable spectral efficiency can be evaluated using the analytics results 

in Chapter 3. Thus, for various MT location combinations, the achievable spectral 

efficiency is compared for both scenarios as shown in Table 4.2. Clearly, for Scenario 

II, the achievable spectral efficiency is considerably better than that of Scenario I, 

especially at the floor sides/boundaries owing to the short distances between the 

desired MT and the RAUs in this configuration. For example, for Scenario II, it is 

observed that 25.9% of location combinations show high spectral efficiency values 

greater than 5.0 bits/sec/Hz, a value close to the best case, while for Scenario I, high
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Table 4.2: Achievable Spectral Efficiency for Two RAU Deployment Scenarios and 

Various MT Location Combinations

Co-channel M T Location Scenario I Scenario II Scenario I Scenario II Scenario I Scenario II

- Desired M T Location =  © Desired M T Location =  © Desired M T Location =  @

3.1148 1.8744 3.3960 2.4348 3.2852 5.7363

© 3.1290 5.4714 3.2388 3.2352 3.0378 5.3594

© 3.2236 5.7231 3.2502 2.4759 2.8823 1.7823

@ 2.3175 5.5106 2.8431 3.4340 2.9911 5.8831

© 2.5475 5.7319 2.5027 3.3939 2.4563 5.6138

® 2.9747 5.8583 2.7753 3.3007 2.2088 5.2299

© 3.1148 5.8156 3.3960 3.4773 3.2852 5.9062

® 3.1290 5.9167 3.2388 3.5409 3.0378 5.7991

3.2236 5.8803 3.2502 3.3139 2.8823 5.5093

- Desired M T Location =  (4) Desired M T Location =  © Desired M T Location =  ®

5.5293 2.4784 5.8215 2.8446 5.8322 3.4419

© 5.6251 3.4234 5.5926 3.1666 5.4708 3.3333

© 5.8024 3.3981 5.6507 2.7303 5.1987 2.3714

4.3626 3.2877 5.1475 3.2208 5.6142 3.5742

© 4.9258 3.4385 4.5152 3.1810 4.7744 3.3489

© 5.6123 3.5213 5.0553 3.0906 4.1922 3.0660

® 5.5293 2.4784 5.8215 2.8446 5.8322 3.4419

® 5.6251 3.4234 5.5926 3.1666 5.4708 3.3333

5.8024 3.3981 5.6507 2.7303 5.1987 2.3714

- Desired M T Location =  © Desired M T Location =  ® Desired M T Location =  @

® 3.1148 5.8156 3.3960 3.4773 3.2852 5.9062

© 3.1290 5.9167 3.2388 3.5409 3.0378 5.7991

© 3.2236 5.8803 3.2502 3.3139 2.8823 5.5093

® 2.3175 5.5106 2.8431 3.4340 2.9911 5.8831

© 2.5475 5.7319 2.5027 3.3939 2.4563 5.6138

2.3175 5.8583 2.7753 3.3007 2.2088 5.2299

© 3.1148 1.8744 3.3960 2.5348 3.2852 5.7363

® 3.1290 5.4714 3.2388 3.2352 3.0378 5.3594

® 3.2236 5.7231 3.2502 2.4759 2.8823 1.7823

Overall Average Scenario I =  3.7784 Scenario II =  4.0817
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spectral efficiency values greater than 5.0 bits/sec/Hz occur only when the desired 

MT is located at the middle-left, center and middle-right sides of the floor. However, 

it is important to note that low spectral efficiency (near the worst case value) asso­

ciated with the likelihood of co-channel MTs getting very close to RAUs located on 

the reference floor, are not likely to occur very often when RAUs are deployed in a 

single line. For example, for Scenario I, it is observed that only 4.1% of MT location 

combinations show spectral efficiency lower than 2.5 bits/sec/Hz, while for Scenario 

II, 8.9% of MT location combinations show low spectral efficiency close to the worst 

case value. The average of these spectral efficiencies over a very large number of uni­

formly distributed MT locations on the floor, shows that RAU deployment according 

to Scenario II is more preferable. (This indicates that RAU positions is important 

in the design of in-building wireless system for high data rates). Scenario II will be 

assumed from hereon except specified otherwise.

Figures 4.2(a)-(d) show the location-specific achievable spectral efficiency over 

a range of possible locations of the desired MT across the reference floor. In Figures 

4.2(a)-(c), RAUs are deployed according to Scenario II (Figure 4.1(b)) and co-channel 

MTs are located at the back-left, center and back-right side of the co-channel floor 

respectively. In these figures, the position (40, xu) corresponds to the window side 

of the building. In Figure 4.2(d), RAUs are deployed according to Scenario I (Figure 

4.1(a)) and co-channel MTs are located at the center of the co-channel floor. It is 

observed that the performance varies significantly and is strongly dependent on the 

specific location of the desired and the co-channel MTs. The achievable spectral 

efficiency shows four peaks at the location of the 4 RAUs; however, when the desired 

and the co-channel MTs are aligned at a RAU location, the performance degrades 

at that location as shown in Figures 4.2(a) and (c), reaching values as low as 1.7 

bits/sec/Hz. These effects are caused by the relative distance of the desired MT and 

the interfering MT to the target RAUs on the reference floor. In floor regions where 

the spectral efficiency is low, signals received from adjacent floors are substantially

73



4.2. ACHIEVABLE SPECTRAL EFFICIENCY

40

(a) Co-channel M T located at the back-left side of the floor, a position corresponding to one RAU location

Figure 4.2. Location-specific achievable spectral efficiency

(b) Co-channel MT located at the floor center

40

Figure 4.2. Location-specific achievable spectral efficiency
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(c) Co-channel MT located at the back-right side of the floor, a position corresponding to one RAU location

Figure 4.2. Location-specific achievable spectral efficiency

stronger due to increased proximity to RAUs on the reference floor, and consequently 

are comparable in magnitude (despite the 13 dB floor attenuation) to signals propa­

gating through the floor. Another observation to note from Figures 4.2(a)-(c) is the 

difference in achievable spectral efficiency as the co-channel MT moves closer to the 

right side (window side) of the floor. This difference is due to significant contribu­

tion from reflected paths through the window as the co-channel MT moves closer 

to the window, which consequently reduces the achievable spectral efficiency. The 

worst-case spectral efficiency is observed when the desired MT and the co-channel 

MT are located at the window side as shown in Figure 4.2(c). At this location, the 

distances between desired MT and the RAUs are no smaller than any other location 

across the floor. Furthermore, the distances between co-channel MTs and the neigh­

bouring building are shortest at this location. In Figure 4.2(d), it is found that the 

performance of the system is lower at the floor boundaries as observed in Table II. 

This is due to increased path loss of the desired signal which is significantly greater

75



4.2. ACHIEVABLE SPECTRAL EFFICIENCY

(d) Co-channcl MT located at the floor center

Figure 4.2. Location-specific achievable spectral efficiency for Scenario I

in the RAU deployment in Scenario I, Figure 4.1(b).

The advantage of the above analysis is that, it not only takes into account 

the performance of the system associated with fading and the effect of co-channel 

interference, but it also takes into account the likelihood of MTs being in certain 

locations across the floor. Thus, based on the analysis of location-specific spectral 

efficiency, resource allocation can be done efficiently through intelligent channel reuse 

in a multi-user environment. For example, an MT can be assigned the same channel if 

a co-channel MT is not vertically aligned at the same location on immediate adjacent 

floors of the building.

Figures 4.3(a)-(c) provide the achievable spectral efficiency associated with a
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range of geographical arrangements of MTs, as a function of the parameter SNR. 

Specifically, the performance of the system is evaluated when both the desired at 

the co-channel MT are located in different positions within the building as shown in 

Figure 4.1(f). These figures clearly demonstrate that the performance of in-building 

systems is strongly dependent of the specific location of both the desired and the co­

channel MTs across the floor. These results have been obtained by considering RAU 

deployment according to scenario II. Similar to results in Figures 4.2, it is evident 

from Figures 4.3(a)-(c) that when the desired MT and the co-channel MT are aligned, 

the achievable spectral efficiency degrades at that location due to similar distances of 

the desired MT and the strongest co-channel MT to the receiving RAUs. In Figure 

4.3(a), spectral efficiency grows linearly at low SNR region; however, at SNR larger 

than 35dB, the performance of the system varies. The difference in performance lies 

in the variability of inter-floor interference. When the co-channel MTs are located

(a) Reference M T  at the m iddle-left side o f  the floor 

Figure 4.3. Location-specific achievable spectral efficiency as a function of SNR
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Figure 4.3. Location-specific achievable spectral efficiency as a function of SNR

at larger distances to the receiving RAU, the performance increases due to larger 

transmission path loss and lower level of received co-channel interference. From the 

result in Figure 4.3(b), the achievable spectral efficiency does not change significantly 

when the desired MT is located at the floor center and co-channel MTs are moved 

within the building. This is because the desired MT is closest to all 4 RAUS at this 

location than any other location, thus the received power by all 4 RAUs dominates 

the performance of the system. Although the achievable spectral efficiency is lower 

than that achievable in other locations of the desired MT, the effect of co-channel 

interference is minimal. The result in Figure 4.3(c) was evaluated when the desired 

MT is located at the window side of the floor as seen in Figure 4.1(e). In general, 

it is observed that the achievable spectral efficiency varies significantly as the co­

channel MT is moved from the left side to the right side of the floor. When the 

co-channel MT is located far from the window, the co-channel signal emanating 

via the direct paths is most dominant, thus spectral efficiency grows linearly due
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(c) Reference M T  at the middle-right side o f  the floor 

Figure 4.3. Location-specific achievable spectral efficiency as a function of SNR

to the 13 dB floor attenuation of the dominant path. However, as the co-channel 

MT moves closer to the window, the contributions from the reflected paths through 

the window becomes increasingly important, especially at high SNR region, thus 

achievable spectral efficiency tends to be flat. This statement is further validated in 

Figure 4.4.

Figure 4.4 compares the achievable spectral efficiency for a case without reflec­

tion from a neighbouring building with the case with reflection from a neighbouring 

building. The desired MT is located at the middle-right side of the floor, a posi­

tion which is severely affected by severe reflection from the neighbouring building, 

i.e. position ©  in Figure 4.1(f). The co-channel MT is located at the middle-left, 

center and middle-right sides of the floor. It can be seen from the figure that, the 

better performance of the system without reflection is clearly evident especially at
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high SNR region. This is due to the effect of reflection across the entire floor, on 

the achievable spectral efficiency. In general, it is found for both cases that the main 

impairment to achievable spectral efficiency is co-channel interfering signals received 

from direct signal transmission through the floors. However, when there is reflec­

tion from a neighbouring building, co-channel interference from reflection contributes 

towards the received interference power. In contrast to the case without reflection 

from a neighbouring building, the total co-channel interference causes the achievable 

spectral efficiency to gradually become flat when SNR is higher than about 35 dB. 

When SNR is lower than 35 dB, the noise power dominates the interference power, 

and it can be seen from this figure that performance for both cases are almost in­

distinguishable. However, the combined effect of the interference power from the 

direct and reflected path on the performance, dominates noise power at high SNR 

values when there is reflection from a neighbouring building. It is noticeable that the 

system achieves a better performance when the co-channel MT is located at left side

Figure 4.4. Effect of reflection loss on achievable spectral efficiency
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of the co-channel floor than at the right side. This is because, at the right side, the 

co-channel MT is closer to the neighboring building than at the left. Thus, signifi­

cant power is carried along the reflected path because the reflected signal experiences 

a lower transmission path loss at this location. This lowers the received SINR and 

thereby reduces the system performance.

Figure 4.5 shows the achievable spectral efficiency as a function of penetration 

loss when different values of SNR are considered. Physically, this can be interpreted 

as floors with different construction materials. Depending on the composition of 

the floors inside the building, a significant reduction in the total received co-channel 

interference power is due to floor penetration. If floors are made with corrugated steel 

panels of about 20dB penetration loss for example, an evaluation of the potential 

spectral efficiency can be made. It can be seen from the figure that such a system 

achieves the highest spectral efficiency with increasing penetration loss, owing to 

greater isolation from co-channel MTs. High inter-floor isolation ensures high SINR;

Figure 4.5. Effect of penetration loss on achievable spectral efficiency
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and high spectral efficiency across the floor. Moreover, it is evident from this figure 

that when SNR =  25 dB, the achievable spectral efficiency increases linearly and 

saturates rapidly when penetration loss is larger than 8 dB. The reason is that the 

effect of noise on achievable spectral efficiency dominates the co-channel interference 

effect. Thus, the effect of co-channel interference becomes negligible with increasing 

penetration loss values. On the other hand, the system benefits from the increase in 

SNR , thus when SNR =  40dB, the achievable spectral efficiency grows linearly and 

then tends to be flat as penetration loss increase to about 16dB due to the co-channel 

interference effect on achievable spectral efficiency performance which is now larger 

than noise effect.

Figure 4.6 shows the achievable spectral efficiency as a function of the parameter 

SNR for different values of the number of selected RAU N' at specific locations of 

MTs. These results have been obtained by considering 4 RAUs and comparing the

Figure 4.6. Comparing achievable spectral efficiency at specific MT locations when

the strongest RAUs are selected
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performance when the strongest RAUs are selected. The desired and co-channel MTs 

are located at the left side, center and right side of the floor respectively. It is seen 

from this figure that for the system model under consideration, when the MTs are 

located on the left side of the floor, the system performance for N' =  4, N' =  3 

and N' =  2 is very close. At this location, selecting Rx 1 and Rx3 (Figure 4.1(b)) 

for combining, out of the 4 RAUs, achieve a spectral efficiency that is almost at 

optimal level. Rx2 and Rx4 only contribute weak signals due to large transmission 

path loss. However, when MTs are located at the center of the floor, all RAUs should 

be selected. A similar performance behaviour to the left side is observed at the right 

side of the floor, where the 3 strongest RAUs, Rx 1, Rx2 and Rx3 are the useful 

diversity branches that can appreciably contribute to the received signal without 

any redundancy. Rx4 could be be discarded due to strong co-channel interference. 

The discarded RAU represents no loss in appreciable received signal. This way, the 

requirement for phase and amplitude estimation on each RAU can be reduced.

Figure 4.7 illustrates the achievable spectral efficiency of the system in a LOS 

and a NLOS environment. An arbitrary vector of Nakagami-m fading parameters 

m =  [1.8,1.5,1.25,1.0] and one that all paths undergo identical Rayleigh fading (i.e. 

m =  [1.0,1.0,1.0,1.0] ) is considered in this figure. From this figure, the effect of the 

number of RAUs on the system performance is also shown. For both fading cases, 

RAUs are deployed according to Scenario I in Figure 4.1(a). It can be seen from 

the figure that the spectral efficiency of the system improves significantly with dual 

antenna diversity than with a single antenna. This is due to the increased SINR as 

more receive antennas are used for the detection. The DAS coupled with penetration 

loss has significantly mitigated the interference imposed by co-channel MTs having 

relatively weak signals on the RAUs on the reference floor. In addition, when the 

fading is less severe, i.e., when the value of the fading parameter m increases, the 

spectral efficiency improves explicitly. The performance difference is due to the LOS 

path in Nakagami channel which improves the performance. Conversely, as more
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RAUs are used for the detection, the benefit of the higher initial values of the m 

parameter, which improves the system performance, becomes reduced. This is due 

to the increased co-channel interference as more RAUs are used. Note that, the noise 

power becomes dominant when interference is weak, thus, at low SNR region (below 

35dB), spectral efficiency increases linearly. However, at high SNR region more than 

about 35dB, the curves tend to be flat because the co-channel interference effect on 

performance dominates channel noise.

Figure 4.7. Achievable spectral efficiency in a LOS and NLOS environment

4.3 Summary

This chapter has investigated and discussed the performance of in-building DAS in 

terms of spectral efficiency achievable at various locations across the entire floor. By 

using an array of distributed antennas across the floor of a multi-storey building,
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the system performance is improved. Both the location of RAUs, and the specific 

locations of MTs are observed to influence the performance of the system. Regions 

directly above/below the interfering MTs are observed to have significantly lower 

levels of spectral efficiency compared to rest of the floor, while the highest spectral 

efficiency occurs in regions directly below the desired RAU if a co-channel MT is 

not vertically aligned at the RAU location. It should be noted that although the 

figures show significant variation at various locations of MTs, the achievable spectral 

efficiency will change for different floor material interfaces.

It is observed that reflections from neighbouring buildings can significantly 

decrease the achievable spectral efficiency on adjacent floors compared to the case 

when no neighbouring buildings are present.

Based on analysis of location-specific spectral efficiency, RAUs with weak signal 

can be eliminated and the requirement for phase and amplitude estimation on each 

RAU can be reduced. The discarded RAUs represent no loss in appreciable spectral 

efficiency. Furthermore, RAU deployment should be determined to maximize spectral 

efficiency.

Note that an analytical approach to performance analysis is preferred in this 

chapter due to lower computational requirements; however, BER performance anal­

ysis in Chapter 5 shows that the analytical approach agrees with the results from 

Monte Carlo simulation approach. This suggests that these two techniques can sub­

stitute for each other in the performance analysis.
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Achievable BER Performance of 

In-Building DAS
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5.1 Introduction

In the previous chapter, a set of system models were presented to evaluate the achiev­

able spectral efficiency of an in-building DAS in the presence of co-channel interfer­

ence. Radio channel propagation characteristics in indoor high-rise buildings, with 

full frequency reuse among floors, and the resulting impact on system performance 

were investigated. Performance evaluation for two RAU deployment options were
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also presented. The performance of the system was analysed under a specified BER 

constraint. This chapter presents the performance analysis of the system in terms 

of achievable BER, which is evaluated over possible locations of the MT across the 

floor. Various in-building propagation characteristics and system parameters are 

considered. A list of assumptions used in the analysis of the BER performance is 

outlined in Section 5.2. Sections 5.3 discusses the system models and BER perfor­

mance evaluation techniques for the in-building DAS. The chapter is summarised in 

Section 5.4.

5.2 System Model Assumptions

A system model similar to that used in Chapter 3 has been adopted to represent the 

in-building DAS. It is assumed that each floor of the building is regarded as a cell 

and the same frequency channels are reused on every floor. Co-channel interference is 

composed of interference from MTs on other floors of the building which propagate 

via direct penetration through the floors and via reflection from a neighbouring 

building (Chapter 3, Figure 3.1). The binary phase-shift, keying (BPSK) modulation 

has been assumed. The specification for the system model is listed below unless 

specified otherwise.

• A 7-storey building is considered.

• 3 RAUs are deployed on the ceiling of each floor for simple analysis.

• The dimension of each floor is 40m x 40m.

• The height of each floor is 4m

• MTs are uniformly located across the floor at height v of lm above the floor 

surface

• The path loss exponent A is 2.5
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• The Penetration loss ip in log-units is 13dB per floor, which is consistent with 

the result reported by Rappaport et al. [54] for penetration loss of about 10 to 

15dB for concrete floors.

• The distance between the reference and the adjacent building du%n is 10m.

• The reflection loss (p at the adjacent building surface and the transmission loss 

ip through the glass windows is 8dB and 0.13dB, respectively.

• Nakagami fading is assumed for the desired MT while co-channel MTs are sub­

jected to Raleigh fading. Nakagami fading values {m i, m2, m3} =  {2.0,1.5,1.0} 

are used.

• SNRq per bit of Es/N0 =  20dB used in the figures represents the transmit 

SNR. per symbol at the MT location.

5.3 BER Performance Analysis

Based on the assumptions outlined in Section 5.2, theoretical analysis has been devel­

oped for the evaluation of BER performance of the in-building DAS. The BER defined 

in terms of the probability that an error occurs in transmission of a bit is investigated 

via analytical and Monte Carlo simulation techniques. Nakagami/Rayleigh fading 

channel models have been considered. The results from the analytical approach have 

been found to agree with the results from Monte Carlo simulation approach. The 

average BER over the M T’s locations for various system parameters quantifies the 

system performance.

5.3.1 Analytical Technique

The analytical technique used in this thesis assumes that the signals from both 

desired and interfering MT undergo independent fading as they propagate within
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the building [78]. The propagation channel between the desired MT and any of the 

RAUs within its floor is modelled by a Nakagami-m distribution. The propagation 

channel between the co-channel MT and any of the RAUs on the reference floor is 

modelled as a Rayleigh distribution since a LOS condition does not exist in both the 

direct signal propagation through the floors, and the reflected paths.

Similar to the system analysis in Chapter 3, assuming the receiver of the ref­

erence MT has the precise information of path delay and the phase of the desired 

signal, the demodulated signal can be expressed as

Zn =  Re < —
f-T, A u
/  ri"u,n(t) • e~j2n ĉt ■ e 3 u'-n dt\ =  Re Sn ^   ̂ -̂ u,n
' 0 J û u

+  Vn (5.1)

where Sn, Iûn and yn follows the same definition as Equations 3.10-3.13 in Chapter 

3. By applying the MMSEC, the instantaneous SINR at the receiver, given the user 

location (xu,yy), can be expressed as

( £ C » n S „ ) 2N

1/u) y   ̂7n(^7o Vu)
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where 7n(zu, yu) is the SINR per RAU and A2 =  Ps{du' n)~x. The average SINR, de­

fined as the ratio of the average received desired signal power to the average received 

interfering signal power plus noise power, is given by
N
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where Du =  (du,n)~X(pt,n and Ru =  (dUtn)~x<pUtny)2n. || is the ratio of the transmit 

symbol energy to noise power density at the MT, where Es is expressed as

Es =  Pg ■ Ts (5.4)

Since a2u,n is Gamma distributed, the pdf of the instantaneous SINR, 7 (xu,yu), in 

(5.2), for arbitrary values of the Nakagami fading parameters is then obtained by
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computing the product of the moment generating function (MGF) of the SINR at 

each RAU, followed by the evaluation of the inverse transform. The MGF for the 

7 (xu,yu) defined as M7(x„,y„) =  E [exp (-s7„(a;li, ?/„))] can be expressed as [79]
N N

S i n  ( x u j ÌSu

mr,
(5.5)M (̂Xu,yu) (s) JJ f 1 A

n= 1 n = 1 '

where M 7ri(Xui2/u)(s) denotes the MGF of the SINR at each RAU. It is assumed that the 

number of all interfering signals is sufficiently large for the instantaneous interference 

of the received signal at receiver to be Gaussian distributed [70].

The BER of the received signal at the CU can then be evaluated for its in­

stantaneous SINR 7 (xu,yu) using the Gaussian approximation. Thus, assuming a 

coherently detected BPSK modulation, the expression for the conditional BER for 

coherent binary signal with fixed 7 (xu,yu) can be written as [80]

Pein) =  Q (\ /2i7 (xu,yu))  , (5.6)

where t =  1 is for coherent BPSK and Q(-) is the Gaussian Q function, given by

1 f ° °
Q(x ) =  J e~f2/2dt (5.7)

Therefore, the performance of the system in terms of user’s average BER with 

random parameters 7 (xu,yu) over the Nakagami fading channel can be obtained by 

averaging Pe(7 ) over the PDF of 7 (xu,yu). This can be written as

PeipCuiDu) /  Q P'y(xu,yu)(s i)d y (5.8)

Following the derivations in [81] and using the alternative representation of the Q 

function and the product form representation of the conditional BER as used in [82], 

the average BER can be obtained directly from the MGF in (5.5) and can be written

as
k N

1 +
Pn

(5.9)P e ( x ui Uu) 2  /*  . l l
¿= 1  n=1 L

where k is a positive integer, sec2(^) =  l /c o s 2(#j), 6*, =  (2i — l)n/4k and /3n =

sec2(dp

Tfln! 1 n ( x ui Vu)
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5.3.2 Monte Carlo Simulation Technique

The Monte Carlo simulation technique explicitly models the channel fading coef­

ficient of the received signals. By generating random samples of the desired and 

interfering signals, and noise, it evaluates the instantaneous SINR for specified sys­

tem parameters, and the BER of the system can then be evaluated. The overall 

simulation process is summarised in Figure 5.1. The instantaneous samples of the 

received signals from the desired and interfering MT can be obtained using their 

distributions. The simulation assumes a Nakagami distribution and a Rayleigh dis-

Figure 5.1: Flow chart of the Monte Carlo simulation technique.
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tribution for the received envelopes for the channel responses from the desired MT 

and the co-channel MTs respectively. A total of 106 iterations of the simulation are 

performed to evaluate the average BER of the system. In each iteration of the simu­

lation, a sample is obtained from a Nakagami and Rayleigh random variable for each 

of received envelopes from the desired and interfering MTs. A detailed discussion of 

the algorithms for estimation of Nakagami/Rayleigh parameters and the generation 

of Nakagami/Rayleigh random variables is presented in Appendix B.

5.3.3 Simulation and Numerical Results

In this section, a range of results for illustrating the achievable BER. of the exemplified 

DAS in high-rise buildings is presented.

In order to analyse the performance of the system, the analytic formulas derived 

in Section 5.3.1 are evaluated and compared with Monte Carlo simulation approach 

for the multi-storey building structure shown in the Chapter 3, (Figure 3.1) in an 

uplink scenario. Using an identical deployment of RAUs (scenario I, Figure 4.1(a)) 

and propagation characteristics as in Chapter 4, the effects of the building geometry, 

the number of RAUs per floor, and channel parameters on the achievable average 

BER are investigated for the system operating in a Nakagami-m fading channel with 

real and arbitrary parameters for BPSK modulation.

Figure 5.2 provides the achievable BER performance of the system in a LOS 

and a NLOS environment. An arbitrary vector of Nakagami-m fading parameters 

m =  [2.0,1.5,1.0] and one that all paths undergo identical Rayleigh fading (i.e. 

m =  [1.0,1.0,1.0]) is considered in this figure. For both fading cases, N = 3. It is 

observed that when the fading is less severe, i.e., when the value of the fading param­

eter m increases, the average BER improves explicitly. The performance difference 

is due to the LOS path in Nakagami channel which improves the link performance. 

Note that, channel noise becomes dominant when interference is weak, thus, at low
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Figure 5.2: Effect of Nakagami parameter on achievable BER performance.

SNR region (below 15 dB), the average BER reduces linearly. However, at high SNR 

region more than about 15 dB, the curves tend to be flat because co-channel interfer­

ence dominates channel noise. The BER obtained in the system with no co-channel 

interference is also shown in Figure 5.2 for comparison purposes. Compared with 

the no interference case, the BER achievable in the system with co-channel inter­

ference is higher due the presence of co-channel MTs. To validate the analysis, we 

have compared our theory with the results obtained with simulations. It is observed 

that both performance evaluation techniques show a similar trend as a function of 

the parameter SNR. A higher SNR gives a lower BER. This suggests that these two 

techniques can substitute for each other in the system performance analysis. How­

ever, the use of the analytical technique is preferred due to its lower computational
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requirements.

Figure 5.3 compares the performance of the system for different numbers of 

RAUs per floor. The average BER was shown as a function of the parameter SNR 

assuming the user is located at the floor center and boundary. It is observed that the 

addition of a second RAU offers considerable improvement on the system performance 

by reducing the path loss. Increasing the number of antennas per floor from 1 to N 

decrease the propagation distance from a mobile terminal to the nearest RAU and 

causes the received signal power to increase. It is clearly shown that the system with 

3 RAUs offers the lowest BER, which is over one order of magnitude lower than that 

of the single antenna branch. As expected, when the user is close to the RAU (at

the center of the floor), the received power by the RAU will dominate the achievable 

BER performance of the system and the resultant BER is lower than that achieved 

when the user is at the floor boundary. The BER obtained in the no interference 

case is also shown for comparison purposes.
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Figure 5.4 shows the achievable BER performance with and without a neigh­

bouring building. The system with no co-channel interference is also shown for 

comparison purposes. Compared with the case with no reflection loss from a neigh­

bouring building, the BER performance of the system with reflection loss from a 

neighboring building deteriorates considerably as SNR increases. This can be at­

tributed to co-channel interference received from the direct path and the reflections 

from the neighbouring building. The combined effect on BER performance domi­

nates noise at high SNR range. Similar to performance behaviour in Figure 5.3, it is 

noticeable that at low SNR less than 8 dB, the BER performance of the system with 

and without a neighboring building, and the no interference case is almost indistin­

guishable. However, at higher SNR values the BER of the system with co-channel 

interference slows and gradually becomes flat. The reason is that the co-channel 

interference dominates the noise when SNR is large. We can predict that the ben­

efit from the SNR increase will be getting smaller when SNR is higher than 30 dB.

Figure 5.4: Effect of reflection loss on achievable BER performance.

95



5.3. BER PERFORMANCE ANALYSIS

In contrast, it can be seen from both figures that the system with no interference 

provides better performance especially at high SNR.

Figure 5.5 provides the performance of the system for different values of pen­

etration loss. Physically, this can be interpreted as scenarios with different building 

materials. Depending on the composition of the floors inside the building, a signif­

icant reduction in the total received co-channel interference power is due to floor 

penetration. Measured penetration loss introduced by common building materials 

used in the construction of multi-storey buildings is listed in Table 5.1 [83]. Poured 

concrete over metal lathing is a popular modern construction technique which pro­

vides less RF attenuation than does solid steel planks which were used to separate 

floors in older buildings. Thus an evaluation of the achievable BER performance 

of the system in such buildings can be made. The interfering signals from adja­

cent floors made of concrete experience approximately 13 dB attenuation passing 

through the floors. The high inter-floor isolation ensures high SINR; and low BER

Figure 5.5: Effect of Penetration Loss on Achievable BER performance.
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Table 5.1: Experimental values of penetration loss introduced by common building 

materials [83].

Building material Penetration loss(dB)

Concrete floors 10-15

Precast concrete slab floors 13

Corrugated steel panels 26

Aluminium siding 20.4

Light textile inventory 3-5

Foil Insulation 3.9

Metals 26

across the floor is observed. An important thing to note is the significant difference 

in performance improvements when the number of RAUs increases. The difference 

is particularly pronounced when N =  3 where there is more than an order of mag­

nitude difference in the BER. If we consider an acceptable BER to be 10-3 , at least 

3 RAUs are required for propagation in a building with this geometry. The per­

formance of the system shows some non-linearity as the penetration loss increases 

because the reflected paths also contribute towards the received power. Thus the 

effect of the combined co-channel interference from the direct and the reflected path 

on BER performance is larger than noise effect when penetration loss is large. A 

good agreement between analytical and simulation results is again evident in this 

figure. Thus the analytical technique has been selected for the subsequent system 

performance analysis in this thesis.
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5.4 Summary

In this chapter, it has been shown that the in-building DAS has the potential to 

provide high quality wireless signals to indoor users by reducing the fading effects 

and suppressing the effect of interference. The uplink system performance of the in­

building DAS is quantified in terms of BER with the consideration of an in-building 

channel model that takes into account that the propagation between different floors 

can occur via direct paths through the floors and reflected paths from a nearby 

building. The major assumptions for the system models include a sufficiently large 

number of co-channel interference sources, which are independent of each other. This 

enables performance evaluation based on Gaussian approximation. A number of sys­

tem models have been considered including analytical and simulation techniques, 

and the consideration of Nakagami fading model for the desired user, and Rayleigh 

fading for the interfering user. The simulation technique gives identical performance 

results to the analytical technique but requires significantly more computation time. 

The analytical and simulation results have shown performance gains when multiple 

RAUs are used, compared with a system with a single antenna per floor. The amount 

of gain becomes substantial under the effects of floor penetration and more RAUs 

are desirable when penetration loss increases. It is also shown that with DAS having 

up to 3 RAUs per floor, several floors of the building considered can reuse the same 

frequency without degraded performance. Furthermore, when the fading is less se­

vere, i.e., when the value of the fading parameter m increases, the BER performance 

improves explicitly due to the LOS path in Nakagami channel which improves the 

performance.
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6.1 Introduction

As discussed in Chapter 1 , the increasing demand for various wireless services often 

necessitates reuse of the frequency spectrum. However, interference from co-channel 

users will form the single most important factor limiting the system performance. 

In indoor wireless communication, the indoor system is likely to be in dense urban 

environments, where many indoor cells exist in a small region and a great portion of 

the coverage of the indoor cell is overlapped by that of other indoor cells, as in the 

case of high-rise buildings. Thus, performance is impaired by co-channel interference 

created due to the need to reuse the limited available spectrum in nearby floors. In
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Chapters 3 and 4, a set of system models was presented to evaluate the performance 

of the in-building DAS in the presence of co-channel interference, and the achievable 

BER was investigated. However, without any scheme to reduce the effect of co­

channel interference, performance gains obtained through DAS and higher reuse 

could be limited.

This chapter investigates the implementation of an interference cancellation 

strategy in which co-channel signals from neighbouring floors, received at different 

CUs, are separated through joint processing. A literature review of some interference 

management strategies is presented in Section 6.2, and system models to evaluate 

the performance of interference cancellation technique in the in-building DAS are 

outlined in Section 6.3. The impact of interference cancellation on the performance 

of the system is compared with that with no interference cancellation technique in 

Section 6.4. Finally, a summary of the findings in this chapter is presented in Section

6.5.

6.2 A  Survey of Interference Management Techniques

Attempted solutions to the interference problem fall into two categories [84-86]: The 

interference mitigation and interference cancellation. Interference mitigation ap­

proach regards the interference signal as noise and attempts to suppress it. Some 

studies have attempted to mitigate interference by means of the transmitter or re­

ceiver design [87, 88]. However, most works on interference mitigation attempt to 

solve the problem by radio resource management (RRM), which smartly manages the 

radio resources of multiple cells. A representative RRM research divides the spec­

trum according to a frequency reuse factor and allocates the divided resources so as 

to avoid co-channel interference. Frequency reuse schemes proposed in early times 

managed frequency reuse factor statistically [89]. Later, the Fractional Frequency 

Reuse (FFR.) concept was proposed, in which the strategy of frequency reuse varies
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according to the cell region [90]. However, in such schemes, only a fraction of the 

total frequency resource is utilized.

Cell sectoring is another technique used to reduce the average interference at 

the edge of a cell [91, 92|. Cell sectoring employs directive antennas at the tower 

to restrict radiation at the BS. In contrast to FFR, sectoring improves the average 

SINR and improves spectral efficiency since frequencies can be reused in each sector. 

However, cell sectoring, which is highly effective in current cellular systems, has the 

potential shortcoming of reducing the multipath diversity in the channel, which in 

the absence of sufficient local scattering, results in the benefits of using multiple an­

tennas at the BS being reduced. Furthermore, small sectors can result in unbalanced 

numbers of users per sector, limiting the capacity per user in the highly populated 

sectors, whilst wasting capacity in the less populated sectors [93]. Regardless, sec­

toring is more attractive than large frequency reuse since it does not entail as large 

a reuse penalty.

Another interference mitigation approach in cellular systems is to attempt to 

average the interference levels using spread spectrum techniques, by either direct 

sequence code division multiple access (DS-CDMA) or slow frequency hopping in 

the global system for mobile communications (GSM). In these systems co-channel 

interference is mitigated by adjusting the traffic load in each cell to significantly below 

what would be acceptable in a single-cell system. It is evident that this acceptable 

load drops further in dense urban environments with high concentration of potential 

users, due to its susceptibility to interference [94],

On the other hand, when using interference cancellation schemes, a receiver 

subtracts an interference signal from the received signal so that it can decode its 

data signal precisely. Joint detection of the received signal among co-channel re­

ceivers has drawn considerable attention in recent years due to its enormous benefits 

from an interference cancellation point of view. In [95, 96], a BS cooperation tech­

nique was studied in which BSs at different locations communicate detected bits
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iteratively while performing separate detection and decoding of their received data 

streams. The performance of such an arrangement reduces the transmit power and 

also significantly improves the received SINR but at the cost of a backhaul traffic 

which can be more than ten times the actual transmitted data. The long time delay 

introduced by multiple exchange of information between all adjacent interfering BSs 

leads to excessive traffic on the communication link between the cooperating BSs in 

macro cellular systems. Related work [97] discusses a low backhaul distributed mul­

tiuser detection through joint scheduling of users onto resources in order to permit 

sequential processing of the received signal.

Another strategic interference cancellation approach implemented in this thesis 

is the use of DAS that performs interference cancellation through joint signal pro­

cessing between CUs. This method has the potential to reduce the excessive traffic 

by employing multiple RAUs connected to each CU. Thus, BS coordination is not 

likely to be an issue in an in-building environment, since the difference in propaga­

tion times between CUs is small. The CU on each floor of the building detects and 

decodes the received signals and makes available at its output the transmitted data 

from each MT. An iterative interference cancellation process is applied where hard 

information bits or reliability information at the output of the CU are repeatedly 

exchanged with an improving estimate in each iteration.

6.3 Propagation and System Analysis

In order to analyse the performance of the in-building DAS writ.h interference cancel­

lation, the uplink transmission model in a multi-storey building is considered (Figure 

6.1). In the building geometry considered (isolated building), two propagation paths 

are possible:

1. transmission through the floors which includes the direct and multiple reflection 

paths, which are entirely contained within the building perimeter; and

102



6.3. PROPAGATION AND SYSTEM ANALYSIS

Figure 6.1: An illustration of an isolated building employing DAS with full frequency 

reuse on every floor.

2. transmission via paths external to the building, e.g. diffraction at the window 

frames down the outside face of the building.

This is consistent with findings in [24] where it is observed that diffraction along 

exterior building walls of an isolated building can have significant contributions to 

the mean received power when the transmitter and receiver are separated by several 

floors. The power of the penetrating component decreases by a fixed amount per 

floor, in addition to distance dependent loss, and depends on the composition of 

the floor [98]. On the other hand, the power of the diffracted components will be 

significantly lower, but relatively constant with distance and it is independent of the
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number of floors but dependent on the attenuation due to the window material. The 

combined effect causes the received power to decrease linearly, until the power of the 

diffracted component is approximately the same as the direct, at which point the 

rate of decrease in received power slows, and is then dominated by the diffracted 

component. This is illustrated in Figure 6.2, which decomposes the total path loss 

into direct and diffracted components.
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Figure 6.2: Isolating the total path loss into direct and diffracted components.

This assumption is also supported by the results in [99, 100] where it was shown 

that for 1-5 floor separation of an isolated building, the power decreases linearly with 

each additional floor, however, beyond 5-6 floor separation, the received power re­

mains relatively constant. Thus, in the uplink transmission of the DAS considered in 

this chapter, the impact of co-channel interference from the direct and the diffracted 

paths is studied. In this case, a RAU will receive a desired signal from a MT on
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the reference floor, and co-channel interfering signals from other MTs on co-channel 

floors via direct signal penetration through the floors and diffraction at the window 

frame as illustrated in Figure 6.2.

Based on these findings, the channel from M T-m to the n-th RAU on the 

reference floor is modelled as the sum of low pass equivalent impulse responses of the 

individual paths which can be expressed as

K,n{t) =  h'un(t) +  hu,„{t) (6.1)

where h'un(t) and hu,n(t) are the impulse response for the paths that run through 

the floors and the diffracted paths through the window respectively. Similar to (3.3) 

in Chapter 3, the complex low pass equivalent impulse response for h! (t) can be 

expressed as

hl,n(t) =  (du,n)~X/2 • <pt(n ' a «,n ' e^“’" • S(t ~  Tu,n) (6.2)

Correspondingly, the complex low pass equivalent impulse response for hU)Tl(t) 

in (6.1) can be expressed as

hu,n(t) (d ,̂n) ' P u ,n  ' PujU ’ ^ u ,n  ' ’ • S ( t  ^~u,n) (h*3)

where denotes the length of the diffracted path distance between MT-u and the 

n-th RAU on the reference floor when the signal is diffracted as illustrated in Figure 

6.1 . du n can be approximated as

du,n =  d\ +  d-2 +  d-,i (6.4)

where d\ is the distance between MT-u and the window, di is the length of the 

diffracted path between the window of the co-channel floor and the reference floor’s 

window, (¿3 is the distance between the n-th RAU on the reference floor and the 

window. In (6.3), (pu,n is the transmission loss through the glass windows and (pûn is 

diffraction loss at the window edge. Depending on the construction of the building 

and window frame, different choices may be made for this parameter. Typical values
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of (pUyU can be found in [66, p.305]. âU)„, #U)„ and f Uj„ in (6.3) are the channel fading 

coefficient, the path phase and the channel delay of the reflected path respectively. 

The distribution of aûn can be approximated as a Rayleigh distribution since a LOS 

condition does not exist in the diffracted signal path. It is assumed that 0U)il and 

f u n are uniformly distributed over [0, 2n\ and [0, T,] respectively.

Assuming the same transmit signal model in Chapter 3, equation (3.1), the 

uplink received signal by the n-th RAU on the reference floor includes components 

from the desired M T-u, co-channel interfering MT-n from other floors of the build­

ing, and channel noise. This can be represented by its complex low-pass equivalent 

as

ru,n(t) =  xu'(t) ®  K ' n{t) +  Y  ®  hu,n(t) +  r]n(t)
U=1,Û U

=  K \ n ) ~ X/2 • a u',n ■ eJ0U''n ■ Xu'(t  ~  V  n )

U
T  ^   ̂ ( G d T  Od)  ' A t,n ) ~f"~ VniO

u=l,û u
(6.5)

where Gd =  (du,n) A/2 • Tu.n ' au,n • e3du'n, Qd =  (du,n) A/2 • <pu,n ■ f u ,n  ■ ™u,n • e^“'n and 

r]n(t) is the background AWGN received by the n-th RAU, with zero mean and a 

double sided power spectral density N0/2.

Similar to the analysis in Chapter 3, the demodulated signal can be expressed

as

s J o
Yn =  Re l Y- I rUin{t) ■ e j2nfct ■ e 3e«'.» dt J> =  Re

u
Sn +  E  Iu,r

uĵ u
Vn ( 6 .6 )

where the received signal component Sn, is given by

CT,
Sn =

j e
Ts JO

K ',n )_V2

e  [s ;]  =  sfp, ■ j - i/2 ■ E[bi,] ■

a u n ' e  ■ Xu ( 0  ' e  3 “ ,,n ' e  j2n ĉtdt

(6.7)
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where E[] denotes expectation. Assuming E[b ]̂ — 1 and the channel fading coeffi­

cient au' n is Rayleigh distributed, the mean square i.e. E[a^, J  =  1, the received 

signal power is then expressed as

£ [ s g  =  % /fv  ( r f „ > r A/2 <6.8)

Iu n in (6.6) is the interfering signal component received from other floors by the n-th 

RAU on the reference floor. The total co-channel interference term is written as

u
/«= E  4 «

u=l,u^u

(6.9)

where Iu n is expressed as

1

s JO
Iu,n = Y  I \Gd' Xu(t ~ T“ ,n )  ‘ e  j6v"n +  ' X u ( *  ~  ‘ e  j9u’n )  dt ( 6 - 1 0 )

The real and imaginary parts of Iu have the same variance and can be expressed as

u
I = Y E  XEu,n + « n )  Xtâ,n(P2uJO' (6 .11)

_/ / ÛU

According to [70], the total interference term, Iu, can be approximated as a Gaussian 

random variable since the number of components in the sum is large.

In (6.6), r]n is the noise component with zero mean and a variance of a2 =  

7V0/(2T S), which is assumed to be equal for all RAUs.

The received SIXR defined as the power ratio of the desired signal to the inter­

fering signal plus noise power without any interference cancellation can be written 

as

7
Ä2

«TT Oi

f  E u #u'[(d / run

0 2n
+  (du Tu.nTu.ni +  (72I ^  r.

(6 . 12)
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6.3.1 Interference Analysis and Cancellation

By employing interference cancellation mechanism, RAUs located at different floors 

in the building receive uplink signals from different users and locally perform RF 

processing. The signals are then estimated and sent to the neighbouring CU as 

shown in Figure 6.1 for joint processing. The CU jointly detects and decodes the 

received signals, does interference cancellation and makes available at its output the 

transmitted data from each user. The setup for performing IC through information 

exchange at the CUs is as shown in Figure 6.3 considering just two co-channel floors. 

If the interfering user is detected and decoded first and its hard information bits 

(i.e. the actual bit decisions) are sent to the second CU, then at the second CU, 

the interference due to the interfering user is reconstructed and subtracted out of 

the received signal. The signal after interference cancellation is then used to detect 

the desired user, whose hard information bits are also sent to the first CU. An 

important part of the interference cancellation process is an accurate estimation of 

the received signal at the CU from the interfering MT on the same channel in order to 

cancel them to improve the detection. This estimate is subtracted from the received 

signal at each CU to cancel out the interference, resulting in a signal with reduced 

interference. The input signal of the interference estimator which represents one 

portion of the interfering signal part is first demodulated for all but the reference 

user. The interference cancellation scheme estimates a given transmitted symbol 

from received samples within a single symbol period. The estimator provides an 

estimate bu(t) of the desired response bu{t).

During the initial information exchange of the interference cancellation step, 

the signal bu is estimated based on the received signal Yn, since there are no symbol 

estimates available. Thus, assuming equally distributed antipodal transmit symbols 

bu 6 ± 1 , the probability that bu =  bu is given as [80]

1 -  Pe(u) (6.13)
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Figure 6.3: The receiver structure showing iterative interference cancellation.

where Pe is the BER before interference cancellation.

The average SINR 7 and the BER, Pe for the first stage can be respectively 

written as

7
f  E h » '  IW w) ~XVÌn +  (0 ~A<?Î,»VÎ,J +

(6.14)

(6.15)

Therefore the resulting mean square error (MSE) evaluated upon the arrival of 

estimates from neighbouring CUs is given by

M S E { b u) =  E bu =  4 Pe(u) (6.16)

After the arrival of estimates and the subtraction of the interference from neighbour­
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ing CUs, the resulting signal with reduced interference is given by

Y =  Y  —1 n 1 n
U

Y  I ~  l(du,n) XVu,n +  (du,n)
ÛU û u

j ( ö u , n - ö  /  )  -  j ( 6 u ,n -8  I )CX p  v ’ u , n '  . ex p “ u ,n 'uu1nC/
- V 2  „  7 ( 0 ,  )

=  V p .K ‘ {du' J  f ^ u',nej

+  \/P{bu -  bu) • A / • au>„ej(0u’r_0“''" ) • ä li;ilej(ö“’r" 0“'.") +  rj

where A / =  f  E Ü /U'[ K » )  V î , „  +  (4 ,n ) Â u,„Pt J

By denoting

A /u =  y/~Pa(bu -  K) ■ A / &u.n&j ( 0 u,r~0  / )  -  j (0 u , r~ 0  , )’ u ,n ' •A' P v ’ u ,n7 TîT--

(6.17)

(6.18)

as the residual interference from M T-m, Yn can be rewritten as

Yn =  y/Psbu' n (du/ „) A/2 • au-!nej{0d ^  +  A /u +  ?/ (6.19)

where Ar is the sum of all residual interference from all co-channel users received1 u

at the n-th RAU on the reference floor after interference cancellation. The variance 

of the residual interference denoted by cr\] {u) may be derived as follows

u

(Tm S u) =  Y e
ÛU

p< u

bu bu E P
o  'y y [(du,n) Tu,71 A {du n) Tu,nYu,n\ ' ° V  ,n '

Uÿ̂U

Y  V £ , n  +  (du,n) XT2u,nT2u,n] ' 4A f a ) (6.20)

ÛU

The received SINR after interference cancellation can now be derived as follows

B [S i1
7  =

(«) +

f  YH^u'{{du,n)-XTku,n +  {du,n)-XTl,nTl,n\ ' 4A (^ ) +
(6 .21)

The BER is then evaluated using (6.15) as shown above.
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6.4 Numerical Evaluation and Discussion

In order to evaluate the achievable performance of the in-building DAS with and 

without interference cancellation, the analytic formulas derived in Sections 6.3 are 

numerically evaluated using the 3D diagram of an isolated multi-storey building 

structure in Figure 6.1 in an uplink scenario for BPSK modulation (i.e. reflec- 

tion/scattering paths from nearby buildings have been ignored). Equations (6.14),

(6.15) and (6.21) are considered in evaluating the average BER for the performance of 

each method. The channel impulse response of both the desired signal and the inter­

fering signal is assumed to be known perfectly at the CUs. Interference cancellation 

for a single antenna per floor has been considered for simplicity. It is important to 

note that no MMSEC is applied for the single antenna case. The feedback channel is 

assumed to be an ideal error-free channel without feedback delays. Note further that 

SNR per bit used in the figures of this section represent the SNR per bit at the MT 

transmitter location. A summary of parameters used in evaluating the performance 

of the system is listed in Table 6.1, unless specified otherwise.

Table 6.1: Summary of Parameters

Parameters Value

Number of floors in the building, U 7

Floor height, F 4m

Floor dimension, (x, y) 40m X 40m

MT located across the floor at height, v lm

Path loss exponent, A 2.5

Penetration loss, tp 13dB

Transmission loss through a glass window, Cp 0.13dB

Diffraction loss at a window edge, (p 6dB

Number of interference cancellation iterations 4
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Figure 6.4 shows the BER attained when the CUs cooperate and perform inter­

ference cancellation in comparison with the system without interference cancellation. 

The figure shows an improvement in performance when interference cancellation is 

applied resulting in a lower BER, particularly at high SNR region (above 20dB). At 

low SNR region (below 20dB), the curves tend to converge to the no interference 

case. However, Figure 6.4 points out that the proposed strategy needs about 3.0 dB 

less than the system without interference cancellation to guarantee a BER of 10_1. 

It is also observed that the curve tends to be flat at high SNR region. Compared 

with the case without interference, the high error floor observed for the case with 

interference cancellation is due to transmission path loss and the fact that the co- 

channel MT is located right above the desired RAU. Thus, at high SNR values, the 

strength of the interfering signal received by this RAU is high, and may be far beyond 

the interference suppression capacity of the interference cancellation mechanism. We 

can predict that the benefit from the SNR increase and more number of interference 

cancellation iterations will be getting smaller when SNR is higher than 40 dB.

Figure 6.5 shows the BER as a function of the parameter SNR for a scenario 

for two different building geometries. Path loss exponent, A =  2.5, represents an 

environment with fewer obstacles between the MT and the RAU, while A =  3.8, 

represents a NLOS environment with more obstructed paths. It is seen from the 

figure that the two groups exhibit similar trends, however, the group with the smaller 

path loss exponent tends to show better performance as a result of a reduced path 

loss. Although a higher path loss exponent leads to greater level of isolation between 

co-channel floors, reducing the influence of co-channel interference, the power of 

the desired MT is reduced due to increased path loss leading to higher BER. The 

better behaviour of the system with interference cancellation with respect to the no 

interference cancellation case is clearly evident in this figure. This is more pronounced 

at high SNR region i.e. above 20dB.

Figure 6.6 shows the effect of increasing the number of floors in the building.
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Figure 6.4: Effect of transmit power to noise ratio on BER.

Figure 6.5: Effect of path loss exponent on BER.
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Physically, this can be interpreted as increasing the number of CUs or users reusing 

the same frequency channels. Its is evident from this plot that, for a building with 

just three floors there is a large improvement in the performance with increasing 

SNR, when interference cancellation is employed. This is because the interference 

from the strongest interferers is reduced. However, the achievable gain becomes lower 

as the number of the interferers increases. This is largely due to the dominance 

of the uncancellable interference emanating from co-channel floors. It is better to 

perform interference cancellation and reuse the frequency within 3 tier of floors of 

this building. It is also observed that the curves tend to converge when SNR is below 

20dB. For all investigated parameters, performance improvements are observed with 

the implementation of interference cancellation at the CUs in comparison with the 

non cooperating system.
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6.5 Summary

Co-channel interference in indoor wireless communication can be suppressed by joint 

processing of the received signal by co-channel receivers. A unique contribution of 

this thesis is that it presents a performance evaluation of interference cancellation 

of in-building DAS for which path loss values have been retrieved from measured 

results. The vast majority of the studies investigating co-channel interference cancel­

lation strategies have been performed for systems operating in outdoor environments 

not in indoor or multi-floor buildings. Compared with the non cooperating case, the 

application of cooperation to the in-building DAS shows the potential of significantly 

better performance despite the degradation caused by the interference from the ad­

jacent floors. One of the key issues with any interference cancellation technique is 

the complexity of implementing it in practice. The complexity is proportional to the 

number of cancellation stages and the number of CU. The strongest interfering floors 

may be chosen to be cancelled to reduce the complexity.
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The research presented in this thesis was motivated by the need to provide high data 

rate wireless services particularly within high-rise buildings. This is an important 

step towards the realization of future wireless networks which can achieve around 

lGbps data transmission with extremely low transmit power. In the conventional 

macrocellular system, providing high data rates for indoor users could be difficult to 

achieve, due to long radio transmission distance between indoor mobile users and the 

outdoor BSs. The path loss and shadowing loss cause a severe drop in received signal 

power since the transmit power is limited. Furthermore, due to limited available 

spectrum, system capacity needs to be improved by introducing a higher frequency 

reuse, but the influence of interference between co-channel users is likely to be an 

important issue for wireless operators.

In this thesis, in-building DAS has been proposed as one promising solution to 

solve the problems arising from long radio transmission distance, limited transmit
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power and limited bandwidth. First, the radio propagation characteristics in indoor 

high-rise buildings are studied, where propagation on the same floor as the trans­

mitter, and propagation to adjacent floors is investigated. Next, channel and system 

models were developed to characterise both propagation within the same floor, and 

to adjacent floors of a high-rise building employing DAS. This is important when 

considering interference, as the desired signal usually originates from a MT on the 

same floor, while interference typically arises from neighbouring co-channel MTs op­

erating on immediately, or nearly, adjacent floors. Frequency reuse among floors 

and the resulting impact on achievable data rate is then investigated, followed by 

BER performance analysis of the system. The other line of this research is based on 

modelling in-building DAS in the context of joint processing, where CUs cooperate 

to reduce the interference among co-channel users.

7.1 Summary and Conclusions

By considering co-channel interference emanating from vertically located MTs, the 

performance of the system is analytically quantified in terms of location-specific spec­

tral efficiency and BER. achievable in a multi-storey building. By using a propagation 

channel model derived from multi-floor, in-building path loss values retrieved from 

measurement results, the following conclusions can be drawn:

1. Due to the range of geometric arrangements possible with MTs, the perfor­

mance of the uplink does not only depend on the proximity of the desired 

MT to the RAUs located on the reference floor but is also very dependent on 

the location of the co-channel MT within the building. The highest spectral 

efficiency values are found in floor regions closer to the desired RAU, if a co­

channel MT is not vertically aligned above the RAU location, while regions 

directly above/below the interfering MTs are found to have the lowest spectral 

efficiency values compared to rest of the floor. The worst case spectral effi­
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ciency occurs when the desired MT and the co-channel MT are both located 

close to the window.

2. Variations in RAU location can result in significant variations in achievable 

spectral efficiency. The square configuration for RAU deployment outperforms 

the single line configuration especially at the floor sides/boundaries. However, 

low spectral efficiency, near the worst case value is not likely to occur in the 

single line configuration, due to greater isolation from co-channel MTs. Con­

sequently, RAU location can have a major impact on system performance in 

high-rise buildings and as such is an important design consideration and should 

be determined to maximize spectral efficiency.

3. By selecting RAUs for combining based on maximum received instantaneous 

power at specific locations of MTs across the floor, which also reduces the 

effect of co-channel interference, it is found that, RAUs with weak signal can 

be eliminated. The discarded RAUs represent no loss in appreciable spectral 

efficiency.

4. Based on analysis of location-specific spectral efficiency, it is then possible to 

effectively allocate frequency channels to multiple users within the building, 

further increasing the achievable spectral efficiency.

5. Similar to the results found from the spectral efficiency analysis, when the 

desired MT is close to the RAU on the reference floor, the received power by 

this RAU will dominate the achievable BER performance of the MT, and the 

resultant BER is lower than that achieved when the MT is away from all the 

RAUs.

6. By applying cooperation to in-building DAS, the potential of significantly bet­

ter performance compared to the non cooperating case is evident. It is shown
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that, there is a substantial gain in performance despite the degradation caused 

by co-interference from the surrounding floors.

The considered building is typical of many high-rise buildings supported by 

concrete structure and it is expected that the performance trends observed in this 

study will be applicable to other buildings of similar characteristics.

7.2 Future Research Directions

The work presented in the thesis can be extended in the following directions:

• Investigation of location-assisted resource allocation. In light of the

results presented in this thesis, it has been demonstrated that the performance 

of the system is largely dependent on the location of the MTs. The effect of the 

user’s location can be used to develop a coordinated resource allocation strategy 

that maximizes the spectral efficiency under certain criteria. In Chapters 4- 

6, it is observed that, in most circumstances, the majority of the inter-floor 

interference arises from MTs located on immediately adjacent floors, thus if a 

co-channel MT is not located on immediate adjacent floors, or not vertically 

aligned at the same location as the desired MT, they can be assigned the 

same resources. Therefore, allocation of resources based on users locations 

may potentially increase the achievable spectral efficiency and therefore requires 

further investigation.

• Investigation of location-assisted interference cancellation. Due to

computational complexities, co-channel interference cancellation in Chapter 

6 was based on a specific location of MTs. A future contribution would be 

to evaluate the performance for various locations of both the desired and co­

channel MTs. In other words, from the knowledge of the position of MTs, an 

interference coordination strategy could be developed.
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• Investigation of optimal placement of antennas. To optimise system 

performance, it would be useful to extend this study to include a variety of an­

tenna placements including inward facing ones which could yield high capacity 

and efficiency. In addition, the use of more than one antenna at each RAU and 

the possible implications on system performance is a logical extension to this 

study.

With increasing demands for high data rate wireless services, wireless systems 

need to be enhanced to provide gigabit wireless access to MTs. In-building DASs are 

likely to play an important role. Thus, the results presented herein will help develop 

insights into their design, and guide wireless operators in the engineering of future 

indoor wireless communication systems.
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Appendix A

Derivation of the Variance of 

Co-channel Interference

In this appendix, the variance of the total co-channel interference term in (3.13) is 

derived. From (3.12)
u

I u =  Y  ( A - 1)
U=1,Û U

where Iun is given in (11 ), then Iu is rewritten as

h = Y  ( v r [ M  *]-(V,J + 6t*[i +  1] -(T«-V,n)]
U=1,Û U

+ Y  • ( v iB) + bu[i +  1] • (Ts -  V ,J ] (A.2)

The variance may be expressed as

°-1 =  e \iu - i :\

=  E

+

U = 1 , U J ^ U

y / K  ■ ( 'du,n )  A/2  • <pt,n ■ a u,n

T, [bu(i) ■ (V.n) + M* + 1) ' iTs ~ V ,J ]

y/ P s ■ ( d u,n ) A/2 • ¥ u ,n  ■ <Pu,r, a,
Ts -  ‘ [&«(*) ■ ( v , J  +  6„(i +  1) ■ (Ts -  v  „)]

(A.3)
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Since E [<*£„] =  1, E[bu] =  0, £ [6U • b*u] =  1 and £

and likewise E [d „n] =  1, and E T 2,u ,n E ( Ts -  V , n )

=  £
2“

T2 
3 "

rp2
=  -j*-, the real and the

imaginary parts of Iu have the same variance expressed as

ai = J  5Z[K,n) Vu,„ + (4,n) Vu,*»¥>«,„]
ÛU

(A.4)

Equation (A.4) leads to the total co-channel interference term (13) at ra-th RAU on 

the reference floor.
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Appendix B

Generation of Rayleigh and 

Nakagami Random Variables

This appendix discusses the generation of random variables based on Rayleigh and 

Nakagami distributions associated mainly with Chapter 5.

B .l Generation of Independent Rayleigh Random 

Variables

A complex Rayleigh random variable (RV) rv can be generated by combining two 

quadrature identical independently distributed (i.i.d.) Gaussian RVs, namely

rv =  Rj +  JRq (B .l)

where R j  and R q  are independent Gaussian RVs, with a mean of zero and a standard 

deviation of a. The generation of Rayleigh random variables is useful in the modelling 

of the received signals by each RAU. Rayleigh RVs can be generated in MATLAB 

using the following codes

rv — \/sqrt(2) * [randn{ 1, N) +  j  * randn( 1, N )] (B.2)
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where randn generates gaussian random variables with zero mean and variance 1. N 

denotes the sample size. The factor l/sqrt(2) normalizes the power of rv to unity.

B.2 Generation of Independent Nakagami Random 

Variables

In order to generate Nakagami distributed samples, it is useful to note that if a RV 

r" has a Nakagami distribution with parameters m and 11, then (r")2 has a gamma 

distribution with shape parameter m and scale parameter 12 [69, pp. 52], The 

algorithm adopted in this thesis is based on the Statistics Toolbox of Matlab with 

a modification based on [101]. The program generates Nakagami random samples 

based on the Nakagami-m distribution as follows.

Y  =  randraw(distribName, distribParams, sampleSize)] (B.3)

returns array Y  of size = sampleSize of random variates from distribName distri­

bution with parameters distribParams. The detailed Matlab code can be found in 

[ 102] .

USAGE:

randraw('nakagami',m, sampleSize) - generates sampleSize number of vari­

ates from the Nakagami distribution with shape parameter m and spread parameter 

12 =  1 ;

randr aw nakagami', [m, 12], sampleSize) - generates sampleSize number of vari­

ates from the Nakagami distribution with shape parameter m and spread parameter 

12;

randraw(’nakagami') - returns help for the Nakagami distribution. 

EXAMPLES:

1. y =  randr aw (’nakagami’ , 1.1, [1 le5]);
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2. y =  randraw(’nakagami’ , [0.6, 2], 1, le5);

3. y =  randraw(’nakagami’ , [3, 2.5], le5 );

The RVs are then superimposed on other in-building propagation parameters to 

model the received signal by each RAU as discussed in Chapter 5.
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