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Abstract

This thesis investigates the deployment and performance of indoor/outdoor DS-CDMA

systems assuming both conventional receivers and multiuser detection receivers at the

base stations.

In the first part of this thesis, measured propagation data and a DS-CDMA sys-

tem performance testbed (based on a Monte Carlo analysis) are used to quantify both the

downlink and uplink outage probabilities for a variety of deployment scenarios: (a) indoor-

only systems; (b) interfering indoor/outdoor systems; and (c) interfering indoor systems

located adjacent to each other. The results reveal that optimal indoor deployment strate-

gies are heavily dependent on both the location and strength of interference emanating

from outdoors. Indoor base station deployment strategies that are optimal in the absence

of outdoor interference are often suboptimal if outdoor interference is present.

In the second part of this thesis, two simple multiuser detection techniques are chosen

for implementation in the DS-CDMA system performance testbed: successive interference

cancellation (SIC) and parallel interference cancellation (PIC). The performance estima-

tion results show that orders-of-magnitude improvements in uplink outage probability are

possible with both SIC and PIC. The extent of these improvements is dependent on the

deployment strategy used, the fractional residual interference cancellation error, and the

uplink power control algorithm (for the case of SIC). If perfect interference cancellation

is assumed, it is evident from the results of this thesis that the cancellation of signals

in parallel (PIC) provides no additional benefit to system performance than ranking and

cancelling the signals sequentially (SIC).
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Chapter 1

Introduction

1.1 The evolution of wireless communication systems

Wireless communication systems have evolved so rapidly in recent times that they have

become embedded in the very fabric of modern society. As of the end of 2005, there were

approximately 2 billion wireless subscribers worldwide, and this number is projected to

increase to approximately 4 billion by the end of 2011 [1]. While the first mobile phone

services were available to the general public in twenty-five major American cities in the

1940s [2], the mobile phone has only become a commodity during the last decade. This

has been fuelled by a variety of technical developments including the miniaturisation of

radio equipment, better RF circuit fabrication processes and improved multiple access

techniques that utilise limited spectrum with greater efficiency. The associated reduction

in cost and improvement in service quality has increased consumer demand to the extent

that the number of mobile phones has already exceeded the number of fixed-line phones

in several countries, including the continent of Africa if considered as a whole [3].

It is widely believed that wireless communication systems have the potential to bridge

the digital divide [4–6]. A major reason for this is the lower cost for deploying and operat-

ing wireless communication systems in comparison to traditional fixed-line communication

systems. Some of the most promising technologies for bridging the digital divide are Wi-

Fi, WiMAX, and a variety of cellular systems [6]. Clearly, the technical developments in

the field of wireless communication systems have huge implications on social, economic

and political development [4–6]. For this reason engineers have a major role to play in

designing and optimising wireless communication systems for the benefit of humankind

and for equality of access to information.

At present, wireless communication systems utilising several different wireless stan-

dards are in operation or are being deployed [2]. The Wi-Fi standard has emerged as

a popular technology for high performing, high capacity wireless access within localised

areas such as buildings, while a number of different cellular systems (e.g. 3rd genera-
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2 Introduction

tion systems) are being used to provide seamless wireless access over large geographic

areas. New standards for wireless access (using innovative spread spectrum techniques

and modulation schemes) are also being developed, e.g. WiMAX.

In 2005, a study by Japan’s NTT DoCoMo found that 70 percent of calls in a 3rd

generation system originate from buildings [7]. With the requirement for high speed data

services, cellular operators have recognised that their networks often have insufficient

coverage and capacity within buildings. Additionally, both Wi-Fi and cellular operators

have noticed an increasing demand not only for indoor wireless services but also for

seamless coverage between indoors and outdoors to provide ‘true mobility’.

In the future, one or more wireless technologies may be used to provide seamless access

between indoors and outdoors. In a 3rd generation cellular system, dedicated picocells

could be integrated within the wider macro-/microcellular network to provide service to

indoor mobile subscribers. Alternatively, given the popularity of Wi-Fi systems for indoor

coverage, mobile devices could use Wi-Fi when indoors and automatically switch to 3rd

generation cellular systems in areas where there is no Wi-Fi coverage (e.g. outdoors). The

wireless technologies that are ‘successful’ in the future will largely be driven by financial

and business factors such as the market conditions and the cost to wireless operators.

Regardless of the exact wireless technologies used to provide seamless indoor/outdoor

coverage, the interference between indoors and outdoors will have a major influence on

system performance. For example, if separate and uncoordinated Wi-Fi systems are

operating in two adjacent buildings, they will present interference to each other thereby

causing performance degradation. In a 3rd generation cellular system there might be

a macrocellular base station located outdoors coexisting with nearby picocellular base

stations located in a building. In this case, wireless operators will need to evaluate

the influence of interference ‘spilling over’ between the macro- and picocells and develop

strategies for optimal system deployment.

Wireless operators will need to deploy their systems so that levels of interference are

minimised and system performance is optimised. Additionally, with the availability of

new technologies (e.g. multiuser detection), wireless operators should have the foresight

to design existing systems so that they can be evolved cost effectively to yield optimal

performance.

1.2 Code Division Multiple Access (CDMA)

One of the major challenges in designing wireless communication systems is that there is

limited bandwidth available for mobile subscribers. Due to their excellent utilisation of

spectrum, spread spectrum techniques are specified in several wireless standards (includ-

ing both Wi-Fi and 3rd generation cellular systems). One such example is Code Division
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Multiple Access (CDMA), which is used in 3rd generation implementations (including

both UMTS/WCDMA and CDMA2000 1x) due to its excellent multiuser properties, flex-

ibility and security.

CDMA differs from other multiple access techniques (e.g. FDMA and TDMA) in that

all mobiles share the same bandwidth, whereas FDMA and TDMA divide the bandwidth

into frequency slots and time slots respectively (shown in Figure 1.1) [2]. In CDMA,

each mobile is allocated a unique spreading code (a pseudorandom binary sequence) that

uniquely distinguishes it from other mobiles. When a message sequence (i.e. packet-

switched data or circuit-switched voice) is sent from a base station to a mobile, it is

digitised and spread over the entire bandwidth of the channel using the mobile’s unique

spreading code. When the mobile receives the signal, it uses its spreading code to decode

the message sequence. Although the codes are designed to be completely orthogonal

to each other, in practice there are non-orthogonalities that cause mutual interference

presented to other mobiles [2]. For this reason CDMA is often termed a ‘user-limited’ or

‘interference-limited’ system, because a higher number of mobiles in the system implies

that there will be more mutual interference presented to each individual mobile (i.e. a

noise rise).

While CDMA may be implemented as either frequency hopping CDMA (FH-CDMA)

or direct sequence CDMA (DS-CDMA), the focus of this thesis is on the latter technique

due to its popularity in commercial implementations [2].

1.3 Multiuser detection

Multiuser detection is a technology that is likely to be available for implementation in DS-

CDMA systems in the future [9–13]. As stated in Section 1.2, DS-CDMA is essentially an

interference-limited system. This implies that as the system is loaded with more mobiles,

the level of mutual interference increases and therefore system performance is degraded.

Although several techniques have been developed to compensate for this performance

degradation – e.g. directional antennas, macrodiversity, multiple-input-multiple-output

(MIMO) systems, modulation and error control coding [2] – none of these techniques di-

rectly combat the problem of interference itself; rather they attempt to avoid interference.

Multiuser detection is a class of digital signal processing techniques that uses informa-

tion inherent in DS-CDMA systems to minimise or cancel interference by jointly detecting

the mobiles sharing the channel. Due to the computational complexity of multiuser de-

tection, it is envisaged that it will only be implemented at the base station for uplink

system performance enhancement [9–13]. Performing multiuser detection at the base sta-

tion requires a description of the received signal from each mobile as well as knowledge

of what the channel did to that signal when it was transmitted [10]. In practice channel
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Figure 1.1: A comparison between FDMA, TDMA and CDMA [8].

estimation is used to obtain amplitude and/or phase information of the incoming mobiles’

signals. Based on this information the signals of the various mobiles are regenerated using

their known spreading codes, after which mutual interference is removed either by direct

interference cancellations or linear transformation techniques at the base station receiver

outputs.

At the time of writing this thesis multiuser detection has been researched for two

decades since its conception. While there have been some prototypes of the technology

developed in academia and industry [14–18], there has been little or no take-up of the

technology in commercial wireless systems for a number of reasons. Firstly, the complex-

ity and cost of even the least complex multiuser detection techniques is high. Secondly,

throughput requirements for communication systems are primarily downlink biased and

therefore other less complex techniques to improve downlink performance have often had

higher priority in industry implementations (e.g. packet scheduling techniques and HS-

DPA [19]). Last but not least, there is still limited knowledge of the practical performance

gains achievable with multiuser detection in realistic propagation environments [10], as

well as the influence of multiuser detection on system-related issues such as base station

placement and power control. In particular, there is very little known about the per-
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formance of multiuser detection in indoor/outdoor DS-CDMA systems, which this thesis

aims to address.

1.4 Purpose, objectives and significance of this thesis

The purpose of this thesis is to investigate the performance of indoor/outdoor DS-CDMA

systems for a variety of deployment scenarios that wireless operators are likely to use.

Of particular importance in this thesis is determining the ‘key’ factors influencing system

performance and developing strategies for optimally deploying indoor/outdoor DS-CDMA

systems. With the pending availability of multiuser detection commercially, this thesis

investigates not only the implementation of conventional receivers at the base stations

but also two different multiuser detection receivers. The outcome of this thesis is a set of

deployment guidelines that are likely to be useful for wireless operators.

The objectives of this thesis are as follows:

• to determine the propagation phenomena and environmental features influencing

the performance of indoor/outdoor DS-CDMA systems and their impact on system

design.

• to develop guidelines for optimally deploying indoor/outdoor DS-CDMA systems

based on evaluating a variety of realistic deployment scenarios.

• to determine the influence of one or more multiuser detection techniques on the

performance of indoor/outdoor DS-CDMA systems and provide relevant guidelines

for optimal system deployment.

• to compare and contrast the performance of indoor/outdoor DS-CDMA systems

operating with and without multiuser detection techniques.

Several previous studies have investigated wireless system performance in either indoor [20–

27] or outdoor environments [2,28–30]. However, there are very few published papers in-

vestigating indoor/outdoor DS-CDMA system performance. To the author’s knowledge,

no previous study specifically investigates impact of base station deployment (i.e. place-

ment) on the performance of indoor/outdoor DS-CDMA systems. Previous research

has also not considered the influence of multiuser detection on the deployment of in-

door/outdoor DS-CDMA systems. This issue is also likely to be important for wireless

operators in the future and is a major contribution of the research documented in this

thesis.

The findings of this thesis are applicable to any system that uses spread spectrum

as the multiple access technique. As stated earlier, several radio network implementa-

tion standards exist for wireless systems. Two major examples of these standards are
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WCDMA/UMTS and CDMA2000 1x. While several implementation differences exist

between these standards (e.g. the bandwidth, system architecture and power control al-

gorithms used), the underlying factors influencing system performance are similar. There-

fore, in this thesis a generic interference-limited DS-CDMA system is investigated using

simple, fundamental parameters common to any practical implementation.

1.5 Contributions and structure of this thesis

This thesis is comprised of ten chapters. The unique contributions of this thesis are

detailed in Chapters 4, 5, 7, 8 and 9 and publications relating to this thesis are in [31–35].

The thesis begins by investigating the deployment and performance of conventional in-

door/outdoor DS-CDMA systems without multiuser detection. Following this, the impact

of multiuser detection on the deployment and performance of indoor/outdoor DS-CDMA

systems is investigated. A detailed overview the chapters in this thesis is given below.

Chapter 2 gives a background to propagation in mixed indoor/outdoor environ-

ments including important propagation phenomena observed in practice. Additionally, a

literature survey of propagation models that can be used to estimate signal strength is

presented. Due to the limited accuracy and applicability of the propagation models devel-

oped to date, it is proposed that propagation measurements be conducted to obtain exact

measured propagation data which can be used for the estimates of system performance

outlined in subsequent chapters.

Chapter 3 introduces the basic concepts of DS-CDMA systems and presents a method

for estimating the performance of DS-CDMA systems using simple parameters. An

overview of studies evaluating DS-CDMA system performance in mixed indoor/outdoor

environments is also presented. In this chapter, signal correlation is shown to have a

significant influence on DS-CDMA system performance. The outcome of this chapter is

a DS-CDMA performance evaluation model that is used throughout this thesis and an

understanding of the likely influence of the propagation environment on indoor/outdoor

DS-CDMA systems.

Chapter 4 presents a propagation study of three mixed indoor/outdoor environments.

The study was conducted to obtain propagation data which could be used in subsequent

performance analyses. This chapter presents details of the environments in which the

propagation measurements were conducted as well as the equipment used and the mea-

surement procedure. The results presented include typical mean received signal strengths

observed and signal correlation levels.

Chapter 5 evaluates the performance of indoor/outdoor DS-CDMA systems using the

propagation data and models discussed in Chapter 4. To the author’s knowledge this is

the first study on DS-CDMA performance and base station deployment in indoor/outdoor
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environments that uses measured propagation data. A Monte Carlo analysis to quantify

both downlink and uplink performance is presented. Following this, a scenario-based ap-

proach is used to compare the performance of several deployment scenarios. The outcome

of this chapter is a set of guidelines for deploying indoor/outdoor DS-CDMA systems

without the use of multiuser detection.

Chapter 6 introduces multiuser detection and presents a survey of multiuser detection

techniques in the literature. Two techniques, namely successive interference cancellation

(SIC) and parallel interference cancellation (PIC) are chosen for further investigation.

Models for quantifying the performance of both SIC and PIC are presented. These mod-

els are integrated into the system performance testbed (outlined in subsequent Chapters 7

and 8). This chapter also overviews previous studies in which multiuser detection per-

formance has been estimated and shows that no previous research has been published

relating multiuser detection to indoor/outdoor DS-CDMA system deployment.

Chapter 7 investigates the uplink performance gains attainable in indoor/outdoor

DS-CDMA systems with the implementation of SIC. The integration of the SIC model

into the Monte Carlo system performance analysis is described. SIC performance is likely

to be related to uplink power control. For this reason, the performance of SIC with various

uplink power control algorithms is also investigated and related to the deployment strat-

egy. The outcome of this chapter is a set of guidelines on how to deploy indoor/outdoor

DS-CDMA systems if SIC is implemented at the base station. To the author’s knowl-

edge this is the first ever study that investigates the system level performance of SIC in

indoor/outdoor DS-CDMA systems.

Chapter 8 evaluates the uplink performance gains attainable in indoor/outdoor DS-

CDMA systems with the implementation of PIC. The integration of the PIC model into

the Monte Carlo system performance analysis is discussed. The PIC performance gains

are related to the system deployment strategy and compared with the performance gains

attainable with SIC. To the author’s knowledge, this is the first investigation into the

performance of PIC in indoor/outdoor DS-CDMA systems.

Chapter 9 presents a set of guidelines for deploying indoor/outdoor DS-CDMA sys-

tems (for both conventional and multiuser detection receivers) based on the findings from

Chapters 5, 7 and 8. Recommendations for future work are also presented.

Chapter 10 presents the key conclusions from this thesis.

Appendix A details the propagation measurement equipment used to conduct the

propagation measurement campaigns discussed in Chapter 4.

Appendix B presents a full set of signal correlation results for the transmitters de-

ployed in the propagation measurement campaigns. In Chapter 4 it is shown that signal

correlation is an important propagation phenomenon that influences system performance.
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In this thesis, system performance is measured in terms of an outage probability (as

introduced in Chapter 3). Appendix C presents a simple method to determine the

system performance gain in terms of the capacity of serviceable mobiles using the graphs

in this thesis.



Chapter 2

The mixed indoor/outdoor propagation

environment

2.1 Introduction

This thesis investigates the deployment and performance of indoor/outdoor DS-CDMA

systems assuming both conventional receivers and multiuser detection receivers at the base

stations. Of particular importance to this investigation is the acquisition of information

that accurately represents the behaviour of signals that propagate into and within build-

ings. This information can then be input into a model that estimates the performance of

DS-CDMA systems, which is introduced in Chapter 3.

In mixed indoor/outdoor propagation environments, signals propagate indoors, out-

doors and between indoors and outdoors. Consider a hypothetical cellular system oper-

ating in the mixed indoor/outdoor propagation environment shown in Figure 2.1. This

system consists of base stations and mobiles located on several floors of two buildings

coexisting with a base station and mobiles located outdoors. To analyse the performance

of this system it is necessary to estimate the signal strengths received by each and every

mobile from each and every base station (and vice versa).

Clearly, different obstacles are encountered by the signals depending on the relative

locations of the base stations and mobiles. For example, the path between an outdoor

mobile and outdoor base station in Figure 2.1 is line-of-sight with no intervening obstacles,

whereas the path between an outdoor mobile and indoor base station in either Building A

or Building B encounters a side of the building and in-building features (e.g. partitions

and the central concrete core).

This chapter begins in Section 2.2 by giving an overview of the phenomena influencing

the propagation of radio signals. Typical received signal strength profiles are presented

and commonly observed characteristics such as distance-dependence, shadowing and fad-

9
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Figure 2.1: The mixed indoor/outdoor propagation environment.

ing are explained. Wideband channel characteristics are overviewed and their behaviour

in mixed indoor/outdoor propagation environments is discussed.

Several propagation models have been developed to predict propagation behaviour

into and within buildings. Section 2.3 evaluates the propagation modelling approaches

presented in the literature. These models are divided into two categories based on the

propagation paths for which the path loss is predicted, namely (i) indoor-to-indoor; and

(ii) outdoor-to-indoor. The relevance of these models for use in this thesis is discussed.

Finally, Section 2.4 summarises this chapter.

The material presented in this chapter is especially relevant to the propagation mea-

surement campaigns outlined in Chapter 4, as well as the system performance estimations

discussed in Chapters 5, 7,and 8.

2.2 An overview of radio propagation

The performance of a cellular system is ultimately dependent on the effect that the channel

has on the signals propagating through it [36]. The path between a base station and

a mobile may vary from having complete line-of-sight with no intervening obstacles to

non-line-of-sight with one or more different obstacles between and around them. If the

behaviour of the propagation channel is predicted accurately, radio frequency engineers

can confidently predict the coverage area, estimate system performance and design cellular

systems so that interference is minimised and system capacity is maximised [2, 36].

This section begins by discussing the key phenomena influencing the propagation

of radio signals (Section 2.2.1). Typical received signal strength profiles and relevant

statistical models for representing received signal strength are presented in Section 2.2.2.

Finally the implications of wideband channel characteristics in mixed indoor/outdoor

environments are discussed in Section 2.2.3.



2.2 An overview of radio propagation 11

2.2.1 Factors influencing the propagation of radio signals

The radio propagation channel is generally time-varying. A signal received by a mobile is

usually a combination of several components of the original, transmitted signal from the

base station [2,36]. Each component may have traversed a different propagation path and

therefore encountered different obstacles during its transmission. This is demonstrated in

Figure 2.2, which shows a diagram of the signal components for a transmission between

a base station (located outdoors) and a mobile (located indoors) in an urban area. The

signal received by the mobile is made up of the following components:

• Direct path – propagation path directly between the transmitter and receiver.

• Diffracted path – the signal propagates around the edge of a building or obstacle.

• Reflected path – nearby buildings or obstacles reflect the signal.

• Scattered path – corners of buildings or obstacles cause scattering of the signal

in several different directions.

Due to the multitude of paths traversed by the signal components, this phenomenon is

known as multipath propagation. The received signal at a mobile is fundamentally the

summation of the individual component signals that arrive with different amplitudes and

phases, and therefore can be represented mathematically, as outlined in Section 2.2.2.�������� ����(i)

(ii)

(iii)

(iv)

Direct path
Diffracted path
Reflected path
Scattered path

(i)
(ii)
(iii)
(iv)

Concrete
core

Figure 2.2: Propagation paths between a base station (located outdoors) and a mobile (located
indoors).
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2.2.2 Received signal strength

2.2.2.1 Received signal strength variation

The accurate modelling of received signal strength in mixed indoor/outdoor propagation

environments is of particular importance to this thesis. Regardless of the specific prop-

agation environment, there exist long-, medium- and short-term variations in received

signal strength due to the many different phenomena influencing the propagation of sig-

nals [2, 36].

Long-term variations describe the general reduction in received signal strength over

long distances (usually hundreds of wavelengths of the radio frequency carrier). In general,

a distance-dependent decay in received signal strength is apparent with increasing distance

from the transmitter [2, 36].

Medium-term variations occur due to shadowing obstacles (e.g. hills and buildings in

outdoor environments or concrete cores in indoor environments) that attenuate the signal.

While medium-term variations do not usually occur over very short distances (around

ten wavelengths of the radio frequency carrier), they are observed to occur over longer

distances (typically sixty wavelengths of the radio frequency carrier) [2,36]. Medium-term

variations are usually termed shadowing.

Short-term variations in received signal strength occur due to the many different

signal components arriving at the receiver which may combine constructively or destruc-

tively, causing significant variations over distances as low as half a wavelength (this is

only 7.5 cm for a 2 GHz radio frequency carrier). In practice it has been observed that

the received signal strength can vary by as much as three to four orders of magnitude (30

to 40 dB) because of short-term variations [2,36]. Short-term variations are often termed

fading of the received signal.

In [37], a propagation experiment was conducted within a building to obtain a typical

received signal strength profile. In this experiment, a 1.8 GHz transmitter was deployed

at a fixed location and measurements of the received signal strength were made using a

mobile test receiver. Figure 2.3 is a plan showing the location of the transmitter (TA)

and the measurement path over which measurements of the received signal strength were

made using the test receiver (RA). The transmitter (TA) was deployed in a corridor that

was at right angles to the corridor in which the measurements were taken. This meant

that at certain locations along the measurement path there was a line-of-sight between the

transmitter and receiver (between 1 and 2.8 metres from Point A, shown in Figure 2.3),

while at other locations there was no line-of-sight.

Figure 2.4 is a graph of the received signal strength taken on the measurement path [37].

This graph shows both the measured received signal strength (in red) as well as the lo-
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cal area1 mean received signal strength (in blue). The local area mean received signal

strength was calculated by averaging the measured received signal strength values over

a 1 metre radius. It should be noted that in calculating the local area mean received

signal strength, the short-term effects (i.e. fading) were averaged. Therefore, the local

area mean received signal strength accounts for long- and medium-term variations but

not short-term variations in the measured, instantaneous received signal strength.

It is evident from Figure 2.4 that the highest local area mean received signal strength

is observed when the receiver has a line-of-sight path with the transmitter (i.e. between

1 and 2.8 metres from Point A). For distances greater than 2.8 metres from Point A,

a gradual reduction in the local area mean received signal strength is observed for two

reasons: firstly, due to the increasing distance between the transmitter and receiver (long-

term variation), and secondly, due to the shadowing caused by the walls obstructing the

line-of-sight path between the transmitter and receiver (medium-term variation).

The measured received signal strength profile shows the short-term fading around the

local area mean signal strength. As discussed previously, the fading is observed to cause a

reduction in signal strength by as much as 30 to 40 dB relative to the local area received

mean signal strength.

2.2.2.2 Statistical distributions to model signal strength variation

Short-term variations (fading)

Short-term variations in signal strength occur due to the arrival of several different signal

components at the receiver. Assuming that there is not a significant line-of-sight signal

component, it has been shown that short-term variations (fading) around the local area

mean received signal may be modelled using a Rayleigh distribution, the probability

density function (pdf) of which is [2, 26, 36]

p (r) =
r

σ2
exp

(
− r2

2σ2

)
, (2.1)

where r is the received signal strength (in units of voltage) and 2σ2 is the time averaged

power of the received signal. The Rayleigh distribution can be justified theoretically by

Clarke’s model, which assumes that the received signal is a continuum of a number of equal

magnitude components. These components have random phases that are statistically

independent and uniformly distributed between 0 and 2π.

1The local area mean received signal strength is the mean received signal strength averaged over a
sufficient distance such that variations due to fading are eliminated, but variations due to distance-
dependence and shadowing are represented. In this thesis the local area mean received signal strength is
often simply termed as the mean received signal strength.
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2.8m1m 7.5m0m

Figure 2.3: Plan of a simple propagation experiment to obtain a received signal strength profile.
TA is the location of the 1.8 GHz transmitter, while measurements are taken using
the receiver RA along the measurement path [37].
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If the received signal strength is expressed in terms of power (i.e. units of mW), it can

be shown that the received signal power is modelled using an exponential distribution as

follows [2, 26, 36]

p(rw) =
1

r
exp

(−rw
r

)
, (2.2)

where rw is the received signal strength (mW), and r is the local area mean received signal

strength (mW).

The Rayleigh and exponential distributions for modelling short-term variations in

signal strength assume that there is no dominant (line-of-sight) component between the

transmitter and receiver. It has been shown that if there is a dominant component, the

Rician distribution is more representative [2,26,36]. In this thesis, however, it is assumed

that the Rayleigh and exponential distributions are sufficiently accurate for modelling

short-term variations as the majority of mobiles in the wireless communication systems

considered herein do not have line-of-sight with the base station.

Medium-term variations (shadowing)

Medium-term variations in signal strength occur due to the shadowing caused by obstacles

blocking the line-of-sight path between a transmitter and receiver. Assuming that the

signal strength is measured in logarithmic units (i.e. dBm), a normal distribution has

been found to be representative of the medium-term variations around the wide area

mean received signal strength. The pdf of the normal distribution is [2, 26, 36]

p
(
R
)

=
1√

2πσ2
exp

[
−
(
R−m

)2

2σ2

]
, (2.3)

where R is the local area2 mean received signal strength (dBm), m is the wide area3 mean

received signal strength (dBm) and σ is the standard deviation about the wide area mean

received signal strength (dB).

If the received signal strength is expressed in units of mW, the lognormal distribution

is commonly used to model medium-term variations around the wide area mean received

signal strength. The pdf of the lognormal distribution is [2, 26, 36]

2The local area mean received signal strength is the mean received signal strength averaged over a
sufficient distance such that variations due to fading are eliminated, but variations due to distance-
dependence and shadowing are represented. In this thesis the local area mean received signal strength is
often simply termed as the mean received signal strength.

3The wide area mean received signal strength is the mean signal strength averaged over a sufficient
distance such that variations due to both fading and shadowing are eliminated, but variations due to
distance-dependence are represented.
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p (r) =
10

ln (10)
√

2πσr
exp

[
− (20 log10 (r) −m)2

2σ2

]
, (2.4)

where r is the local area mean received signal strength (mW), m is the wide area mean

received signal strength (dBm) and σ is the standard deviation about the wide area mean

received signal strength (dB).

Modelling both short- and medium-term variations

It has been shown by Suzuki [38] that both the Rayleigh distribution (that models short-

term signal strength variation) and the lognormal distribution (that models medium-term

signal strength variation) may be combined into a single distribution that accounts for

both the short- and medium-term signal variation. This combined distribution (known as

the Suzuki distribution) is essentially a Rayleigh distribution with a lognormally varying

mean. The pdf of the received signal, rw, assuming a Suzuki distribution is [38]

p (rw) =

∫ ∞

0

1

r
exp

[−rw
r

]
· 10

ln (10)
· 1√

2πσ2
· 1

r
· exp

[(−10 log (r) −m

2σ2

)]
dr, (2.5)

where r (mW) is the local area mean received signal strength (which is modelled using

the lognormal distribution described by (2.4)). The parameters m (dBm) and σ (dB) are

the wide area mean received signal strength and the standard deviation about the wide

area mean received signal strength respectively.

2.2.3 Wideband channel characteristics

In Section 2.2.2, it was shown that short-term variations in received signal strength can

be modelled using a Rayleigh distribution. This distribution assumes that the received

signal is a summation of several components that have similar amplitudes and random

phases (due to multipath propagation). In practice, this is accurate for narrowband

channels (i.e. for signals transmitted within a ‘narrow’ frequency range). However, in

wideband channels (over which signals are transmitted over a wide range of frequencies), it

is likely that the phasor sum of the various multipath signal components will be frequency

dependent [2, 26, 36].

In the time domain, this phenomenon manifests itself as a variation in the time delay

encountered by the symbols transmitted. Due to multipath propagation, a symbol replica

may arrive ‘late’ and if it has a significant magnitude, it will interfere with a subsequent

symbol received ‘earlier’. This is commonly known as intersymbol interference (ISI) which
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results in the distortion of symbols and therefore incorrect bit detections. Equalisers are

commonly used to mitigate the effects of ISI [2, 36].

In the frequency domain, the coherence bandwidth is used to represent the range of

frequencies over which multipath components will undergo similar distortions thereby

causing flat fading (and therefore no intersymbol interference). If the bandwidth of the

signal is greater than that of the coherence bandwidth, then frequency selective fading

will occur. By definition, narrowband channels have a bandwidth that is much lower

than the coherence bandwidth of the channel and therefore do not suffer from frequency

selective fading. On the other hand, wideband channels have a bandwidth greater than

the coherence bandwidth of the channel and therefore suffer from frequency selective

fading [2, 36].

In practice, the wideband channel response may be obtained by using pulse techniques

to obtain channel power delay profiles [26]. A typical sequence of power delay profiles

obtained in an office building environment at 1.8 GHz [26] is shown in Figure 2.5. Each

successive profile starts approximately 0.5 microseconds after the previous profile. For

each of these profiles, there is a dominant signal component followed by weaker (delayed)

components. If delayed components of significant magnitude arrive at the receiver, this

is likely to cause ISI.

Various useful statistical parameters may be obtained from power delay profiles. The

root mean square (RMS) delay spread and coherence bandwidth are important examples of

such parameters. By obtaining these parameters, it is possible to determine the maximum

channel bandwidth for which frequency selective fading will not occur.

Figure 2.5: Power delay profiles obtained in an office building environment at 1.8 GHz [26].

The RMS delay spread is a parameter that represents the standard deviation of the

time delays for the various multipath signal components received. Previous wideband

measurement studies have shown that the RMS delay spread is dependent on the envi-
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ronment in which the signals propagate. In outdoor environments, there are likely to

be relatively large distances between and around the mobiles and base stations. As a

result, there are often significant signal components with large time delays. However, in

buildings where the propagation paths are much shorter, the signal components usually

have shorter time delays [2, 26, 36].

In indoor environments, RMS delay spreads have been observed to range from 25 ns to

100 ns when both transmitter and receiver are located indoors [39–44]. If the transmitter

is located outdoors, RMS delay spreads of up to 320 ns have been observed indoors [39–44].

In DS-CDMA systems the specified chip rate is very high (e.g. the maximum chip

rate specified in WCDMA/UMTS and cdma2000 is 3.84 Mcps) [45], meaning that it is

possible that the coherence time of a chip will be much less than the relative time delays

encountered by the various multipath components (equating to several chips’ difference in

arrival time). Whereas other digital systems often require an equaliser to mitigate ISI, in

DS-CDMA systems the multipath components (if delayed in time by more than one chip)

merely represent multiple versions of the signal at the receiver. This is because there is

very little correlation between chip sequences [2].

The multipath components in a wideband channel contain useful information about

the individual mobiles. This phenomenon can be exploited by using a RAKE receiver to

detect and decode each individual multipath component. In essence, the time delayed

versions of the original signal are detected using separate correlators. These time delayed

versions are then combined in order to improve the signal to noise ratio at the receiver. It

is often useful to implement RAKE receivers outdoors where the delay between mutipath

components is usually large [2].

2.2.3.1 Approach in this thesis

In this thesis a channel bandwidth of 5 MHz is assumed, as this is commonly used in

practical DS-CDMA systems (e.g. WCDMA/UMTS) [45]. The maximum chip rate of

3.84 Mcps specified in WCDMA/UMTS and cdma2000 [45] corresponds to a chip time of

approximately 260 ns per chip. For a RAKE receiver to distinguish between multipath

components, there must be a relative time delay of at least one chip time (i.e. 260 ns) be-

tween them. This corresponds to a multipath difference of 78 metres. Given the relatively

short distances between the transmitters and mobiles in the indoor/outdoor environments

considered in this thesis, it is unlikely that there will be any multipath components of

significant magnitude that would have traversed this distance. The relatively low RMS

delay spreads reported in the literature (i.e. up to 100 ns indoors and 320 ns from outdoor

to indoor [39–44]) confirm this reasoning. Therefore, the wideband channel characteristics

are unlikely to have an impact on the indoor/outdoor DS-CDMA systems considered in

this thesis and for this reason a RAKE receiver is unlikely to provide significant additional
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benefit. Consequently, in this thesis it is assumed that the multipath components cannot

be distinguished from each other because the channel behaviour in the indoor/outdoor

environments considered is essentially narrowband.

2.3 Propagation modelling approaches

Section 2.2 presented an overview of the radio propagation phenomena in wireless com-

munication systems and discussed the commonly observed variations in received signal

strength due to short, medium, and long-term effects. Additionally, it was shown that

the levels of RMS delay spread observed in mixed indoor/outdoor environments are un-

likely to influence the performance of indoor/outdoor DS-CDMA systems for the channel

bandwidth considered in this thesis.

In this thesis, the accurate representation of received signal strength is of paramount

importance. A plethora of measurement campaigns have been conducted in a wide variety

of buildings to better understand the behaviour of radio propagation [46–54]. Further-

more, to enable the efficient planning of wireless communication systems, numerous propa-

gation models have been developed to predict radio propagation behaviour [2,36,44,55–57].

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

from these models have been compared with measured propagation data to assess their

accuracy. The purpose of this section is to evaluate relevant propagation models reported

in the literature and to assess their appropriateness and accuracy for use in this thesis.

The propagation models presented in this section are used to estimate the mean path

loss between a transmitter and a receiver. The mean path loss accounts for the the losses

due to both distance dependency and shadowing (i.e. long- and medium-term variations)

but not due to fading (i.e. short-term variations). The mean path loss, PL (dB), between

a transmitter and receiver is defined as

PL = Pt − Pr, (2.6)

where Pr is the mean received signal strength (dBm) and Pt is the transmit power (dBm).

In this thesis, accurate mean path losses for both indoor-to-indoor propagation paths and

outdoor-to-indoor propagation paths are required. The models for both these categories

are now described in turn.

2.3.1 Indoor-to-indoor propagation models

Indoor-to-indoor propagation models are relevant for predicting the mean path loss for

cases in which the transmitter and receiver are both located indoors. Due to the variety of
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building types and indoor environmental features, the accurate prediction of mean path

loss has proven to be particularly challenging.

Most indoor-to-indoor propagation models have been developed using empirical or

semi-empirical techniques that attempt to minimise the mean square error between mea-

sured propagation data and the predicted mean path losses from the model [2, 36]. To

improve prediction accuracy, more input information is required (e.g. the types and lo-

cations of partitions in the buildings). This in turn makes the model highly specific to

particular building types and therefore less applicable to a wide variety of other indoor

propagation environments.

This section summarises a number of indoor-to-indoor propagation models reported in

the literature. For a system with base stations and mobiles located indoors, it is important

to model the path loss within a floor of interest as well as between floors. Propagation

modelling approaches for both of these cases are now discussed.

Propagation modelling within floors

Modelling propagation within a floor of interest is required for cases where the trans-

mitter and receiver are on the same floor. Previous research shows that the mean path

loss is related to the distance between a transmitter and receiver. The mean received

signal strength is generally found to decay with the distance between the transmitter and

receiver. A simple model [58, 59] to represent this is the log-distance propagation model,

which predicts the mean path loss, PL (d)(dB), between a transmitter and receiver sepa-

rated by a distance d

PL (d) = PL (do) + 10n log

(
d

do

)
. (2.7)

In (2.7), PL (do) is the mean path loss (dB) measured at a specified distance, do,

and n is commonly known as the path loss exponent. The parameter, n, determines the

rate of increase in the path loss with distance and is dependent on the level of clutter in

the propagation environment. For example, if there is line-of-sight propagation between a

transmitter and receiver in an open space (e.g. a large room or corridor), values for n are

reported in the literature [27,44] to vary from 1 ≤ n ≤ 3. For non line-of-sight cases (e.g.

between rooms separated by several partitions), values for n are reported in the literature

to vary from 2.45 ≤ n ≤ 6.5 [27, 44].

In (2.7) only the increase in path loss due to distance is considered and the path loss

variations that occur due to shadowing are not included. The model described in (2.7)

can be modified to include the effect of shadowing [55]

PL (d) = PL (do) + 10n log

(
d

do

)
+Xσ, (2.8)
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where Xσ (dB) is a shadowing parameter that may be modelled using a zero-mean Gaus-

sian random variable. The parameter Xσ is essentially a variability in the distance-

dependent path loss that occurs due to the shadowing caused by obstacles such as parti-

tions and building structural features (e.g. concrete cores).

In the literature, it is shown that the models represented by (2.7) and (2.8) do not

provide a good fit to measured propagation data collected in indoor environments [26].

However, the simplicity of the models means that they can be applied easily to a wide

variety of indoor propagation environments because the only input information required

is the transmitter-receiver separation distance and the shadowing parameter. The lack

of accuracy in the above models occurs because they are only a function of distance and

the impact of specific propagation environment features (e.g. the intervening walls and

partitions) are not accounted for.

Researchers have attempted to consider the impact of intervening walls and obsta-

cles by adding relevant attenuation factors to the distance-dependent path loss models

described by (2.7) and (2.8). Such a model was first proposed by Seidel [55]

PL (d) = PL (do) + 10n log

(
d

do

)
+ k · WAF +Xσ, (2.9)

where WAF is a wall attenuation factor, which is defined as the additional attenuation

due to the intervening wall. The parameter k in (2.9) is the number of intervening walls.

The wall attenuation factor, WAF, is heavily dependent on the type of intervening wall,

e.g. from previous measurements reported in the literature, the WAF for concrete walls

is as high as 20 dB, while the WAF for partitions is as low as 1.5 dB [2, 51, 55, 60].

The inclusion of the wall attenuation factor in (2.9) has been shown to yield more

accurate mean path loss predictions than the distance-dependent models represented by

(2.7) and (2.8). However, additional input information is required regarding the types of

intervening walls.

Propagation modelling between floors

Modelling propagation between floors is required when the transmitter and receiver are on

different floors of a building. The intervening floors between the transmitter and receiver

are likely to have a significant influence on the mean path loss.

Motley and Keenan [47] proposed the seminal model for propagation between floors.

This model includes a discrete attenuation factor representing the influence of interven-

ing floors. Similar to Seidel’s model for intervening walls within a single floor (described

by (2.9)), Motley and Keenan’s model is based on the distance-dependent model of (2.8)

but adds an additional attenuation factor accounting for each intervening floor between

the transmitter and receiver [47]
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PL (d) = PL (do) + 10n log

(
d

do

)
+ k · FAF +Xσ. (2.10)

In (2.10), FAF (dB) is the attenuation of a single floor and k is the number of inter-

vening floors between the transmitter and receiver. The floor attenuation factor, FAF,

is the additional attenuation due to the intervening floor. The parameter d is the three-

dimensional separation distance between the transmitter and receiver.

Motley and Keenan’s model assumes that the same incremental attenuation is pre-

sented by each floor separating the transmitter and receiver. However, propagation mea-

surements 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 [2]. For a better fit with measured data and

to account for the asymptotic behaviour in floor attenuation, researchers have attempted

to modify Motley and Keenan’s model. One such model was developed by Lafortune and

Lecours [26, 61], who proposed an increase in the total attenuation by the logarithm of

the number of intervening floors

PL (d) = PL (do) + 10n log

(
d

do

)
+ log (k + 1) · FAF +Xσ, (2.11)

Mean path loss predictions from Lafortune and Lecours’ model give a significantly

better fit to measured propagation data than Motley and Keenan’s model [26, 61].

Several more propagation models have also been developed by using the distance-

dependent model as a base and adding additional factors depending on the layout and

features of the indoor environment [47, 50, 55, 62, 63]. However, the indoor propagation

models developed to-date are either too generalised (so that their predictions lack the

accuracy required in this thesis) or are too specific to particular building types (so that

their applicability is limited).

2.3.2 Outdoor-to-indoor propagation models

Radio propagation within buildings has been investigated to a greater extent than radio

propagation into buildings. A limited number of outdoor-to-indoor propagation measure-

ment campaigns [57, 64–68] have been conducted previously by researchers and usually

only general observations have been reported from the collected propagation data.

Previous research on outdoor-to-indoor propagation has often been concerned with

determining the penetration loss for propagation into buildings [56]. The penetration loss

is the additional attenuation due to the signal propagation through the side of a building.

Also of interest is the received signal variability for signals propagating from outdoors to
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indoors as well as the effect of building height, construction materials and frequency of

operation.

The penetration loss has been found to be related to both the signal frequency and the

height of the building. Researchers have shown that the outdoor-to-indoor penetration

loss generally decreases with increasing frequency. For example, measurements taken in

a variety of buildings by researchers in Liverpool [64] obtained average penetration losses

of 16.4 dB, 11.6 dB and 7.6 dB on the ground floor of the buildings for frequencies of

441 MHz, 896.5 MHz and 1400 MHz, respectively. As stated in Section 2.2.3, a channel

bandwidth of 5 MHz is assumed in this thesis. The measurements in [64] demonstrate

that over this relatively small bandwidth the penetration loss is likely to remain the same.

With increasing height of the building, the penetration loss has been shown to ini-

tially decrease for the first few levels of the building and then increase. For example,

Turkmani [64,65] reported that the penetration loss decreased by 2 dB per level from the

ground level up to the ninth level of a building and then increased above the ninth level.

The majority of outdoor-to-indoor propagation models have been developed by us-

ing semi-empirical or empirical methods. Several researchers have developed outdoor-to-

indoor propagation models using a three-step process [57, 64–68]:

1. from outdoors to the edge of the building, a distance-dependent path loss with a

given path loss attenuation factor is assumed;

2. from the edge of the building to within the building, the signal undergoes a pene-

tration loss as it propagates into the building; and

3. within the building, indoor-to-indoor propagation models are used ranging from

simple distance-dependent models to more accurate propagation models that require

site-specific input information.

It is apparent from existing research that further outdoor-to-indoor measurements and

propagation modelling is required to improve the accuracy of outdoor-to-indoor propaga-

tion models [57, 64–68].

2.3.3 Other propagation modelling approaches

The indoor-to-indoor and outdoor-to-indoor propagation models reviewed in this chapter

have primarily used empirical or semi-empirical techniques in their development. These

techniques have the benefit that all propagation factors (both known and unknown) are

accounted for implicitly. However, a drawback of these techniques is that for greater

accuracy to be achieved, more input information is required and the propagation model

becomes increasingly specific to the propagation environment under consideration.
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Ray-tracing is a deterministic technique that is applicable to modelling any indoor

propagation environment [69–71]. One such example of ray-tracing is based on geomet-

rical optics [2]. In this model, a building is modelled as a set of polygonal walls, with

each wall having an electromagnetic classification depending on its construction material.

Based on this information, multipath propagation phenomena such as reflection, scatter-

ing and diffraction are modelled and the mean path loss is calculated. There are possibly

thousands of propagation paths between a transmitter and receiver. If too many propaga-

tion paths are considered, the ray-tracing problem becomes prohibitively computationally

intensive. Therefore researchers have developed a number of algorithms to determine the

most significant propagation paths between a transmitter and receiver. Inaccuracies in

geometrical optics are caused by both the limited computational power available as well

as various assumptions that are made to make the solution tractable (e.g. diffraction is

modelled assuming perfect conductivity).

2.3.4 Propagation modelling approach in this thesis

Sections 2.3.1 and 2.3.2 outlined the approaches for modelling mean path loss variations

for two cases of propagation paths: indoor-to-indoor and outdoor-to-indoor. Although

there is a large body of research on indoor-to-indoor propagation, only a few studies have

been performed for outdoor-to-indoor propagation. The indoor-to-indoor propagation

models previously developed generally have a distance-dependent path loss and factors

to represent the additional attenuation caused by environment features, e.g. wall and

floor attenuation factors. The outdoor-to-indoor propagation models developed to date

are based on only a limited number of propagation measurement campaigns and therefore

cannot be used confidently for a wide range of propagation environments.

Due to the uncertainty and inaccuracies inherent in propagation models developed in

the literature, this thesis is based entirely on using measured propagation data collected in

mixed indoor/outdoor environments. The benefit of this approach is that no assumptions

are made on how signals propagate into and within buildings as the propagation data is

based on actual measurements. Therefore, any subsequent performance analyses that use

the propagation data can be conducted with great confidence. Any conclusions drawn

from the performance analyses, while strictly applicable to the buildings in which the

measurements are made, also give insight into the deployment of systems in other buildings

of similar construction.
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2.4 Summary

This chapter introduced the propagation phenomena commonly observed in practice and

various propagation models that can be used to predict propagation behaviour in mixed

indoor/outdoor environments. It was shown that variations in received signal strength

include short-, medium- and long-term variations. These variations occur due to fading,

shadowing and distance-dependence respectively. It was also shown that the wideband

channel characteristics observed from previous studies are unlikely to influence the per-

formance of the indoor/outdoor DS-CDMA systems considered in this thesis because of

the relatively small time delays between multipath components.

The propagation models reviewed in this chapter include both indoor-to-indoor prop-

agation models and outdoor-to-indoor propagation models. The first class of models

predict the mean path loss for cases where the transmitter and receiver are both located

indoors. The latter class of propagation models predict the mean path loss for cases where

the transmitter is located outdoors and the receiver is located indoors. It was shown that

both the indoor-to-indoor and outdoor-to-indoor propagation models developed to-date

have limited accuracy and applicability to a wide range of environments. For this reason it

was decided to conduct propagation measurements in a variety of mixed indoor/outdoor

environments (described in Chapter 4) and use the collected propagation data to assess

system performance.

Chapter 3 introduces methods to evaluate the performance of DS-CDMA systems as

well as previous studies investigating their performance.
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Chapter 3

Evaluating the performance of

DS-CDMA systems

3.1 Introduction

The purpose of this thesis is to investigate the deployment and performance of indoor/outdoor

DS-CDMA systems that operate with either conventional receivers or multiuser detection

receivers at the base stations. Chapter 2 highlighted the radio propagation phenomena

observed in practice and the statistical methods to represent received signal strength. The

propagation modelling approaches presented in the literature were shown to be insufficient

for accurate prediction of propagation in mixed indoor/outdoor environments. Therefore,

it was decided that propagation measurements be conducted to obtain exact measured

data that could be used in the performance analyses conducted for this thesis.

The purpose of this chapter is to give an overview of conventional DS-CDMA systems

(i.e. without the implementation of multiuser detection). Of particular importance are

the key factors that influence system performance and the methods to assess system per-

formance. This chapter begins by presenting techniques to estimate downlink and uplink

DS-CDMA system performance in Section 3.2. In subsequent chapters, these techniques

are used in conjunction with measured propagation data to quantify DS-CDMA system

performance for various hypothetical deployment scenarios. The factors influencing DS-

CDMA system performance in various propagation environments (indoor, outdoor and

mixed indoor/outdoor) are discussed in Section 3.3. A survey of previous studies evalu-

ating DS-CDMA system performance is presented in Section 3.4. Signal correlation is a

key propagation phenomenon that influences DS-CDMA system performance; this phe-

nomenon is reviewed in Section 3.5. Finally, a summary of this chapter is presented in

Section 3.6.

27
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3.2 Estimation of DS-CDMA system performance

It is well known that in DS-CDMA systems all mobiles share the same bandwidth and

are distinguished by their unique spreading codes [2,45,72]. Non-orthogonalities between

mobiles’ spreading codes manifest themselves as mutual interference to other mobiles. For

this reason, DS-CDMA systems are often termed to be interference-limited.

A key engineering parameter used to quantify system performance is the outage prob-

ability. This represents the likelihood that a mobile within a DS-CDMA system will have

an outage, which occurs if the bit error rate (BER) of its message sequence is above a

pre-defined threshold. In practical cellular systems, the outage probability is likely to

influence almost all commonly used key performance indicators (KPIs) such as the data

rate, dropped call rate, and admission rate [45, 73].

In DS-CDMA systems, communication is required both from the base station to the

mobile (downlink1) and the mobile to the base station (uplink2). Separate frequency

bands are used for the downlink and the uplink. On the downlink, the purpose of the

mobile receiver is to determine its message sequence from its own base station’s signal in

the presence of interfering signals emanating from other base stations. On the uplink, the

base station receiver must determine a message sequence from each mobile in its own cell

in the presence of interfering signals emanating from several mobiles located both within

and outside its own cell. In comparison to the downlink, the uplink is likely to have

several more interfering signals as there are generally more mobiles than base stations in

the system.

Techniques for estimating downlink and uplink system performance (in terms of out-

age probabilities) are presented in Sections 3.2.1 and 3.2.2 respectively. These techniques

use basic, fundamental DS-CDMA parameters that allow for an evaluation of the key

propagation factors influencing system performance regardless of the specific implemen-

tation standard used. This allows for generalised deployment guidelines to be developed

and comparisons to be made between various deployment scenarios investigated in this

thesis.

3.2.1 Downlink DS-CDMA system performance

This section presents a basic model for estimating downlink DS-CDMA system perfor-

mance based on the derivations in [30] and [74]. Two fundamental assumptions are made

in this model: firstly, pseudonoise (PN) spreading codes are used and; secondly, the trans-

mitted sequences of the mobiles are asynchronous to each other (with random time delays

within a chip period). In essence, this means that both intra-cell and inter -cell interfer-

1The downlink is also commonly known as the forward link.
2The uplink is also commonly known as the reverse link.
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ence will exist on the downlink. This model has been chosen in this thesis as it represents

the worst-case scenario for the downlink and gives a basis for comparison to other studies

upon which the research in this thesis relates to [25, 26, 29, 30].

It should be noted, however, that commercially deployed DS-CDMA systems (e.g.

WCDMA/UMTS) use Walsh codes to provide perfect orthogonality for mobiles (sharing

the same cell) on the downlink [45]. This equates to no intra-cell interference on the

downlink (assuming that there is little time dispersion in the channel, which is the case

in indoor/outdoor environments where base stations and mobiles are located relatively

close together). In this case, it has been found that the downlink system performance

estimates are not significantly different from those obtained with the model used in this

thesis (which assumes that intra-cell interference exists on the downlink due to non-

orthogonalities between the mobiles’ spreading codes).3

Single cell downlink DS-CDMA system performance

On the downlink, the purpose of a mobile is to detect its own signal in the presence

of interference from signals transmitted by base stations to other mobiles. A seminal

evaluation of DS-CDMA performance was presented in [74] and analyses a system that

has K mobiles within a single cell. The result of this derivation is widely used in wireless

communications research today.

The signal transmitted by the single base station to each mobile, sk (t), is given by

sk (t) =
√

2Pak (t) bk (t) cos (ωct+ θk) , (3.1)

where k is an identifier for the mobile of interest, P is the signal power, ωc is the frequency

of the carrier, and θk represents the phase of the kth mobile’s signal. In (3.1), bk (t)

represents the data signal (binary information sequence) for the kth mobile (made up of

unit amplitude rectangular pulses of duration T ), while ak (t) represents the spreading

code of the kth mobile (made up of unit amplitude rectangular pulses of duration Tc).

The signal received at each individual mobile, k, is actually a summation of the signals

for all K mobiles served by the base station. Assuming an asynchronous DS-CDMA

system, the received signal, r (t) , is given by

r (t) = n (t) +
K∑

k=1

√
2Pak (t− τk) bk (t− τk) cos (ωct+ φk) . (3.2)

3Inter-cell interference has an extremely dominant influence on downlink system performance because
its fading is completely uncorrelated with the desired signal. If intra-cell interference exists on the
downlink (as is assumed in the model used in this thesis), it will have a very minor impact on system
performance because it fades in unison with the desired signal.
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In (3.2), φk = θk − ωcτk and n (t) is the background channel noise which is assumed

to be an additive white Gaussian noise (AWGN) process with two-sided power spectral

density No/2.

The received signal r (t) is passed through a correlation receiver matched to the spread-

ing code of the mobile of interest. The output from the correlation receiver of the kth

mobile is given by

Zk =

∫ T

0

r (t) ak (t) cosωct dt. (3.3)

Further analysis of the correlation receiver output, Zk, can be found in [74] where it

is shown that Zk may be decomposed into several terms as

Zk = Dk +Nk + Ik. (3.4)

In (3.4), Dk is the desired component, Nk is interference from the AWGN process (this

includes thermal noise), and Ik is the interference presented to the kth mobile from the

other mobiles.

It is shown in [74] that the signal-to-interference ratio (SIR) for the kth mobile is

defined as

SIRk =
E (Dk)

[Var (Ik) + Var (Nk)]
1/2
, (3.5)

where E (Dk) is the expected value of Dk and Var (Ik) and Var (Nk) are the variances of

Ik and Nk respectively.

The expected value of the desired component Dk is given by

E (Dk) =

√
P

2
T. (3.6)

The variance of the AWGN process is given by

Var (Nk) =
1

4
NoT, (3.7)

while for single path channels it can be shown that the variance of the interference from

other mobiles is approximately equal to [74, 75]

Var (Ik) =
PT 2 (K − 1)

3N
. (3.8)

Therefore for single path channels, the SIR for the kth mobile, SIRk, is given by 4

4Randomly offset PN codes have a cross-correlation of 2

3N
and therefore attenuate the interference

correspondingly, as evident in the first term of (3.9) [75].
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SIRk =

√
P
2
T

(
PT 2(K−1)

6N
+ NoT

4

)1/2
=

[
2 (K − 1)

3N
+

No

2Eb

]−1/2

, (3.9)

where Eb is the energy per bit. In (3.8) and (3.9), N is the processing gain, which is the

ratio of the time period of the data sequence to that of the spreading code sequence.

Multiple cell downlink DS-CDMA performance

A performance evaluation technique to extend (3.9) to account for interference presented

from multiple cells is outlined in [30]. Assuming that the signal from each base station ar-

rives at the mobile asynchronously and the system is interference limited (i.e. background

noise due to receiver imperfections is minimal), the SIR for the kth mobile is given by [30]

SIRk =
1√

2
3N

(K − 1 + βk)
, (3.10)

where βk is the ratio of the total downlink inter-cell interference power to the power of

the desired signal. For example, assuming that there are J base stations with unique

identifiers j = 1, 2, 3...J , the value of βk for a mobile served by the base station j = 1 is

given by

βk =
P2 + P3 + ... + PJ

P1
, (3.11)

where Pj is the received power of the signal from the j th base station and P1 is the power

of the desired signal from the base station identified by j = 1. It should be noted that

the received powers of the signals from each of the base stations undergoes independent

fading, and that the total power transmitted by each base station increases in proportion

to the number of mobiles it serves.

A given transmission from an individual base station is comprised of the waveforms

of several mobiles that have been combined together. Therefore, in a given base-to-

mobile link, the waveforms will fade in unison with each other because they traverse the

same path [30]. It is assumed that non-orthogonalities exist between the spreading codes

for these waveforms, which causes intra-cell interference. The intra-cell interference is

represented by the term K − 1 in (3.10).

Assuming that the multiple access interference is approximately Gaussian-distributed,

the SIR of the signal received by a mobile k may be mapped to a bit error rate (BER)

using the complementary Gauss probability integral, i.e. [26]

BERk =
1√
2π

∫ ∞

SIRk

exp

(−y2

2

)
dy. (3.12)
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If BERk in (3.12) is above a pre-defined threshold5 for adequate reception (assumed

to be 0.02 in this thesis), then an outage will occur. The assumption that the multiple

access interference is Gaussian distributed is valid for a large number of interferers, for

large spreading sequences 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, (3.12) has been shown

to underestimate the BER. An improved Gaussian approximation has been developed

by Morrow and Lehnert [76] to yield more accurate BER predictions. However, this

technique requires significantly more computational effort than the standard Gaussian

approximation used to derive (3.12). In this thesis sufficiently long spreading codes and a

large number of independent interfering components are assumed and for this reason the

standard Gaussian approximation is considered to be sufficiently accurate.

3.2.2 Uplink DS-CDMA system performance

On the uplink of a DS-CDMA system, the base station has to decode the signals of

mobiles within its cell in the presence of interference presented from other mobiles (located

both within and outside its cell). The mobiles’ signals are received at the base station

asynchronously and with different time delays. Using a similar derivation to that in

Section 3.2.1, it may be shown that the instantaneous uplink SIR for a mobile k is given

by [30]

SIRk =
1√

2
3N

(
ψk+βk

φk

) , (3.13)

where ψk is the ratio of the summation of the interference from mobiles connected to the

base station of interest (i.e. intra-cell interference), βk is the ratio of the summation of

the interference from mobiles connected to other base stations (i.e. inter-cell interference)

and φk is the instantaneous signal power of the desired mobile k. Similar to the downlink

case, the complementary Gauss probability integral (described by (3.12)) can be used to

determine the BER based on the instantaneous uplink SIR.

The uplinks of DS-CDMA systems potentially suffer from the near-far effect which is

the phenomenon whereby mobiles close to the base station have stronger received signals

than those further away. As a result, mobiles close to the base station have better perfor-

mance than those further away. This is undesirable because there is a lack of fairness in

performance for mobiles across the system. In conventional systems, uplink power control

attempts to ameliorate the near-far effect by allocating transmit powers to the mobiles so

5The chosen BER of 0.02 would be the upper limit of tolerable error rates in wireless communications
networks.
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that their signals are received at the base station with the same power; i.e. the intra-cell

interference term ψk in (3.13) will then be approximately the same for all k. In reality,

however, perfect power control is not possible due to inevitable signalling delays between

the base station and mobiles. In this thesis it is assumed that power control is sufficiently

accurate so that the mobiles adjust their transmit power to ensure that their mean re-

ceived signal strengths at the base station are the same. However, short-term variations

due to fading cannot be eliminated and are assumed to cause differences in the mobiles’

instantaneous received signal strengths at the base station.

3.3 Applicability to propagation environments

In Chapter 2, it was shown that the propagation environment can have a significant

influence on signals transmitted between base stations and mobiles. For this reason, it is

important for radio frequency engineers to understand the influence of the propagation

environment on DS-CDMA system performance and thereby develop strategies for optimal

system deployment.

In DS-CDMA systems, all mobiles share the same bandwidth. Therefore, adjacent cells

present interference to each other. Due to the phenomenon of cell breathing, the coverage

area of a cell might vary depending on the number of mobiles in the system and for this

reason radio frequency engineers must tradeoff capacity with coverage [2,45]. To increase

system capacity, new cells must be introduced to the network and the configurations

of surrounding cells (e.g. antenna downtilt angles and transmitter power levels) must

be optimised. The integration of a new cell is particularly challenging, as it should be

ensured that there is minimal spillage to adjacent cells while also ensuring that there is

seamless coverage for mobile users.

The key challenge for engineers in designing DS-CDMA systems is to identify the dom-

inant sources of interference and minimise their impact on system performance. Levels of

interference are strongly influenced by the surrounding propagation environment and the

system deployment strategy. Based on the material presented in Chapter 2, this section

highlights the major propagation-related factors influencing DS-CDMA performance and

deployment in outdoor, indoor and mixed indoor/outdoor environments. Additionally,

the differences in system design philosophies for the various environments are discussed.

3.3.1 Outdoor environments

Outdoor environments can vary from being sparse rural to densely populated urban. The

type of terrain and clutter associated with the outdoor environment influences the deploy-

ment strategy used. For example, in sparse rural areas without significant propagation
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obstacles, a single antenna can provide coverage to a radius of a few kilometres assuming

line-of-sight. To the contrary in dense urban areas, closely spaced obstacles such as build-

ings present a challenging propagation environment with significantly more propagation

loss and therefore a single antenna might only provide a coverage radius of as low as 100

metres.

In outdoor environments the placement of base stations to provide coverage is es-

sentially a two-dimensional problem as base stations and mobiles are usually located at

‘ground’ level and are displaced from each other horizontally. Figure 3.1 shows the likely

desired and interfering signals on the downlink and uplink of an idealised uniform macro-

cellular DS-CDMA system. On the downlink, the purpose of the mobile is to detect its

own desired signal in the presence of interference emanating from its own base station

(intra-cell interference) and other base stations (inter-cell interference). Inter-cell in-

terference may be minimised by carefully choosing base station locations and optimising

various system parameters (e.g. antenna downtilt angles). On the uplink, the base station

must decode the signal of the desired mobile in the presence of interference emanating

from several other mobiles within the same cell (intra-cell interference) and other cells

(inter-cell interference).

(a) Downlink (b) Uplink

Desired signal
Intra-cell interference signal
Inter-cell interference signal

Figure 3.1: Desired and interfering signals on the downlink and uplink for an idealised uniform
macrocellular DS-CDMA system.
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3.3.2 Indoor environments

Examples of indoor environments include office blocks, apartment buildings and shopping

malls. There are both similarities and differences in the construction and architectural

features of indoor environments. For example, ‘traditional’ buildings generally have a

steel-reinforced concrete framework and transparent windows on the outside with parti-

tions indoors, whereas contemporary buildings often have tinted windows on the outside

with open plan offices indoors. These features are likely to significantly influence the

propagation of radio signals and therefore the deployment strategies that yield optimal

performance.

To demonstrate the implications of radio propagation on indoor system performance,

Figure 3.2 shows typical signal paths on the downlink and uplink of a hypothetical three-

level indoor DS-CDMA system. With respect to the middle level of the building, it is clear

that interference emanates from not only the same level but also from the levels above and

below. The indoor DS-CDMA system shown in Figure 3.2 differs from outdoor DS-CDMA

systems in that the base stations and mobiles are in a three-dimensional configuration.

Additionally, obstacles such as internal concrete cores, walls and partitions are likely to

cause significant variations in received signal strength within much shorter distances than

those observed in outdoor environments [26].

(a) Downlink�������� ��������(b) Uplink

Desired signal
Intra-cell interference signal
Inter-cell interference signal

Central
concrete core

Central
concrete core

Figure 3.2: Desired and interfering signals on the downlink and uplink for a three-dimensional
indoor DS-CDMA system.
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In Figure 3.2, the central concrete core is likely to significantly attenuate the trans-

mitted signals. The floors separating the levels and internal partitions are also likely to

significantly attenuate the transmitted signals. The floor attenuations are of benefit to

system performance as they reduce inter-cell interference from other floors both on the

downlink and the uplink [14, 25].

On the downlink of the system shown in Figure 3.2, the desired signal and intra-cell

interference signal are likely to undergo significant attenuation due to the central concrete

core. However, the inter-cell interference is likely to be high due to the close proximity

of the mobile to the base stations on the levels above and below it. Clearly, if the base

station positions are modified, this serves to change the levels of downlink intra- and

inter-cell interference. This in turn influences the SIR performance for mobiles across the

system.

On the uplink of the system shown in Figure 3.2, power control ensures that the desired

mobile’s signal (shown in green) is received at the base station with approximately the

same power as the intra-cell interference signal. The total inter-cell interference presented

to the base station on the middle level is dependent on the locations of both the base

stations and mobiles on other levels. For example, the mobile on the top level is likely to

have a high transmit power due to the long separation distance to its base station and

the presence of the central concrete core. Therefore, it presents high levels of inter-cell

interference to the base station on the middle level. However, the mobile on the lowest

level is likely to present very little interference as it will be allocated a low transmit power

due to its close proximity to the base station serving it.

It is clear from the above descriptions of the downlink and uplink of the hypothetical

DS-CDMA system that system performance is heavily dependent on the three-dimensional

positions of the base stations and the relative locations of the mobiles.

3.3.3 Mixed indoor/outdoor environments

In mixed indoor/outdoor environments base stations are likely to be deployed indoors

on one or more levels of a building as well as in other buildings nearby or outdoors in

the near vicinity of the building. A comparison of the downlink and the uplink of a

hypothetical indoor/outdoor DS-CDMA system is shown in Figure 3.3. In this system

three base stations are located in a building and two base stations are located outdoors.

For the downlink, the mobile on the middle floor must decode its own signal in the

presence of inter-cell interference emanating from floors above and below it, as well as

inter-cell interference emanating from the outdoor base stations. For the uplink, the base

station must decode the signal from the desired mobile on the middle floor in the presence

of intra- and inter-cell interference emanating from both mobiles within the building as

well as inter-cell interference emanating from mobiles located outdoors.
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The locations of the outdoor base stations and mobiles are likely to influence the

performance experienced by mobiles located indoors. This in turn, influences the indoor

deployment strategy that yields optimal performance.

(a) Downlink��������������(b) Uplink

Desired signal
Intra-cell interference signal
Inter-cell interference signal

Central
concrete core

Central
concrete core

Figure 3.3: Desired and interfering signals on the downlink and uplink for a hypothetical in-
door/outdoor DS-CDMA system.

3.4 An overview of studies investigating DS-CDMA sys-

tem performance

Several previous studies have investigated DS-CDMA performance in a variety of propaga-

tion environments. The techniques to assess system performance include analytical [30,74]

and statistical (simulation) [25,26,77,78] approaches. Section 3.2 presented an analytical

model to estimate DS-CDMA system performance developed by Pursley [74]. This model

can be used to estimate the downlink and uplink outage probabilities for a single cell

DS-CDMA system assuming that the interference is Gaussian distributed. Milstein and

Rappaport [30] have extended this model to estimate outage probabilities for multiple-
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cell DS-CDMA systems. These techniques have since been the basis of the many studies

investigating DS-CDMA performance.

The purpose of this thesis is to investigate the deployment and performance of in-

door/outdoor DS-CDMA systems. Of particular importance in this investigation is the

impact of outdoor interference on indoor system deployment. The majority of previous

studies have focused on systems that are deployed in either indoor [20–27] or outdoor

environments [2, 28–30]. Due to the growing need to integrate indoor and outdoor DS-

CDMA systems, there are also a number of investigations that have considered DS-CDMA

system performance in mixed indoor/outdoor environments, outlined below.

In [77], an interference analysis is conducted for dedicated indoor DS-CDMA systems

assuming that interference emanates from outdoors. This investigation largely focuses on

the impact of soft handovers and levels of outdoor interference (for both line-of-sight and

non line-of-sight cases) on indoor system capacity. It is based on path loss propagation

models such as the Walfisch-Ikegami model (for propagation outdoors) and a multiple

wall model (for propagation indoors) [79, 80].

The effect of indoor traffic hotspots on overall wireless network performance is studied

in [78]. In this study, an idealised uniform macrocellular network is assumed with hotspots

at various locations (e.g. within a macrocell or at the border between two macrocells).

This study is also based on using propagation models and focuses on the impact of issues

such as the hotspot load and the hotspot location on network performance. In [81], an

evaluation of the impact of soft handover and co-channel interference (e.g. leakage from

indoors to outdoors) on the design of indoor DS-CDMA systems is evaluated. This study

is based on both a theoretical analysis and measurements conducted in an operating

DS-CDMA network.

The limited number of studies discussed above largely focus on the impact of issues

such as soft handover, antenna downtilt angles, sectorisation and pilot power on DS-

CDMA system performance. Additionally, for the vast majority of studies the propaga-

tion channel is generally modelled using basic indoor and outdoor-to-indoor propagation

models that use an attenuation factor to account for outdoor-to-indoor penetration loss.

To the author’s knowledge, prior to the research conducted for this thesis, there have been

no studies investigating the influence of outdoor interference on the optimal base station

deployment strategies for indoor DS-CDMA systems.

3.5 Signal correlation

Previous research has shown that the level of correlation between desired and interfering

signals can have significant implications on system performance [25, 26, 82–84]. As a

result, if this phenomenon is accounted for during system design, significant improvements
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in performance can be realised. The downlink performance of a DS-CDMA system is

ultimately dependent on the SIR of the received signal at the mobile. Variations in

the mean received strengths of the desired and interfering signals (i.e. ignoring short-

term variations due to fading) occur across the system and are directly related to the

relative locations of the mobiles and base stations. If a desired signal is strongly correlated

with one or more interfering signals, this is likely to yield appreciable performance gains

assuming that there is a sufficient margin between the mean received strengths of the

two signals [25, 26]. To the contrary, a negative or small correlation between desired and

interfering signals is likely to result in reduced performance than if positive correlation was

present. This is demonstrated in Figure 3.4, which compares the mean received desired

and interfering signal strengths assuming (a) completely positively correlated and (b)

completely negatively correlated cases. It is clearly evident from this figure that positive

correlation ensures that the SIR margin is maintained across the coverage area, whereas

negative correlation results in variations in the SIR margin, which is likely to cause poorer

performance.

In operational cellular systems, a high correlation occurs due to commonality in propa-

gation paths encountered by the desired and interfering signals. Assuming that measured

mean path loss data is available across a geographic area, the degree of correlation be-

tween two signals, i and j, can be quantified using a correlation coefficient, ρ, which is

defined as [25]

ρ =

∑K
k=1

(
PLik − PLiK

) (
PLjk − PLjK

)
√∑K

k=1

(
PLik − PLiK

)2√∑K
k=1

(
PLjk − PLjK

)2 . (3.14)

In (3.14), the measurement locations across the geographic area are numbered k = 1

to K, PLik is the mean path loss from transmitter i to measurement location k and PLiK

is the mean of the mean path losses from transmitter i to the K measurement locations

across the geographic area. Similarly, PLjk is the mean path loss from transmitter j to

measurement location k and PLjK is the mean of the mean path losses from transmitter

j to the K measurement locations across the geographic area.

The correlation coefficient, ρ, can vary from ρ = −1 to ρ = 1. A very high correlation

coefficient (i.e. if ρ is close to 1) is observed between desired and interfering signals when

they are strongly correlated with each other. If ρ = 0, then the desired and interfering

signals are completely uncorrelated with each other. If a strongly negative correlation

exists between a desired and interfering signal (i.e. if ρ is close to -1), this indicates that

if the desired signal is strong then it is highly likely that the interfering signal will be

weak (and vice versa).
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Figure 3.4: Positive and negative correlation between desired and interfering signals.
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The level of signal correlation has been observed to vary depending on the prop-

agation environment. The signal correlations observed in outdoor, indoor and mixed

indoor/outdoor environments are now discussed.

Outdoor environments

Due to the two-dimensional layout of outdoor DS-CDMA systems, there is very little like-

lihood of obtaining strongly positive or strongly negative correlation coefficients between

desired and interfering signals. Previous research based on outdoor propagation measure-

ments have shown that the correlation coefficients in outdoor environments typically vary

from -0.3 to 0.4 [82–84]. These relatively low levels of correlation are unlikely to influence

the performance of a typical ‘uniform’ two-dimensional macrocellular system with respect

to completely uncorrelated cases.

Indoor environments

An experimental study conducted in [25,26] yielded correlation coefficients as high as 0.96

and as low as -0.54 in multi-floor indoor environments. In [25, 26], it is also shown that

placing indoor base stations to yield high correlation coefficients (specifically deploying

vertically aligned base stations) improves system performance, while negative correlation

coefficients (specifically deploying vertically offset base stations) are detrimental.

To explain the correlation behaviour in indoor environments, compare the downlink of

the vertically aligned configuration and that of the vertically offset configuration shown

in Figure 3.5. In the vertically aligned configuration the desired signal received by the

mobile has a similar propagation path as the interfering signals from the base stations

on the floors above and below the mobile. Due to distance-dependent propagation loss

and the shadowing caused by the central concrete core, the desired and interfering signals

encounter similar mean path losses. This results in high levels of correlation (as much as

0.96) between the desired and interfering signals.

By contrast, in the vertically offset configuration, the desired signal received by the

mobile is negatively correlated (as low as -0.54) with the interfering signals from the base

stations on floors above and below the mobile. This causes increased variations in the

SIR across the coverage area, and as a result the average downlink outage probability is

higher.

On the uplink, the vertically aligned configuration has also been observed to outper-

form the vertically offset configuration. However, assuming the presence of power control

on the uplink, the differences in performance observed between the configurations are not

as pronounced as those on the downlink [25, 26].
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(a) Aligned configuration (b) Offset configuration
������������

Desired signal
Interfering signal

Central
concrete core

Central
concrete core

Figure 3.5: Comparison of aligned and offset configurations of indoor DS-CDMA systems.

Mixed indoor/outdoor environments

In the case of systems with both outdoor and indoor base stations (i.e. mixed in-

door/outdoor systems), there has been no previous research to quantify signal corre-

lation. This information could be useful in deploying future wireless systems in which

macro/microcellular systems must coexist with picocellular networks and is a contribu-

tion of this thesis, as is described in Chapters 4 and 5.

3.6 Summary

This chapter has presented a simple technique for evaluating the performance of both

the downlink and uplink of a DS-CDMA system using parameters such as the processing

gain, voice activity factor, and the received powers for the mobiles sharing the channel.

The key differences between the downlink and uplink of a DS-CDMA system have been

discussed. It has been shown that DS-CDMA system performance is strongly related

to the propagation environment and therefore base stations can be deployed to optimise

performance.

An in-depth overview of previous studies evaluating DS-CDMA system performance

has been provided to demonstrate the contributions of this thesis. Most of the previous

studies in the literature use simple propagation models and mainly focus on the perfor-

mance of either outdoor DS-CDMA systems or indoor DS-CDMA systems. This thesis

is unique in that it considers the performance of mixed indoor/outdoor DS-CDMA sys-

tems and extends this in subsequent chapters to include the implementation of multiuser

detection.
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Chapter 4 discusses a study to acquire measured propagation data in mixed in-

door/outdoor environments, while Chapter 5 uses this data to assess conventional DS-

CDMA system performance for various deployment strategies based on a simulation model

developed using the material presented in this chapter.
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Chapter 4

Propagation measurement study of

mixed indoor/outdoor environments

4.1 Introduction

Chapters 2 and 3 discussed the propagation phenomena that exist in mixed indoor/outdoor

environments and reviewed previous research showing that these phenomena can signifi-

cantly influence the performance of DS-CDMA systems. In Chapter 2, it was shown that

several propagation models have been developed to predict signal strength in various envi-

ronments (e.g. indoor and mixed indoor/outdoor environments). The predictions of these

models have been compared with measured propagation data obtained from a plethora of

propagation measurement campaigns. However, despite this extensive research the prop-

agation models developed to date have both limited accuracy and limited applicability

to a wide range of environments. Additionally propagation data collected in previous

campaigns are not widely available. For these reasons, it was decided to conduct three

propagation measurement campaigns to obtain measured propagation data which could

be used in the DS-CDMA system performance estimation test bed discussed in Chap-

ter 5. This chapter details these propagation measurement campaigns (conducted in two

different mixed indoor/outdoor environments) in Section 4.2. Key propagation results are

presented in Section 4.3. A summary of this chapter is presented in Section 4.4.

4.2 Propagation measurements

The purpose of conducting the propagation measurements was to acquire mean path loss

data for several propagation paths between combinations of transmitters and receivers

located both indoors and outdoors. This involved deploying transmitters at strategic

indoor and outdoor locations and measuring the mean received signal strength at various

45
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indoor locations using a mobile test receiver and data acquisition system. The outcome

of each measurement campaign was a database of mean path losses calculated using the

measured mean received signal strength data.

Section 4.2.1 describes the two propagation environments in which the three measure-

ment campaigns were conducted, while Section 4.2.2 presents the transmitter and receiver

locations chosen for each measurement campaign. Finally, Section 4.2.3 gives an overview

of the measurement equipment used and the strategy with which the receiver locations

were selected.

4.2.1 Propagation environments

The propagation measurements were conducted in two mixed indoor/outdoor environ-

ments located at The University of Auckland:

• Environment E1 – School of Engineering buildings and

• Environment E2 – Functions and Science buildings.

These environments were chosen because they consist of buildings that are typical of many

office buildings of contemporary architecture. All the buildings in both Environments E1

and E2 are constructed from steel-reinforced concrete and have transparent windows on

the outside. Additionally, all but one of the buildings have layouts with internal parti-

tions separating offices. However, there are also some important architectural differences

between the buildings in each environment that are likely to cause differences in radio

propagation behaviour. For example, Environment E1 consists of a building with a cen-

trally located steel-reinforced concrete core while in Environment E2 none of the buildings

have this feature. Environments E1 and E2 are described in Sections 4.2.1.1 and 4.2.1.2

respectively, while a summary of the two environments is in Section 4.2.1.3.

4.2.1.1 Environment E1 – School of Engineering buildings

The School of Engineering buildings are comprised of three buildings: the Tower Block,

Library Block and Lecture Theatre Block. Figure 4.1 is a three-dimensional drawing of

these buildings and Figure 4.2 is a photograph of the buildings viewed from a similar

angle to that in Figure 4.1.

The Tower Block is typical of many office buildings of conventional architecture and is

constructed from steel-reinforced concrete. Its horizontal dimensions are 18.5m by 18.5m.

It has twelve levels (two of which are below street level) and a central steel-reinforced

concrete core which houses two lifts, a stairwell and services, surrounded by a square-

shaped corridor and offices. Floors separating each level are made from steel-reinforced
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concrete. Windows on the outside of the building are transparent and internal partitions

separating the offices are made from drywall (also called plasterboard). Fascia beams

can be seen on the outside of the building separating each level. The separation distance

between the levels in the Tower Block is 3 metres. A layout of Level 8 of the Tower Block

is shown in Figure 4.3. This layout is typical of the majority of the levels in the Tower

Block.

Library Block

Tower Block

Lecture Theatre Block

Level 7

Level 8

Level 9

Steel-reinforced
concrete core

Figure 4.1: Three-dimensional view of Environment E1 (School of Engineering buildings).

The Library and Lecture Theatre Blocks are located on either side of the Tower Block,

and are each separated from the Tower Block by approximately 10 metres. The Library

Block is of horizontal dimensions 60 metres by 25 metres and its roof is aligned to Level 5

of the Tower Block. The Lecture Theatre Block has horizontal dimensions 18.5 metres

by 18.5 metres and its roof is aligned to Level 6 of the Tower Block. Both the Library

and Lecture Theatre Blocks are constructed from steel-reinforced concrete. The internal

features of the Library and Lecture Theatre Blocks are not of interest in this thesis as

measurements were not made inside these buildings nor transmitters deployed inside them.

4.2.1.2 Environment E2 – Functions and Science buildings

The Functions and Science buildings are located adjacent to each other as shown in the

plan in Figure 4.4. An open area courtyard separates the buildings by 20 metres. The
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Lecture
Theatre Block

Library Block

Figure 4.2: Photograph of Environment E1 (School of Engineering buildings).
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Figure 4.3: Layout of Level 8 of the Tower Block in Environment E1.
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outer walls of both buildings are constructed from steel-reinforced concrete, with trans-

parent windows on the outside of each level. In both buildings, the floors separating the

levels are constructed from steel-reinforced concrete. Figures 4.5 and 4.6 are photographs

of the Functions and Science buildings respectively.

The Functions building has three levels and is of horizontal dimensions 15 metres by

30 metres. The layout of Level 2 of the Functions building is shown in Figure 4.7. It is

noticeable that this level is mainly an open space with the exception of a few concrete

pillars and a timber serving counter.

The Science building also has three levels and is of horizontal dimensions 25 metres

by 38 metres. The layout of Level 2 of the Science building is shown in Figure 4.8. This

level mainly consists of offices separated by drywall partitions. The exception to this is

the centrally located glass-enclosed open-plan office space which has three glass partitions

(see Figure 4.8).

Functions building

Science building

20 m

20 m

Figure 4.4: Plan of the Functions and Science buildings.

4.2.1.3 Summary of propagation environments

Figure 4.9 is a scale drawing of the horizontal dimensions of Environments E1 and E2. All

the buildings shown are constructed from steel-reinforced concrete and have transparent

external windows. The major difference between the two environments is that the Tower

Block in Environment E1 has a central steel-reinforced concrete core while the buildings

in Environment E2 do not have this feature.
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Direction
to Science
building

Functions
building

Level 2

Figure 4.5: Photograph of the Functions building in Environment E2.

Level 2

Science
building

Direction to
Functions
building

Figure 4.6: Photograph of the Science building in Environment E2.
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Library  Block
Tower
Block

Lecture
Theatre
Block

(a)

(b)

Functions
building

Science
building

20 m

20 m

18.5 m

Figure 4.9: Scale drawing of (a) Environment E1 and (b) Environment E2.

4.2.2 Propagation measurement campaigns

Three propagation measurement campaigns were conducted in the two propagation en-

vironments described in Section 4.2.1. The locations of the transmitters and receivers in

each campaign were chosen to investigate a variety of deployment scenarios.

• Propagation Measurement Campaign A (PM A) – Single floor indoor

system coexisting with outdoor system.

This study was conducted in Environment E1. Transmitters were deployed on a

single level of the Tower Block as well as outdoors on the roofs of both the Library

Block and Lecture Theatre Block. Measurements were made at various locations on

the level on which the indoor transmitters were deployed.

• Propagation Measurement Campaign B (PM B) – Multi-floor indoor sys-

tem coexisting with outdoor system.

This study was also conducted in Environment E1. Transmitters were deployed on

multiple levels of the Tower Block and outdoors on the roof of the Library Block.

Measurements of the mean received signal strength were made at various locations

on a single level inside the Tower Block.
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• Propagation Measurement Campaign C (PM C) – Adjacent indoor sys-

tems.

This study was conducted in Environment E2. Transmitters were deployed on a

single level of each of the Functions and Science buildings. Measurements were

conducted in both the Functions and Science buildings.

While transmitters were deployed both indoors and outdoors in PM A and PM B, mea-

surements of the mean received signal strength were only conducted indoors.

4.2.2.1 Propagation Measurement Campaign A (PM A)

In PM A, six transmitters were deployed on Level 8 of the Tower Block, four transmitters

were deployed on the roof of the Library Block and two transmitters were deployed on

the roof of the Lecture Theatre Block. A three-dimensional view of the buildings with

the transmitter locations is shown in Figure 4.10, while a plan view is shown in Fig-

ure 4.11. Transmitters located indoors on Level 8 of the Tower Block are labeled I1 to

I6, transmitters located on the Library Block are labeled O1 to O4, and transmitters on

the Lecture Theatre Block are labeled O5 and O6. Transmitter O3, located on the roof

of the Library Block, was positioned 3 metres above O2 using a mast. This allowed a

comparison between O3 and the transmitters on the Lecture Theatre Block (which were

positioned at the same height as O3). Measurements of the mean received signal strength

were made at 42 locations on Level 8 of the Tower Block, as shown in Figure 4.12. Also

shown in Figure 4.12 are the locations of the transmitters positioned on Level 8.

4.2.2.2 Propagation Measurement Campaign B (PM B)

In PM B, which was conducted in Environment E1, six transmitters were deployed on

Levels 7, 8 and 9 of the Tower Block and six transmitters were deployed outdoors on

the roof of the Library Block. The locations at which the transmitters were deployed

are shown in Figure 4.13. The transmitters located indoors are labeled I1 to I6 and the

transmitters located outdoors on the roof of the Library Block are labeled O1 to O6.

Measurements of the mean received signal strength (from which the mean path losses

were calculated) were made at 52 locations on Level 8 of the Tower Block, as shown in

Figure 4.14. Also shown in Figure 4.14 are the locations of the transmitters positioned

on Level 8. Note that the other indoor transmitters were deployed at locations directly

above or below those on Level 8.

4.2.2.3 Propagation Measurement Campaign C (PM C)

Propagation measurements for PM C were conducted in Environment E2. As shown in

Figure 4.15, five transmitters were placed on Level 2 of the Functions building and five
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Figure 4.10: Transmitter locations in PM A (Three-dimensional view). N.B. I4 and I5 are
obscured from this view.
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Figure 4.11: Transmitter locations in PM A (Plan view).
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Figure 4.12: Measurement locations on Level 8 of the Tower Block in PM A (Shown by ×s).
Transmitter locations I1 to I6 (also located on Level 8) are shown by •s.
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Figure 4.13: Transmitter locations in PM B.
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Figure 4.14: Measurement locations on Level 8 of the Tower Block in PM B (Shown by ×s).
Transmitter locations I3 and I4 are shown by the •s.

transmitters were placed on Level 2 of the Science building. Measurements were conducted

on Level 2 of both buildings. Figures 4.16 and 4.17 show the transmitter and receiver

measurement locations for Level 2 of the Functions building and Level 2 of the Science

building respectively.

Functions
building

Science
building

F1

F2 F3 F4

F5

S1

S2

S3

S4

S5

20 m

20 m

Figure 4.15: Transmitter locations in PM C.

4.2.2.4 Summary of propagation measurement campaigns

Table 4.1 summarises the three propagation measurement campaigns that were conducted

in two mixed indoor/outdoor environments in The University of Auckland. In all mea-

surement campaigns, transmitters were deployed at locations both inside the building of
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Figure 4.16: Measurement locations (×) and transmitter locations (•) on Level 2 of the Func-
tions building in PM C.
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building in PM C.
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interest as well as externally on the roofs of nearby buildings (PM A and PM B) or inside

other buildings (PM C). While PM B used a multi-floor indoor transmitter configura-

tion, both PM A and PM C used single floor configurations. Measurements of the mean

received signal strength were conducted at indoor locations only.

PM
Campaign

Environment
Transmitter

locations

Indoor
transmitter

configuration

Measurement

locations

A E1

Tower Block
Library Block†

Lecture Theatre

Block†

Single level Tower Block

B E1
Tower Block

Library Block†
Multiple level Tower Block

C E2
Science Building

Functions Building
Single level

Science Building

Functions Building

Table 4.1: Summary of the propagation measurement campaigns.
†Transmitters located on roof.

4.2.3 Measurement setup and strategy

In Section 4.2.2, three propagation measurement campaigns were discussed. In each

of these campaigns, transmitters were positioned at fixed locations within and outside

buildings and measurements of received signal strength were made at several locations

indoors. The purpose of this section is to outline the equipment used for the measurements

as well as the strategy for conducting the measurements.

4.2.3.1 Measurement setup

The measurement equipment included transmitting equipment and receiving equipment.

The transmitting equipment included several custom-built narrowband transmitters con-

nected to discone antennas. The receiving equipment was comprised of a half-wave dipole

antenna connected to an ESVN40 test receiver and laptop. A block diagram of the overall

measurement setup is shown in Figure 4.18.

To explain how the measurement equipment was set up in a given propagation mea-

surement campaign, a diagram of the transmitter locations in PM B1 (discussed in Sec-

tion 4.2.2.2) is reproduced in Figure 4.19, while a diagram of the measurement locations

is reproduced in Figure 4.20. In PM B, transmitting equipment (i.e. a single narrowband

1PM B was conducted in The University of Auckland School of Engineering buildings. Transmitters
were deployed inside the Tower Block and on the roof of the adjacent Library Block. Measurements of
received signal strength were made on Level 8 of the Tower Block.



60 Propagation measurement study of mixed indoor/outdoor environments

transmitter connected to a discone antenna) was placed at each of the strategically chosen

transmitter locations shown in Figure 4.19. Once the transmitting equipment was set up

at all the transmitter locations, the receiver equipment was used to take measurements

at each of the measurement locations shown in Figure 4.20. A similar procedure was used

in the other propagation measurement campaigns.

Transmitting equipment – The narrowband transmitters are capable of being pro-

grammed to transmit continuous wave (sinusoidal) narrowband signals at frequencies up

to 2 GHz with a transmitting power of 16 dBm. The DECT band of frequencies ranging

from 1880 to 1885.5 MHz were used for transmissions, with the individual transmitters

programmed to transmit at centre frequencies 0.5 MHz apart, as specified in Table 4.2.

The mean path loss response (for a fixed path) across this range of frequencies has been

found to be flat [26]. Each transmitter was connected to an omnidirectional discone

antenna.

Receiving equipment – The narrowband transmissions were received using a half-wave

dipole antenna connected to an ESVN40 test receiver. The ESVN40 test receiver was con-

trolled by measurement software on a laptop to step through the range of individual trans-

mitter frequencies (shown in Table 4.2) and take measurements of instantaneous received

signal strength from each of the transmitters. The dipole antenna was rotated in a 1 me-

tre diameter circular locus and approximately 2000 instantaneous signal strength samples

were taken for each narrowband transmission. These instantaneous signal strength sam-

ples were then averaged to obtain the mean strength of the received signal from each

transmitter. It should be noted that the ESVN40 test receiver is noncoherent and there-

fore only amplitude (i.e. received power) information was obtained. This information was

sufficient for the subsequent system performance analysis in which phase information was

not required.

Further information about the measurement equipment can be found in Appendix A.

4.2.3.2 Measurement strategy

In each of the three propagation measurement campaigns, the receiver measurement loca-

tions were chosen to be as randomly spread across the measurement area as possible with

the constraint that some regions of the measurement area were inaccessible. The number

of receiver measurement locations in each measurement campaign were chosen to be suf-

ficient for the accuracy of the subsequent DS-CDMA performance analysis based on the

guidelines in [26]. In all the propagation measurement campaigns, both the transmitting

discone antenna and receiving half wave dipole antenna were positioned 1.8 metres above

the ground, as it was assumed that this would ensure optimal received signal strength

(based on the guidelines in [26]).
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Figure 4.18: Propagation measurement equipment setup.
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Figure 4.19: Transmitter locations in PM B.
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Figure 4.20: Measurement locations on Level 8 of the Tower Block in PM B (Shown by ×s).
Transmitter locations I3 and I4 are shown by the •s.

Transmitter

number

Centre

frequency

(MHz)

1 1880.0

2 1880.5

3 1881.0

4 1881.5

5 1882.0

6 1882.5

7 1883.0

8 1883.5

9 1884.0

10 1884.5

11 1885.0

12 1885.5

Table 4.2: Centre frequencies for the transmitters used in the propagation measurement cam-
paigns. Note that narrowband sinusoidal signals are transmitted.
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4.3 Propagation results

The purpose of this section is to present the key findings from the three propagation mea-

surement campaigns discussed in Section 4.2. To depict typical propagation behaviour,

Section 4.3.1 presents coverage maps produced using the mean path loss data collected in

the propagation measurement campaigns. The correlation coefficients for the transmitters

deployed in the propagation measurement campaigns are presented in Section 4.3.2.

4.3.1 Mean path loss coverage maps

The mean path loss variations for the transmitters deployed in the three propagation

measurement campaigns are best represented using coverage maps. The coverage maps of

the mean path loss across the measurement area in each of the propagation measurement

campaigns have been generated by interpolating between the mean path loss data collected

at the discrete locations at which measurements were made. The purpose of this section

is to present examples of the coverage maps for each measurement campaign.

4.3.1.1 Propagation Measurement Campaign A (PM A)

Coverage maps showing the mean path across Level 8 from indoor transmitter I2 (also

positioned on Level 8) and outdoor transmitter O6 (positioned on the roof of the Lecture

Theatre Block) are shown in Figures 4.21 and 4.22 respectively.

It is evident from Figure 4.21 that the signal from indoor transmitter I2 channels to

both ends of the corridor facing it. The mean path loss is observed to vary from 30 dB to in

excess of 90 dB. The central steel-reinforced concrete core is observed to cause significant

attenuation of the signal – the difference in path loss from one side of the concrete core

(where I2 is located) to the other side is 50 dB.

Figure 4.22 shows that outdoor transmitter O6 uniformly illuminates the right hand

side of Level 8. There is also a signalling ‘channelling’ effect that is noticed in the two

corridors facing the outdoor transmitter O6. As expected the mean path losses across the

floor are generally higher than those observed in Figure 4.21 for the indoor transmitter I2.

4.3.1.2 Propagation Measurement Campaign B (PM B)

A coverage map showing the mean path loss across Level 8 from I3 (also located on Level 8)

is shown in Figure 4.23. This coverage map shows that the mean path loss across Level 8

from I3 varies from approximately 43 dB to 98 dB. The region diagonally opposite to I3

(on the other side of the central steel-reinforced concrete core) exhibits relatively high

mean path losses exceeding 75 dB. This is likely to be because the central reinforced-steel
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Figure 4.21: Mean path loss across Level 8 from indoor transmitter I2 in PM A.

0 5 10 15 18.5

0

5

10

15

18.5

Distance (m)

D
is

ta
nc

e 
(m

)

M
ea

n 
pa

th
 lo

ss
 (

dB
)

Lecture Theatre Block (Location of O
6
)

60

65

70

75

80

85

90

95

100

Figure 4.22: Mean path loss across Level 8 from outdoor transmitter O6 in PM A.
(N.B. O6 is positioned on the roof of the Lecture Theatre Block, which is to the
right of the above map.)
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concrete core significantly attenuates the transmitted signal. Additionally, it is apparent

that the signal from I3 is ‘channelled’ through the two corridors facing it.

A coverage map of the mean path loss across Level 8 from outdoor transmitter O1

is shown in Figure 4.24. The mean path loss across Level 8 varies from approximately

75 dB to 108 dB. As expected, these mean path losses are higher than those observed

for I3 (shown in Figure 4.23) due to the greater distance dependent propagation loss and

outdoor-to-indoor penetration loss experienced by the signal emanating from O1. The

coverage map shows that the side of the building closest to the transmitter is uniformly

illuminated by O1 and a ‘channelling’ effect is visible in the lower horizontal corridor.

Additionally, the central reinforced-steel concrete core attenuates the signal strongly as

demonstrated by the high mean path loss in the area at the right hand side of Level 8.

Similar propagation behaviour has been observed from coverage maps of the mean path

losses from the other transmitters deployed in PM B.

The propagation behaviour observed in PM B is generally similar to that observed in

PM A.
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Figure 4.23: Mean path loss across Level 8 from indoor transmitter I3 in PM B.
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Figure 4.24: Mean path loss across Level 8 from outdoor transmitter O1 in PM B.
(N.B. O1 is positioned on the roof of the Library Block, which is to the left of the
above map.)

4.3.1.3 Propagation Measurement Campaign C (PM C)

In PM C, propagation measurements were conducted on Level 2 of both the Functions

and Science buildings. For this reason, examples of the mean path loss coverage maps are

presented for each of the buildings.

Mean path loss coverage maps for measurements taken in Functions building

Figure 4.25 shows the mean path loss variation across Level 2 of the Functions building

from F3 (also located on Level 2 of the Functions building). The mean path losses observed

vary from approximately 43 dB to 66 dB. The maximum mean path loss of 66 dB is much

less than that observed for the indoor transmitters in both PM A and PM B (which had

mean path losses as high as 98 dB), despite the propagation distances being similar. This

is likely to be because the Functions building does not have a central steel-reinforced

concrete core or internal partitions that cause shadowing of the transmitted signal.

A coverage map showing the mean path loss across Level 2 of the Functions building

from S3 (located on Level 2 of the Science building) is shown in Figure 4.26. The mean

path losses vary from 95 dB to 113 dB. Similar to the findings in PM A and PM B,

these relatively high path losses are due to the signal attenuation caused by both the
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Figure 4.25: Mean path loss across Level 2 of the Functions building from F3 in PM C.

separation distance between the Functions building and the Science building and the

outdoor-to-indoor penetration loss as the signal propagates into the Functions building.
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Figure 4.26: Mean path loss across Level 2 of the Functions building from S3 in PM C.
(N.B. S3 is positioned in the Functions building which is located below this map.)

Mean path loss coverage maps for measurements taken in Science building

A coverage map showing the mean path loss across Level 2 of the Science building from S3

is shown in Figure 4.27. The mean path loss varies from 47 dB to 81 dB. In the Science

building, the maximum mean path loss (81 dB) observed for S3 is greater than that
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observed (66 dB) in the Functions building for F3. This is likely to be due to both the

greater propagation distance and the presence of partitions in the Science building.

The mean path loss variation across Level 2 of the Science building from F3 (located in

the Functions building) is shown in Figure 4.28. Similar to the observations in PM A and

PM B for the outdoor transmitters, it is apparent that Level 2 of the Science building is

illuminated well in the area closest to the Functions building, but the signal level gradually

reduces with distance.

4.3.2 Correlation coefficients

In Chapter 3, it was shown that the level of correlation between desired and interfering

signals can have a significant impact on system performance. If a desired signal is strongly

correlated with an interfering signal, this is likely to yield appreciable performance gains if

there is a sufficient margin between the mean received strengths of the two signals [25,26].

The degree of correlation between two signals, i and j, can be quantified using a correlation

coefficient, ρ, which is defined as

ρ =

∑K
k=1

(
PLik − PLiK

) (
PLjk − PLjK

)
√∑K

k=1

(
PLik − PLiK

)2√∑K
k=1

(
PLjk − PLjK

)2 , (4.1)

where the measurement locations on the floor of interest are numbered 1 to K, PLik is

the mean path loss from transmitter i to measurement location k and PLiK is the mean

of the mean path losses from transmitter i to the K measurement locations on the floor

of interest. Similarly, PLjk is the mean path loss from transmitter j to measurement

location k and PLjK is the mean of the mean path losses from transmitter j to the K

measurement locations on the floor of interest.

4.3.2.1 Propagation Measurement Campaign A (PM A)

A sample of the correlation coefficients between the received signals from transmitters

deployed in PM A are shown in Table 4.3. For convenience, the relative locations of the

transmitters deployed in PM A are shown in Figure 4.29. Table 4.3 classifies the correla-

tion coefficients into three categories based on the locations of the associated transmitters.

The various scenarios are denoted by the syntax AB, where A and B represent the trans-

mitters whose signals are correlated.

If both transmitters are located indoors on Level 8 of the Tower Block, it is evident

that the correlation coefficient is positive if the transmissions emanate from the same side

of the building. If the transmitters are immediately adjacent to each other (e.g. I1I2

and I2I3), a very strong positive correlation is observed. However, for a greater separation

distance (e.g. I1I3 and I4I6), a weak positive correlation is observed. This is likely to be
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Figure 4.27: Mean path loss across Level 2 of the Science building from S3 in PM C.
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Figure 4.28: Mean path loss across Level 2 of the Science building from F3 in PM C.
(N.B. F3 is positioned in the Functions building which is located above this map.)
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Figure 4.29: Locations of transmitters deployed in PM A.
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Locations of transmitters

Indoor Outdoor Indoor and Outdoor

Scenario ρ Scenario ρ Scenario ρ

I1I2 0.80 O1O2 0.91 I1O1 0.41

I2I3 0.71 O3O4 0.80 I2O3 0.67

I1I3 0.35 O5O6 0.90 I3O4 0.28

I4I6 0.18 O3O6 -0.75 I3O6 -0.66

I1I6 -0.66 O4O5 -0.44 I2O5 -0.77

I2I5 -0.75 O1O5 -0.60 I5O2 -0.88

Table 4.3: Correlation coefficients for transmitters deployed in PM A.

because there is less similarity in propagation paths for the signals if the transmitters are

located further away from each other. Finally, if the transmitters are located on opposite

sides of the building, a negative correlation is observed between the signals emanating

from them.

Now consider the correlations for the signals from transmitters located outdoors on the

roofs of the Library and Lecture Theatre Blocks. If the outdoor transmissions emanate

from the same side of the Tower Block (i.e. both transmitters are located on the roof

of either the Library Block or Lecture Theatre Block), a very strong positive correlation

is observed. However, if the outdoor transmissions emanate from opposite sides of the

Tower Block, a negative correlation is observed.

If one of the transmitters is located indoors in the Tower Block and the other is

located outdoors on the roof of either the Library Block or the Lecture Theatre Block, a

moderately positive correlation is observed if the indoor transmitter is located on the side

of the building that is closest to the outdoor transmitter (e.g. I2O3 and I3O4). However,

the transmissions are negatively correlated if the indoor transmitter is located on the side

of the building that is furthest from the outdoor transmitter (e.g. I3O6, I2O5 and I5O2).

The observations discussed above can be confirmed by the correlations for signals

emanating from other pairs of transmitters. The full set of correlation results for all pairs

of transmitters can be found in Appendix B.

4.3.2.2 Propagation Measurement Campaign B (PM B)

A sample of the correlation coefficients between the signals from transmitters deployed in

PM B are shown in Figure 4.4. The relative locations of the transmitters are shown in

Figure 4.30. Similar to Section 4.3.2.1, the correlation coefficients are classified into three

categories depending on the locations of the associated transmitters.

First consider the correlation coefficients between the signals emanating from the in-

door transmitters, assuming that at least one of the transmitters is located on the mea-

surement floor (i.e. Transmitter I3 or I4 located on Level 8 of the Tower Block). It is
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Locations of transmitters

Indoor Outdoor Indoor and Outdoor

Scenario ρ Scenario ρ Scenario ρ

I3I1 0.95 O1O2 0.96 I3O1 0.34

I3I5 0.96 O3O4 0.97 I3O6 0.49

I1I5 0.97 O5O6 0.78 I4O1 -0.33

I3I2 -0.46 O3O6 0.86 I4O6 -0.51

I3I6 -0.55 O2O5 0.90 I4O2 -0.34

Table 4.4: Correlation coefficients for the transmitters deployed in PM B for measurements
taken on Level 8.
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Figure 4.30: Transmitter locations in PM B.
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evident that if the transmitters are vertically aligned with each other (e.g. I3I1), the

correlation coefficient is very high. This indicates that the mean path losses for the sig-

nals emanating from vertically aligned transmitters are very strongly correlated with each

other. In a realistic system this would mean that the desired signal would be strongly

correlated with the interfering signal. However, if the transmitters are vertically offset

from each other (e.g. I3I2), then the signals emanating from them are negatively corre-

lated with each other. This implies that at any given measurement location if the desired

signal is strong, the interfering signal is likely to be weak and vice versa.

Now consider the correlation coefficients between signals emanating from transmitters

located outdoors. These signals are all very strongly correlated with each other. This is

expected as the signals emanating from all the outdoor transmitters are likely to traverse

similar propagation paths to the measurement locations on Level 8 of the Tower Block.

Finally, consider the correlation coefficients between a signal emanating from an in-

door transmitter and another signal emanating from an outdoor transmitter. A strong

correlation exists if the indoor transmitter is located on the side of the Tower Block that

is nearest to the outdoor transmitter. However, a moderately negative correlation exists

if the indoor transmitter is located on the opposite side of the Tower Block in relation to

the outdoor transmitter.

The trends observed in PM B match well with those observed in PM A. The full set

of correlation results for PM B can be found in Appendix B.

4.3.2.3 Propagation Measurement Campaign C (PM C)

In PM C transmitters were deployed and measurements taken on Level 2 of both the

Functions and Science buildings. For this reason, separate data sets were obtained for

each of the Functions building and Science building. Therefore, the correlation coefficients

are presented for each data set individually so that meaningful observations can be made.

A sample of the correlation coefficients between the transmitter signals for measure-

ments taken in the Functions building and Science building are shown in Tables 4.5 and 4.6

respectively. For convenience, the relative locations of the transmitters deployed in this

campaign are shown in Figure 4.31.

First consider the correlation coefficients for the measurements taken in the Functions

building (Table 4.5). The observations made are similar to those for PM A and PM B

(discussed in Sections 4.3.2.1 and 4.3.2.2). The received signals from the transmitters

located in the Functions building are positively correlated if there is likely to be significant

commonality in their propagation paths (e.g. F2F3 and F3F4). However, for transmitters

located on opposite ends of the Functions building (e.g. F1F4 and F2F5) a negative

correlation is observed. If both transmitters are located in the adjacent Science building,

a moderate or strongly positive correlation is observed. Finally, if one of the transmitters
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Locations of transmitters

Functions building Science building
Functions and

Science Buildings

Scenario ρ Scenario ρ Scenario ρ

F2F3 0.20 S4S2 0.43 F3S1 0.66

F3F4 0.52 S5S1 0.47 F4S5 0.74

F1F4 -0.57 S1S3 0.52 F4S3 0.72

F2F5 -0.14 S4S1 0.53 F1S4 -0.31

F2F4 -0.26 S5S2 0.45 F5S2 0.14

F1F5 -0.69 S4S5 0.87 F5S1 0.07

Table 4.5: Correlation coefficients for transmitters deployed in PM C for measurements taken
in the Functions building.

Locations of transmitters

Functions building Science building
Functions and

Science buildings

Scenario ρ Scenario ρ Scenario ρ

F2F3 0.95 S4S2 -0.23 F3S1 0.69

F3F4 0.95 S5S1 -0.29 F4S5 0.31

F1F4 0.89 S1S3 -0.26 F4S3 -0.15

F2F5 0.91 S4S1 -0.79 F1S4 -0.42

F2F4 0.92 S1S2 0.37 F5S2 -0.55

F1F5 0.92 S4S5 0.43 F5S1 0.40

Table 4.6: Correlation coefficients for transmitters deployed in PM C for measurements taken
in the Science building.

Functions
building

Science
building

F1
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Figure 4.31: Locations of transmitters deployed in PM C.
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is located in the Functions building and the other is located in the Science building, a

strongly positive, very weak or moderately negative correlation is observed depending on

the relative locations of the transmitters.

Similar trends are apparent from the correlation coefficients for the measurements

taken in the Science building (shown in Table 4.6). The signals emanating from trans-

mitters located in the Science building are positively correlated if they are likely to share

similar propagation paths (e.g. S1S2 and S4S5), and are negatively correlated if they em-

anate from opposite ends of the Science building (e.g. S5S1 and S1S3). A very strong

positive correlation is observed for transmitters located in the Functions building. If one

of the transmitters is located in the Functions building and the other is located in the Sci-

ence building, the correlation coefficients are strongly positive, very weak or moderately

negative depending on the relative locations of the transmitters.

Similar observations have been made for other pairs of transmitters and the compre-

hensive correlation results for PM C can be found in Appendix B.

4.4 Summary

This chapter has outlined three propagation measurement campaigns that were conducted

in two separate mixed indoor/outdoor environments. While both these environments con-

sist of buildings with conventional architecture, some important differences between them

were highlighted. Each of the propagation measurement campaigns involved deploying

transmitters at strategic locations (both indoors and outdoors) and measuring the mean

received signal strength at various indoor locations. The resulting propagation database

is the basis for the subsequent system performance analyses discussed in Chapters 5,

6 and 7.

In this chapter, several mean path loss coverage maps have been presented for the

transmitters deployed in the propagation measurement campaigns. These coverage maps

show that the mean path loss variation is likely to be significantly influenced by both the

building architecture as well as internal partitions.

As signal correlation can potentially have a significant impact on system performance,

correlation coefficients have been presented for the transmitters deployed in the cam-

paigns. These correlation coefficients varied from strongly positive to moderately negative

depending on the relative locations of the transmitters. In general, a positive correlation

was apparent when signals are likely to traverse similar propagation paths, while a neg-

ative correlation was apparent when signals are likely to traverse ‘opposing’ propagation

paths.



Chapter 5

Deployment and performance of

indoor/outdoor DS-CDMA systems

5.1 Introduction

Chapter 4 presented three propagation measurement campaigns that were conducted to

measure the mean path losses for several propagation paths between transmitters and re-

ceivers deployed in two different mixed indoor/outdoor environments. While the database

obtained from the measurement campaigns gives an excellent indication of the underlying

signal propagation behaviour, it does not quantify the performance of realistic systems

that might operate in the environments under consideration.

In this chapter, the performance of hypothetical indoor/outdoor DS-CDMA base sta-

tion configurations are estimated using the propagation database discussed in Chapter 4.

The estimates of system performance are related to both the deployment strategy and the

underlying propagation phenomena observed in Chapter 4. The outcome of this chapter

is a set of guidelines to deploy indoor/outdoor DS-CDMA systems for a variety of deploy-

ment scenarios, based on a performance evaluation of both the downlink and uplink.

Section 5.2 presents the method for estimating the performance of the downlink and

uplink of a conventional voice-based DS-CDMA system. The three propagation measure-

ment campaigns represent three generalised cases in which wireless operators might deploy

their systems. For each of these cases, a scenario-based approach is used to compare the

performances of several possible base station configurations. The deployment scenarios are

presented in Section 5.3 and form the basis for the performance comparisons throughout

this thesis. Section 5.4 presents the performance estimation results for the deployment

scenarios investigated in each of the three propagation measurement campaigns, while

Section 5.5 outlines the important guidelines for deploying conventional indoor/outdoor

DS-CDMA systems based on the performance estimates. Finally Section 5.6 summarises

the main findings of this chapter.

75
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It should be noted that the results presented in this chapter are relevant to conven-

tional DS-CDMA systems that operate without multiuser detection. The implications of

multiuser detection on indoor/outdoor DS-CDMA system deployment and performance

are investigated in Chapters 6 to 8. Due its high signal processing complexity, multiuser

detection is likely to be implemented at the base station only (i.e. for the enhancement

of uplink performance). Therefore, the uplink performance results presented in this chap-

ter are particularly relevant for comparison in the subsequent chapters that investigate

multiuser detection.

5.2 System performance estimation

5.2.1 Overview

A system performance estimation was conducted to quantify the downlink and uplink

performance of a conventional voice-based DS-CDMA system. This system performance

estimation is based on the DS-CDMA system model derived in Chapter 3 and uses the

mean path loss propagation data discussed in Chapter 4. System performance is quantified

in terms of a ‘mean outage probability’ that represents the likelihood that a mobile in an

area will have an outage. Mean outage probabilities are estimated for both the downlink

and uplink of the various deployment scenarios considered. Key assumptions about the

DS-CDMA system are outlined in Section 5.2.2, while the algorithm for estimating the

downlink and uplink performance is presented in Section 5.2.3.

5.2.2 DS-CDMA system assumptions

It is assumed that a voice-based DS-CDMA system operates in the environments in which

the propagation measurements were taken. The system uses a chosen combination of

the base stations deployed in the propagation measurement campaigns. Mobiles may

be located at any of the discrete locations at which measurements were made in the

propagation measurement campaigns. A fixed processing gain of 511 and a voice activity

factor of 0.5 are assumed. Separate frequency bands are used for the downlink and

uplink. Further assumptions are that BPSK modulation is used, random spreading codes

are allocated to mobiles and the received baseband signal pulse is perfectly rectangular.

Base stations are assumed to transmit signals with a power of 20 dBm per mobile1 unless

otherwise stated.

1In commercially deployed DS-CDMA systems, base stations usually have a specified total transmit
power threshold. If the system is sufficiently loaded, this threshold may be reached and further mobiles
are not permitted to connect. For the purpose of analysis, it is assumed in this thesis that the system is
not loaded to this extent and therefore this threshold is never reached.
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For the uplink, perfect power control ensures that mobiles adjust their transmit powers

so that their signals are received by the base station with the same mean power, i.e. the

mobiles do not adjust their transmit powers to account for variations due to short-term

fading. Therefore, there are short-term variations in the powers of the signals received by

the base station.

It is assumed that short-term fading follows a Rayleigh distribution. The performance

of the system is quantified in terms of downlink and uplink outage probabilities. An outage

is defined to occur at a potential mobile location if the bit-error rate (BER) exceeds 0.02.

At a given mobile location the BER will exceed 0.02 if the instantaneous SIR is below

4.32 dB, as determined by the complementary Gauss probability integral discussed in

Section 3.2.1 [2, 25, 26, 74].

5.2.3 Algorithm for estimating DS-CDMA system performance

A flow diagram of the algorithm for estimating the DS-CDMA system performance is

shown in Figure 5.1. The method for estimating the downlink and uplink system perfor-

mance uses a ‘semi-static’ Monte Carlo analysis. In each iteration of this Monte Carlo

analysis, mobiles are randomly placed across the floors of interest and the number of out-

ages on both the downlink and uplink are then determined for mobiles across the floors

of interest. This process is repeated for several thousand iterations and at the end of

all iterations the mean outage probabilities for the downlink and uplink are obtained by

dividing the total number of outages in all iterations by the total number of connections

to the base station of interest. The DS-CDMA system performance estimation testbed

was developed using MATLAB.

For simplicity the methods for estimating the downlink and uplink performance, shown

in Figure 5.1, are explained individually in Sections 5.2.3.1 and 5.2.3.2 respectively.

5.2.3.1 Downlink system performance estimation

As stated earlier, the downlink and uplink system outage probabilities are estimated using

a ‘semi-static’ Monte Carlo analysis, a flow diagram of which is shown in Figure 5.1.

The downlink system performance estimation begins in Step (i) where K mobiles are

randomly chosen from the discrete measurement locations in a measurement campaign

and placed on each floor. A floor is defined as being inside a building of interest or external

to the building of interest (e.g. outdoors or in another building). A mobile is identified by

a unique identifier m, which corresponds to its physical location at the three-dimensional

coordinates (x, y, z ). There may be one or more base stations in the system, identified

by b, where b ∈ 1, 2, ...B.
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(iv) Calculate the mean received power:
- at each mobile from each base station

(Downlink).
- at the desired base station from each mobile

(Uplink).

Start

(i) Randomly place K mobiles on each floor
(ii) Determine the mean path losses from each

mobile to each base station in the system.

(iii) For each mobile determine the optimal
base station to which it connects.

(v) Apply Rayleigh fading to the mean
received signals:

- from each base station to each mobile
(Downlink).

- from each mobile to the desired base station
(Uplink).

(vi) Calculate the instantaneous SIR:
- for the signal received by each mobile on the

desired floor (Downlink).
- for the signal of each connected mobile

received by the desired base station (Uplink).

(vii) Determine the number of mobiles on the
desired floor that have outages for both the

downlink and uplink.
(viii) Repeat for I iterations

iterations < I

iterations = I

(ix) Determine downlink and uplink outage
probabilities.

Finish

Figure 5.1: System performance estimation algorithm using a Monte Carlo analysis.
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In Step (ii), the mean path loss between each of the mobiles and each of the base

stations in the system is obtained directly from the mean path loss propagation data

collected in the measurement campaigns. The mean path losses are denoted as PLb(m)

(units of dB), where b is the unique identifier for the base station of interest and m is the

unique identifier of the mobile of interest.

In Step (iii), the optimal base station, bcon, to which each mobile connects is determined

by choosing the base station with the maximum received downlink signal power

bcon = Maxb {Ptb − PLb(m)} , (5.1)

where Ptb is the transmit power of the base station b. Note that the signal from base

station bcon is the desired signal for the mobile m while the signals from the other base

stations (i.e. if b 6= bcon) appear as inter-cell interference to that mobile.

In Step (iv), the mean power of the signal received by each mobile from each base

station is calculated using

P rb(m) = Ptb − PLb(m), (5.2)

where P rb(m) is the mean received power of the signal from base station b at the mobile

m (in units of dBm) and Ptb is the transmit power of the signal from base station b (also

in units of dBm).

Step (v) simulates short-term fading in each of the desired and interfering signals

received by the mobiles. As stated in Section 5.2.2, due to short-term fading the signal

envelope (units of voltage) is assumed to follow a Rayleigh distribution. Statistical theory

shows that the short-term fading of the signals in terms of power (units of watts) may

be modelled using an exponential distribution. In particular, the instantaneous received

signal strengths, Prb(m) (in units of dBm), can be modelled as

Prb(m) = 10 log10 (X) , (5.3)

where the exponential random variable X has the probability density function

pX(x) =
1

µ
exp

(−x
µ

)
. (5.4)

In (5.4), µ is the mean received signal power at the relevant mobile m from the relevant

base station b in linear units, i.e. µ = 10
Prb

(m)

10 .

It is assumed that ib mobiles are connected to each base station b. In Step (vi), the

instantaneous SIR for each mobile located on the desired floor is determined using
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SIRMobile =
1√

2α
3N

(ibcon
− 1 + β)

, (5.5)

where α is the voice activity factor (assumed to be 0.5), N is the processing gain (assumed

to be 511), ibcon
represents the total number of mobiles connected to the base station

serving the mobile of interest (Mobile), and β is the ratio of the total instantaneous

inter-cell interference power to the instantaneous desired signal power.

Mobiles connected to a base station different from that of the mobile of interest (Mo-

bile) present inter-cell interference, such that β is

β =
Inter-cell interference power

Desired power
=

∑B
b=1,b6=bcon

ib · 10
Prb

(Mobile)

10

10
Prbcon

(Mobile)

10

, (5.6)

where B is the total number of base stations in the system.

In Step (vii), the number of mobiles on the desired floor that have outages is calculated

by determining whether the instantaneous SIR at the relevant location, SIRMobile is below

a threshold at which the BER is 0.02. As stated earlier, this threshold is equivalent to an

SIR of 4.32 dB according to the complementary Gauss probability integral.

In Step (viii), all the previous steps are repeated for I iterations, such that the resulting

mean downlink outage probability (calculated in the subsequent step) is accurate to four

decimal places.

In Step (ix), the mean downlink outage probability is calculated by dividing the num-

ber of outages by the number of mobiles on the desired floor in all iterations.

5.2.3.2 Uplink system performance estimation

The uplink system performance estimation (summarised in Figure 5.1) is similar to the

downlink system performance estimation described in Section 5.2.3.1, except that the

outage probability is estimated for signals received at the base station.

Steps (i) to (iii) for the uplink system performance estimation are identical to those

described in Section 5.2.3.1 for the downlink system performance estimation.

The base station for which the performance is determined is known as the desired base

station. Assuming perfect uplink power control, Step (iv) calculates the mean received

power, P rbdes
(m), from each mobile at the desired base station, bdes, using

P rbdes
(m) = Pdes + PLbcon

(m) − PLbdes
(m), (5.7)

where Pdes is the mean received power (dB) at the desired base station, PLbcon
(m) is the

mean path loss between the unique mobilem (located at the three-dimensional coordinates

(x, y, z )) and the base station to which the mobile is connected (bcon). In (5.7), PLbdes
(m)
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is the mean path loss between the unique mobile location m and the desired base station,

bdes, for which the performance is being quantified.

In Step (v), Rayleigh fading is applied to the signal from each mobile, m, to the desired

base station, bdes, using an exponential distribution. In particular, the instantaneous

received signal strengths, Prbdes
(m) (in units of dBm), are modelled as

Prbdes
(m) = 10 log10 (X) , (5.8)

where the exponential random variable X has the probability density function

pX(x) =
1

µ
exp

(−x
µ

)
. (5.9)

In (5.9), µ is the mean received signal power at the desired base station bdes from the

mobile m in linear units, i.e. µ = 10
Prbdes

(m)

10 .

In Step (vi) the instantaneous SIR is determined for each mobile, Mobile, which is

connected to the desired base station. It is assumed that other mobiles connected to the

desired base station have the unique identifiers m = 1, 2, 3 ... i. The mobiles connected to

other base stations have the unique identifiers m = i+1, i+2, i+3, ... j. The instantaneous

SIR for the mobile, Mobile, connected to the desired base station is

SIRMobile =
1√

2α
3N

(γ + β)
, (5.10)

where the ratio of the intra-cell interference power to the desired power for the mobile on

the uplink is

γ =
Intra-cell interference power

Desired power
=

∑i
m=1 10

Prbdes
(m)

10

10
Prbdes

(Mobile)

10

(5.11)

and the ratio of the inter-cell interference power to the desired power for the mobile on

the uplink is

β =
Inter-cell interference power

Desired power
=

∑j
m=i+1 10

Prbdes
(m)

10

10
Prbdes

(Mobile)

10

. (5.12)

In Step (vii), the number of mobiles that have outages on the uplink is calculated by

determining whether the instantaneous SIR for each mobile is below a certain threshold

at which the BER is greater than 0.02.

In Step (viii) the above process (from Steps (i) to (vii)) is repeated for a given number

of iterations (I ) such that the resulting mean uplink outage probability is accurate to four

decimal places.
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Finally in Step (ix) the mean uplink outage probability is calculated by dividing the

total number of mobiles having outages in all iterations by the total number of connections

made to the desired base station in all iterations.

5.3 Scenarios

In this thesis, a scenario-based approach is used to compare the performance estimates for

various hypothetical deployment configurations. The scenarios have been chosen based

on the deployment configurations that wireless operators are likely to deploy.

Table 5.1 summarises these scenarios, together with the deployment configurations and

the propagation measurement campaigns that investigate them. The scenarios shown are

the basis for meaningful comparisons of the performance results throughout this chapter

and subsequent Chapters 7 and 8, in which the implementation of multiuser detection

is investigated. For simplicity, only the signal between each mobile and the base station

to which it is connected (i.e. the desired base station) is shown. Any interfering signals

presented to either the mobiles (on the downlink) or the base stations (on the uplink) are

not shown but may be inferred from the deployment configuration diagrams.

As shown in Table 5.1, the three scenarios investigated are as follows:

• Indoor-only – Base stations and mobiles are located indoors and there is no in-

terference emanating from outdoors. This scenario is investigated using all three

propagation measurement campaigns. In PM A and PM C, this scenario is investi-

gated assuming base stations and mobiles on a single floor of a building. In PM B,

this scenario is investigated using base stations and mobiles located on three sepa-

rate floors of a building. The results of this scenario are useful for wireless operators

designing dedicated indoor DS-CDMA systems which have no external interference

presented to them.

• Interfering indoor/outdoor – An indoor DS-CDMA system (having base stations

and mobiles indoors) coexists with an outdoor DS-CDMA system (having base

stations and mobiles located outdoors). The two systems share the same bandwidth

and therefore mutually interfere with each other. This scenario is investigated using

mean path loss propagation data from PM A and PM B. Of particular importance to

the investigation is the influence of outdoor interference on the optimal deployment

strategy used for the indoor DS-CDMA system. The results of this scenario are

useful for wireless operators wishing to integrate indoor picocellular systems and

outdoor macro-/microcellular systems.
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• Interfering adjacent – Two separate indoor DS-CDMA systems located in adja-

cent buildings mutually interfere with each other. This scenario is investigated using

mean path loss propagation data from PM C.

Scenario Layout of base stations and mobiles PM A PM B PM C

Indoor-only
√ √ √

Interfering

indoor/outdoor

√ √

Interfering

adjacent

√

Table 5.1: Deployment scenarios considered in this thesis. N.B. In the interfering in-
door/outdoor and interfering adjacent scenarios, the system shown in red shares
the same bandwidth as the system shown in blue. However, the systems operate
separately and are uncoordinated. For this reason, the systems mutually interfere
with each other.

5.4 System performance estimation results

This section presents the system performance estimation results for the generalised sce-

narios shown in Table 5.1 using the results from the three propagation measurement

campaigns described in Chapter 4. The estimates have been made using the Monte Carlo

analysis described in Section 5.2.3.

The propagation measurement campaigns form three general cases of indoor/outdoor

systems that are investigated in this thesis:

• Single floor indoor system coexisting with outdoor system (PM A), presented in

Section 5.4.1.

• Multi-floor indoor system coexisting with outdoor system (PM B), presented in

Section 5.4.2.

• Two adjacent indoor systems coexisting with each other (PM C), presented in Sec-

tion 5.4.3.
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5.4.1 Single floor indoor system coexisting with outdoor system

(PM A)

This section investigates the deployment and performance of a single floor indoor system

that coexists with an outdoor system, using measured mean path loss data from PM A.

In PM A, transmitters were deployed on a single floor of the Tower Block of the School

of Engineering at The University of Auckland as well as outdoors on the roofs of the

adjacent Library Block and Lecture Theatre Block (shown in Figure 5.2). The follow-

ing sections present the downlink and uplink performance estimates for the indoor-only

scenario (Section 5.4.1.1) and the interfering indoor/outdoor scenario (Section 5.4.1.2).

I1

Library Block

Tower Block

Lecture Theatre
Block

I2 I3
I6

O1
O2

O3

O4

O5

O6

Level 9
Level 8
Level 7

Figure 5.2: Transmitter locations in PM A. N.B. Transmitters I4 and I5 are obscured from view
by the central steel-reinforced concrete core in the Tower Block.

5.4.1.1 Indoor-only scenario

Simple configurations deploying two base stations on a single floor in the Tower Block

of the School of Engineering are shown in Table 5.2. Configurations Ad.x have the base

stations adjacently located within 5 metres of each other. In Configurations Di.x, the

base stations are diagonally opposite each other, while in Configurations Op.x the base

stations are located on opposite sides of the building. Finally Configurations Si.x have

the base stations on the same side of the building but with a longer separation distance

than those in Configurations Ad.x. For simplicity, the central steel-reinforced concrete

core is not shown in the diagrams in Table 5.2, but is a key factor that influences system

performance.



5.4 System performance estimation results 85

Configuration Ad.1 Ad.2 Ad.3 Di.1 Di.2

Layout I2

I1 I2
I3

I5

I4

I3

I4
I1

I6

Configuration Op.1 Op.2 Op.3 Si.1 Si.2

Layout
I1

I5 I3

I5 I2

I5

I1

I3 I6

I4

Table 5.2: Indoor base station deployment configurations in PM A.

Downlink system performance

Figure 5.3 is a graph comparing the downlink outage probabilities2 for the base station

configurations shown in Table 5.2.

It is clear that the configurations in which the base stations are located close to each

other (Ad.x ) have significantly worse downlink system performance than any of the other

configurations. This is due to the lack of dominance of any one base station throughout

the floor, thus causing relatively equal levels of received signal strength from each of the

base stations. As a result, the SIR across the floor is poor, resulting in a higher number

of outages. The correlation coefficients between the signals of the base stations in Ad.1,

Ad.2 and Ad.3 are 0.80, 0.71 and 0.77 respectively. Although all these coefficients are

positive, the insufficient margin between the desired and interfering signals results in

poor performance.

Two of the configurations with the base stations on opposite sides of the building

(Op.2 and Op.3) have the best performance. For the majority of the coverage area, one

of the base stations is likely to have a dominant signal due to the relative locations of

the base stations. The correlation coefficients between the signals of the base stations in

Op.2 and Op.3 are -0.51 and -0.75 respectively. This shows that at any given location on

the floor, it is likely that the signal from one base station is strong while the signal from

the other base station is weak.

The configurations Di.x, Si.x, and Op.1 have mid-range performance levels in compar-

ison to the configurations discussed previously.

2In this thesis, the various deployment configurations are compared on the basis of their relative mean
outage probabilities for the downlink/uplink. It is also useful to compare the capacity increase (in terms
of the maximum number of serviceable mobiles) at a given mean outage probability. This information
can be inferred easily from the graphs in this thesis, as discussed in Appendix C.
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Figure 5.3: Mean downlink outage probability for mobiles on Level 8 of the Tower Block for
the configurations shown in Table 5.2 (PM A).

Uplink system performance

Figure 5.4 is a graph comparing the uplink outage probabilities for the base station con-

figurations shown in Table 5.2.

The differences between the outage probabilities of the various deployment configu-

rations on the uplink are much smaller than those observed on the downlink. However,

the trends observed on the uplink are similar to those on the downlink. For example,

deployment configurations Ad.x have the poorest uplink system performance of any of

the deployment configurations, while deployment configurations Op.2 and Op.3 have the

best uplink performance of any of the deployment configurations. The smaller differences

in outage probabilities on the uplink than the downlink are due to the use of the uplink

power control algorithm.

In deployment configurations Ad.x, the relatively short distance between the base sta-

tions means that the signals from all the mobiles are received at a particular desired base

station with similar mean signal strengths (regardless of whether the mobile is connected

to the desired base station or the interfering base station). Therefore, the inter-cell inter-

ference presented by a mobile connected to the interfering base station is similar to the

signal power of a mobile connected to the desired base station. By contrast, in deploy-

ment configurations Op.2 and Op.3 the base stations are located on opposite sides of the

central steel-reinforced concrete core. From the perspective of the desired base station,
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both distance and the central steel-reinforced concrete core ‘isolate’ the inter-cell interfer-

ing mobiles that are connected to the other base station. Therefore, inter-cell interference

levels are lower than in deployment configurations Ad.x and as a result improved uplink

system performance is attained.
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Figure 5.4: Mean uplink outage probability for mobiles on Level 8 of the Tower Block for the
configurations shown in Table 5.2 (PM A).

5.4.1.2 Interfering indoor/outdoor scenario

This scenario investigates the influence of an interfering outdoor system on the deploy-

ment and performance of a single-floor indoor system operating on Level 8 of the Tower

Block at the School of Engineering. Due to the unavailability of measured received mean

signal strength data at outdoor locations, it is necessary to investigate the downlink and

uplink using separate (but related) deployment configurations. The investigations for the

downlink and uplink are now discussed in turn and then related to each other.

Downlink system performance

Several configurations deploying a single base station outdoor DS-CDMA system inter-

fering with a single base station indoor DS-CDMA system are shown in Table 5.3. In

Configurations SSI.x, the indoor base station is on the same side of the building as the
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interference emanating from the outdoor base station. In Configurations OSI.x, the in-

door base station is on the opposite side of the building in relation to the interference

emanating from the outdoor base station.

Configuration SSI.1 SSI.2 SSI.3 SSI.4

Layout
I1O2 O6I6

O3 I3
O6

I5

Configuration OSI.1 OSI.2 OSI.3 OSI.4

Layout O6

I1

I6

O2 I3

O5 O2 I5

Table 5.3: Interfering indoor/outdoor deployment configurations for which the downlink system
performance is investigated in PM A.

Assuming that the outdoor and indoor base stations have the same transmit power,

Figure 5.5 is a graph of the downlink performance for indoor mobiles in the various

configurations shown in Table 5.3.

It is evident that Configurations SSI.x have significantly better downlink performance

than Configurations OSI.x. This behaviour may be explained by a ‘shielding effect’ caused

by the indoor base station in Configurations SSI.x. In these configurations, mobiles located

near the side of the building from which the outdoor interference emanates receive a strong

desired signal from the indoor base station. While the interference level is also likely to

be strong on this side of the building, the high desired signal strength ensures that the

SIR levels are also high, resulting in good performance.

For Configurations OSI.x, there are greater variations in the SIR levels inside the

building. For example, mobiles located at the side of the building closest to the outdoor

interference will receive a weak desired signal from the indoor base station and a strong

interfering signal from outdoors, resulting in a poor SIR. However, mobiles close to the

indoor base station will receive a strong desired signal and a weak interfering signal from

outdoors, resulting in an excellent SIR. The high variations in SIR across the indoor

coverage area cause higher outage probabilities than those observed in Configurations

SSI.x.

Clearly the behaviour observed may be explained by the levels of correlation between

the desired and interfering signals. The correlation coefficients for Configurations SSI.x

vary from 0.40 to 0.76 while those for Configurations OSI.x vary from -0.88 to -0.55. The
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positive correlation coefficients are beneficial to downlink system performance and the

negative correlation coefficients are detrimental.
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Figure 5.5: Mean downlink outage probability for mobiles on Level 8 of the Tower Block for
the configurations shown in Table 5.3 (PM A).

Figure 5.5 compares the mean downlink outage probabilities of the interfering in-

door/outdoor configurations based on the assumption that the indoor and outdoor base

stations have the same transmit powers. In reality, however, the indoor and outdoor base

stations are likely to have different transmit powers or the outdoor base station may be

located at any arbitrary distance from the building. Therefore, various levels of outdoor

interference may be presented to the indoor system.

To demonstrate the influence of the level of outdoor interference on indoor downlink

system performance, Figure 5.6 is a graph of the mean downlink outage probabilities for

various outdoor interference power levels relative to the transmit power of the indoor base

station. The outdoor interference power is measured indoors at the side of the building

nearest to the outdoor base station. It is assumed that there are 20 mobiles served by

each of the indoor and outdoor base stations.

It is evident from Figure 5.6 that an increase in outdoor interference power by 10 dB

degrades the mean downlink outage probability by as much as an order-of-magnitude.

Additionally, there are reduced differences between the mean downlink outage probabil-

ities of the SSI.x and OSI.x deployment configurations with an increase in the outdoor

interference power.
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Figure 5.6: Mean downlink outage probability for mobiles on Level 8 of the Tower Block for the
configurations shown in Table 5.3 assuming various levels of outdoor interference
from one side of the Tower Block (PM A). N.B. In the above graph, POutdoor is
the power of the outdoor interference measured indoors at the side of the building
nearest to the outdoor base station, while PInd is the transmit power of the indoor
base station.
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Uplink system performance

The uplink system performance is investigated assuming that outdoor interference em-

anates from outdoor mobiles situated to the left hand side of the building. The deployment

configurations considered are shown in Table 5.4. Figure 5.7 is a graph of the mean uplink

outage probabilities for the various deployment configurations. It is assumed that there

are 20 mobiles indoors and outdoor interference emanates from 20 mobiles. For simplicity,

it is further assumed that the signals from the outdoor mobiles are received with the same

mean signal strength at the left hand side of the building. The graph shows the mean

uplink outage probabilities of the deployment configurations for various outdoor interfer-

ence power levels (measured indoors at the left hand side of the building) relative to the

power controlled mean received power of the indoor mobiles at the indoor base station.

From the graph it is evident that if the indoor base station is nearer to the side of the

building from which outdoor interference emanates (i.e. in Configurations SSI.x ), there is

more significant degradation in the uplink system performance for indoor mobiles. This

is to be expected, as the outdoor interference level presented to the indoor base station is

higher in this case (i.e. in Configurations SSI.x ) than if the indoor base station is further

away (Configurations OSI.x ) due to both distance dependent loss and the shadowing

caused by the central steel-reinforced concrete core.

Configuration SSI.1 SSI.2 SSI.3

Layout
I1

I2 I3

Configuration OSI.1 OSI.2 OSI.3

Layout
I4 I5 I6

Table 5.4: Interfering indoor/outdoor deployment configurations for which the uplink system
performance is investigated in PM A. N.B. Arrows indicate the origin of uplink
interference from outdoors.

Summary

This section has investigated the influence of outdoor interference on the performance

of simple single base station indoor configurations. On the downlink, it is evident that
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Figure 5.7: Mean uplink outage probability for mobiles on Level 8 for various interfering in-
door/outdoor configurations (shown in Table 5.4) assuming 20 mobiles per floor
and the outdoor interference level shown (PM A).
N. B. Poutdoor is the mean power of each of the outdoor interfering mobile signals
measured indoors at one side of the building while Pr is the power controlled mean
received power of the indoor mobiles (at the indoor base station).
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optimal performance is attained if the indoor base station is located nearer to the side

of the building from where the outdoor interference emanates. However, on the uplink,

optimal performance is attained if the indoor base station is located further from the

side of the building from where the outdoor interference emanates. Clearly the optimal

deployment requirements for the downlink and uplink directly conflict with each other.

5.4.2 Multi-floor indoor system coexisting with outdoor system

(PM B)

Using measured mean path loss propagation data from PM B, this section investigates the

deployment and performance of base stations in a three-dimensional configuration inside

a building (the Tower Block) in the presence of interfering base stations located outdoors

on the roof of a nearby building (the Library Block). A three-dimensional drawing of the

buildings including the base station locations in PM B is shown in Figure 5.8.

This section begins by presenting the downlink and uplink system performance esti-

mation results for three-dimensional configurations of indoor base stations without the

influence of outdoor interference (Indoor-only scenario). Following this, the influence

of outdoor interference on indoor system performance is investigated (Interfering in-

door/outdoor scenario).

I1 I2

I3

I5

I4

I6

O1

O2

O4

O3
O5

O6

Level 7

Level 8

Level 9

Tower Block

Library Block

Figure 5.8: Transmitter locations in PM B.
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5.4.2.1 Indoor-only scenario

Assuming that a three-dimensional indoor system is operating on Levels 7 to 9 of

the Tower Block shown in Figure 5.8, a number of possible base station deployment

configurations are shown in Table 5.5. Each of these configurations uses a single base

station on each of Levels 7 to 9 of the Tower Block to provide coverage to mobiles also

located on Levels 7 to 9.

In Configurations Aligned 1 and Aligned 2, all the base stations are vertically aligned

with each other while in Configurations Offset 1 and Offset 2 the base stations are

vertically offset from each other. In Configurations Aligned/Offset 1 to Aligned/Offset 4,

one base station is aligned with the base station on Level 8 while the other is vertically

offset from the base station on Level 8.

Config. Aligned 1 Aligned 2 Offset 1 Offset 2

Base Station

Layout ��������I1

I3

I5
Lev 9

Lev 7

Lev 8 ��������I2

I4

I6
Lev 9

Lev 7

Lev 8 ��������I2

I6

I3

Lev 9

Lev 7

Lev 8 ��������I1

I4

I5
Lev 9

Lev 7

Lev 8

Config. Aligned/Offset 1 Aligned/Offset 2 Aligned/Offset 3 Aligned/Offset 4

Base Station

Layout ��������I1

I3

I6
Lev 9

Lev 7

Lev 8 ��������I2

I3

I5
Lev 9

Lev 7

Lev 8 ��������I1

I4

I6
Lev 9

Lev 7

Lev 8 ��������I2

I4

I5
Lev 9

Lev 7

Lev 8

Table 5.5: Front view of indoor base station deployment configurations in PM B (Indoor-only
scenario).

Downlink system performance

Figure 5.9 is a graph comparing the mean downlink outage probabilities for mobiles on

Level 8 in each of the eight configurations shown in Table 5.5.

The following trends are observed:

1. The aligned configurations Aligned x have the lowest mean downlink outage prob-

abilities and therefore exhibit the best performance of all the configurations.
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2. The offset configurations Offset x have the highest mean downlink outage probabil-

ities and therefore exhibit the worst performance of all the configurations.

3. The configurations containing a single aligned interfering base station and a single

offset interfering base station (Aligned/Offset x ) have performance levels which are in

between the performance levels observed for the aligned and the offset configurations

listed in 1 and 2 above.

The above trends confirm those observed in [25, 26] and may be explained by the signal

correlation levels between the desired and interfering transmissions (presented in Chap-

ter 4). The aligned configurations have a desired transmission that is positively correlated

with both interfering transmissions while the offset configurations have a desired trans-

mission that is negatively correlated with both interfering transmissions. The correlation

behaviour in each of the configurations has a direct influence on the SIR across the cover-

age area (and therefore also the resulting outage probabilities observed). To demonstrate

this, contour maps showing the mean SIR3 across Level 8 for the Aligned 1 and Off-

set 1 configurations are shown in Figures 5.10 and 5.11 respectively. It is evident that in

Configuration Aligned 1, the mean SIR is very similar throughout Level 8 (varying from

20.7 dB to 22.1 dB). By contrast, in Configuration Offset 1 there are greater variations

in the mean SIR (varying from 17.4 dB to 22.1 dB), together with ‘low’ mean SIR levels

towards the lower right hand side of the floor (shown in red, i.e. a mean SIR of approxi-

mately 17.5 dB to 18.5 dB) and transition regions between areas of ‘high’ and ‘low’ mean

SIR levels (shown in light blue, i.e. a mean SIR of approximately 20.0 to 20.5 dB). This

is a direct result of the negative correlation between the desired and interfering signals in

Configuration Offset 1, ultimately causing higher outage probabilities than those observed

in the aligned configurations.

Uplink system performance

Figure 5.12 compares the mean uplink outage probabilities on Level 8 in each of the eight

configurations.

The graph of the uplink outage probabilities shown in Figure 5.12 confirms the findings

in [25, 26]. The following trends are observed:

1. The differences in performance observed for the various configurations are noticeably

smaller on the uplink than the downlink.

3The mean SIR has been calculated assuming only long- and medium-term variations in the desired
and interfering signals (i.e. effects due to distance-dependent path loss and shadowing) but does not
account for short-term variations (i.e. fading). The contour map has been produced by calculating the
mean SIR at each of the measurement (i.e. mobile) locations on Level 8 and interpolating between them.
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Figure 5.9: Mean downlink outage probability for mobiles on Level 8 of the Tower Block for
various indoor base station deployment configurations (Indoor-only scenario) in
PM B.
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Figure 5.10: Mean SIR across Level 8 for Configuration Aligned 1 in PM B with 20 mobiles
per floor. The base station on Level 8 (I3) is also shown. The other two base
stations (I1 and I5) are located on adjacent floors at positions directly below and
above I3.
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Figure 5.11: Mean SIR across Level 8 for Configuration Offset 1 in PM B with 20 mobiles per
floor. The base station on Level 8 (I3) is also shown. The other two base stations
(I2 and I6) are located on adjacent floors at positions offset from I3.

10 15 20 25 30 35 40
10

−2

10
−1

Number of mobiles per base station 

M
ea

n 
up

lin
k 

ou
ta

ge
 p

ro
ba

bi
lit

y

Aligned 1
Aligned 2
Offset 1
Offset 2
Aligned/Offset 1
Aligned/Offset 2
Aligned/Offset 3
Aligned/Offset 4

Figure 5.12: Mean uplink outage probability for mobiles on Level 8 of the Tower Block for
various indoor base station deployment configurations (Indoor-only scenario)
in PM B.
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2. The two offset configurations have higher uplink outage probabilities than the two

aligned configurations. The configurations with one aligned and one interfering base

station have varying levels of performance that are slightly worse than, or similar

to, those observed for the aligned configurations.

The smaller differences in outage probability on the uplink than on the downlink, also

observed in [25, 26], are primarily due to the presence of power control on the uplink. In

essence, power control ensures that the mobiles adjust their transmit powers so that they

are received at a similar power level at the base station to which they are connected. In all

of the configurations, intra-cell interference is more dominant than inter-cell interference.

The levels of intra-cell interference are similar in all the configurations due to power con-

trol. Therefore, the disparities in uplink performance between the various configurations

are primarily caused by inter-cell interference (i.e. from mobiles on other floors). Because

the inter-cell interference is not as dominant as the intra-cell interference, the differences

in uplink outage probabilities for the various configurations are small.

5.4.2.2 Interfering indoor/outdoor scenario

This scenario investigates the influence of outdoor interference on the deployment and

performance of a three-dimensional indoor DS-CDMA system operating in the Tower

Block at the School of Engineering. Due to the unavailability of measured propagation

data outdoors, separate (but related) deployment configurations are investigated for the

downlink and the uplink. Evaluation of the system performance for the downlink and

uplink are now described in turn.

Downlink system performance

The deployment configurations considered are the same as those in Section 5.4.2.1, except

that an interfering outdoor base station (O9) is introduced, shown in Table 5.6.

Figure 5.13 is a graph of the downlink performance for indoor mobiles located on

Level 8 of the Tower Block for the various deployment configurations in Table 5.6. The

downlink outage probabilities have been estimated assuming that the outdoor base sta-

tion, O9, has the same transmit power as the indoor base stations.

The following observations are made:

1. The worst downlink performance is observed in the configuration Aligned 2 + O9.

In this configuration, all the indoor base stations are on the side of the building

opposite from where the outdoor interference emanates.
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Config.

Aligned 1

+

O9

Aligned 2

+

O9

Offset 1

+

O9

Offset 2

+

O9

Base Station

Layout ��������I5 Lev 9

Lev 7

Lev 8
O9

I3

I1 ��������I6 Lev 9

Lev 7

Lev 8
O9

I4

I2 ��������I6 Lev 9

Lev 7

Lev 8
O9

I3

I2 ��������I5 Lev 9

Lev 7

Lev 8
O9

I4

I1

Config.

Aligned/Offset 1

+

O9

Aligned/Offset 2

+

O9

Aligned/Offset 3

+

O9

Aligned/Offset 4

+

O9

Base Station

Layout ��������I6 Lev 9

Lev 7

Lev 8
O9

I3

I1 ��������I5 Lev 9

Lev 7

Lev 8
O9

I3

I2 ��������I6 Lev 9

Lev 7

Lev 8
O9

I4

I1 ��������I5 Lev 9

Lev 7

Lev 8
O9

I4

I2

Table 5.6: Front view of interfering indoor/outdoor base station configurations considered in
the investigation of downlink system performance in PM B. N.B. The diagrams
shown are for indicative purposes only and are not drawn to scale.
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Figure 5.13: Mean downlink probability for mobiles located on Level 8 of the Tower Block
for various indoor base station deployment configurations in the interfering in-
door/outdoor scenario in PM B.
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2. The best downlink performance is observed in configurations Aligned/Offset 1 + O9

and Aligned/Offset 2 + O9. In these configurations the desired base station on

Level 8 is near the side of the building from where the outdoor interference emanates.

3. The offset configurations have mid-range performance levels.

4. In general, improved performance is achieved if the desired base station on Level 8

is near the side of the building from where the outdoor interference emanates.

Comparing the above observations to the indoor-only scenario, it is evident that deploy-

ment strategies that are optimal in the absence of outdoor interference are no longer

optimal if there is outdoor interference emanating from one side of the building. In the

absence of outdoor interference, it was shown in Section 5.4.2.1 that the aligned configu-

rations are optimal while the offset configurations yield the worst performance. However,

it is evident from the above results that in the presence of outdoor interference from

one side of the building, the performance of one of the aligned deployment configura-

tions (Aligned 2 + O9) is degraded to the extent that it has the worst performance of any

of the configurations. Additionally, the performance degradations for both offset config-

urations in the presence of outdoor interference are less than those experienced by the

aligned configurations.

The level of outdoor interference presented to the indoor system is likely to vary

depending on the relative proximity and transmit power of the outdoor base station.

Figure 5.14 is a graph showing the impact of the power of the outdoor interference (relative

to the transmit power of the indoor base station) on the performance of the indoor base

station configurations, assuming that there are 20 mobiles outdoors and on each floor

indoors. The power of the outdoor interference is measured indoors at the side of the

building nearest to the outdoor base station.

The graph shows that the indoor configurations have performance degradations if the

outdoor interference power (measured indoors at the side of the building nearest to the

outdoor base station) is as low as -100 dB relative to the transmit power of the indoor

base stations. It is apparent that the aligned configuration with the indoor base stations

furthest from the interfering source (Aligned 2 + O9), suffers from the most performance

degradation as the outdoor interference power level increases. For a higher outdoor in-

terference power, the differences in performance between the various configurations are

much less than for a lower outdoor interference power.

Uplink system performance

Similar to the downlink, the system performance on the uplink is estimated assuming

that outdoor interference emanates from one side of the Tower Block. Table 5.7 shows the
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Figure 5.14: Mean downlink outage probability for mobiles on Level 8 assuming 20 mobiles per
floor and the outdoor interference level shown (PM B). N.B. Poutdoor is the mean
power of the outdoor interference measured indoors at the side of the building
nearest to the outdoor base station while Pind is the transmit power of the indoor
base station.
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deployment configurations considered. Figure 5.15 is a graph showing the uplink outage

probabilities for mobiles on Level 8 of the Tower Block for various outdoor interference

power levels. This graph has been obtained assuming 20 mobiles on each floor indoors.

The outdoor interference emanates from 20 mobiles outdoors whose signals arrive at the

left side of the building with the same mean power.

Config.

Aligned 1

+

OutdoorInt

Aligned 2

+

OutdoorInt

Offset 1

+

OutdoorInt

Offset 2

+

OutdoorInt

Base Station

Layout ��������I5 Lev 9

Lev 7

Lev 8I3

I1 ��������I6 Lev 9

Lev 7

Lev 8I4

I2 ��������I6 Lev 9

Lev 7

Lev 8I3

I2 ��������I5 Lev 9

Lev 7

Lev 8I4

I1

Config.

Aligned/Offset 1

+

OutdoorInt

Aligned/Offset 2

+

OutdoorInt

Aligned/Offset 3

+

OutdoorInt

Aligned/Offset 4

+

OutdoorInt

Base Station

Layout ��������I6 Lev 9

Lev 7

Lev 8I3

I1 ��������I5 Lev 9

Lev 7

Lev 8I3

I2 ��������I6 Lev 9

Lev 7

Lev 8I4

I1 ��������I5 Lev 9

Lev 7

Lev 8I4

I2

Table 5.7: Front view of interfering indoor/outdoor base station configurations considered in
the investigation of uplink system performance in PM B. N.B. Arrows indicate the
origin of uplink interference from outdoors.

It is evident from Figure 5.15 that the highest degradation in performance is expe-

rienced by the deployment configurations in which the base stations are closest to the

side of the building from where the outdoor interference emanates. This is similar to the

findings for PM A in Section 5.4.1. If the outdoor interference power (measured indoors)

at the side of the building is the same as, or less than, the power controlled desired mean

received power of the indoor mobiles at the indoor base station (i.e. Poutdoor - Pr ≤ 0

dB), the uplink outage probabilities for the various configurations are the same as those

if there was no interference emanating from outdoors.

Summary

This section has investigated the downlink and uplink performance of a three dimen-

sional indoor system in the presence of outdoor interference emanating from one side of

the building. It has been shown that the worst performance degradation occurs on the

downlink if the base stations are vertically aligned and further away from the side of the
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Figure 5.15: Mean uplink outage probability for mobiles on Level 8 assuming 20 mobiles per
floor and outdoor interference level shown (PM B). N.B. Poutdoor is the mean
power of each of the outdoor interfering mobile signals measured indoors at one
side of the building while Pr is the power controlled mean received power of the
indoor mobiles.



104 Deployment and performance of indoor/outdoor DS-CDMA systems

building from which outdoor interference emanates. In general, the downlink performance

degradation is minimised if the desired base station is close to the side of the building

from which outdoor interference emanates. On the uplink, optimal performance is at-

tained if the desired base station is far from the side of the building from where outdoor

interference emanates.

5.4.3 Coexisting single floor indoor systems in adjacent buildings

(PM C)

This section investigates the deployment and performance of two indoor DS-CDMA sys-

tems operating in two buildings located adjacent to each other. The investigation uses

measured propagation data collected from PM C, described in Section 4.2.2.3. Figure 5.16

is a plan of the locations of the transmitters deployed in PM C. Transmitters were de-

ployed and measurements collected on a single floor of the Science building and Functions

building at The University of Auckland. These buildings are separated from each other

by 60 metres (shown in Figure 5.16).

This section begins by presenting the performance results for simple indoor DS-CDMA

systems deploying two base stations in each of the Science and Functions buildings (Sec-

tion 5.4.3.1). These configurations assume that there is no external interference presented

to the system. Following this, the deployment and performance of interfering indoor DS-

CDMA systems in adjacent buildings is investigated by considering the coexistence of

base stations operating in the Science and Functions buildings (Section 5.4.3.2).

Functions
building

Science
building

F1

F2 F3 F4

F5

S1

S2

S3

S4

S5

20 m

20 m

Figure 5.16: Relative locations of transmitters deployed in the Science and Functions buildings
in PM C.

5.4.3.1 Indoor-only scenario

In this scenario, the deployment and performance of simple configurations deploying

two base stations are considered for each of the Science and Functions buildings in PM C,

assuming that there is no external interference presented.
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Science building

Table 5.8 shows a selection of base station configurations for a system deployed on a

single floor of the Science building. Configurations S1S4 and S2S5 have base stations

that are diagonally opposite to each other. Configurations S2S3 and S3S4 have a single

base station on the centre of the floor and a base station at one corner of the floor. In

Configurations S1S2 and S4S5, the base stations are located on the left and right hand

side of the building respectively. In the system performance analysis, the mobiles are

randomly located at positions at which measurements were made on the same floor as the

base stations.

Configuration S1S4 S2S5 S2S3

Layout

S1

S4 S2

S5

S2

S3

Configuration S3S4 S1S2 S4S5

Layout
S3

S4

S1

S2 S4

S5

Table 5.8: Simple indoor configurations deploying two base stations in the Science building
(PM C).

A graph of the downlink outage probabilities for the various configurations is shown

in Figure 5.17. It is clear from this graph that there are differences in the downlink out-

age probabilities for the various configurations. Intuition suggests that the configurations

with widely separated base stations (e.g. Configurations S1S4 and S2S5) would have bet-

ter performance than configurations in which the base stations have a closer separation

distance. However, it is evident from Figure 5.17 that there is no apparent relationship

between the deployment strategy and the downlink outage probabilities. The placement

of base stations influences the mean SIR levels across the floor. The behaviour observed

is likely to be because signal variations due to short-term fading are more significant than

those due to shadowing and distance-dependence (which both influence the mean SIR).

A graph of the uplink outage probabilities for the various configurations is shown

in Figure 5.18. Similar to the uplink results for the previous propagation measurement

campaigns, the observed differences in outage probabilities on the uplink for the various

configurations are much less than those observed on the downlink (due to the operation of
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Figure 5.17: Mean downlink outage probabilities for simple indoor base station configurations
in the Science building (shown in Table 5.8) in PM C.

uplink power control). However, there is no apparent relationship between the deployment

strategy and the differences in uplink outage probabilities.

Functions building

A sample of base station configurations deploying two base stations in the Functions

Building is shown in Table 5.9. These configurations are similar to those investigated for

the Science building. Configurations F1F4 and F2F5 have base stations that are diago-

nally opposite to each other. Configurations F2F3 and F3F4 have base stations located on

the bottom side of the building. In Configurations F1F2 and F4F5, the base stations are

located on the left and right hand side of the building respectively. In the system per-

formance analysis, the mobiles are randomly located at positions at which measurements

were made on the same floor as the base stations.

Figures 5.19 and 5.20 are graphs showing the downlink and uplink outage probabilities

for the deployment configurations in Table 5.9. The findings for both the downlink and

uplink are almost identical to those observed for the Science building; there is no distinct

relationship observed between the deployment strategy and the outage probabilities for

both the downlink and uplink.
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Figure 5.18: Mean uplink outage probabilities for simple indoor base station configurations in
the Science building (shown in Table 5.8) in PM C.

Configuration F1F4
F2F5 F2F3

Layout
F1

F4 F2

F5
F2 F3

Configuration F3F4 F1F2 F4F5

Layout F3 F4

F1

F2 F4

F5

Table 5.9: Simple indoor configurations deploying two base stations in the Functions building
(PM C).



108 Deployment and performance of indoor/outdoor DS-CDMA systems

10 15 20 25 30 35 40
10

−3

10
−2

10
−1

Number of mobiles per base station 

M
ea

n 
do

w
nl

in
k 

ou
ta

ge
 p

ro
ba

bi
lit

y

F
1
F

4

F
2
F

5

F
2
F

3

F
3
F

4

F
1
F

2

F
4
F

5

Figure 5.19: Mean downlink outage probabilities for simple indoor base station configurations
in the Functions building (shown in Table 5.9) in PM C.
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Figure 5.20: Mean uplink outage probabilities for simple indoor base station configurations in
the Science building (shown in Table 5.9) in PM C.
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5.4.3.2 Interfering adjacent scenario

In this scenario, it is assumed that an indoor DS-CDMA system operating in the

Functions building mutually interferes with another indoor DS-CDMA system operating

in the Science building. In such a scenario it is desirable for wireless operators to ‘bal-

ance’ the performance of the two indoor DS-CDMA systems so that neither system has a

significantly worse performance than the other.

Six simple configurations that deploy one base station in the Functions building and

one base station in the Science building are shown in Table 5.10. This section begins

with an in-depth discussion of the downlink and uplink outage probability estimates for

the indoor DS-CDMA system operating in the Science building. It is shown that the

performance of the system operating in the Science building is heavily dependent on the

interference emanating from the Functions building. The issue of performance ‘balancing’

between the systems operating in the Science building and Functions building is then

investigated by comparing the downlink and uplink outage probability estimates for both

systems. Throughout this section it is assumed that there are 20 mobiles randomly located

in each of the Science and Functions building.

Configuration F1S1 F3S1 F5S5

Layout

Functions building

Science building

F1

S1

Functions building

Science building

F3

S1

Functions building

Science building

F5

S5

Configuration F1S4 F3S2 F3S3

Layout

Functions building

Science building

F1

S4

Functions building

Science building

F3

S2

Functions building

Science building

F3

S3

Table 5.10: Base station deployment configurations investigating interfering adjacent systems
in PM C.
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System performance in Science building

Figure 5.21 is a graph of the downlink outage probabilities for mobiles in the Science

building for the configurations shown in Table 5.10. The graph shows the mean downlink

outage probabilities for various relative transmit powers between the base station in the

Functions building and that in the Science building. The transmit power for the base

station in the Functions building is denoted as Pt(Functions building) while the transmit

power for the base station in the Science building is denoted as Pt(Science building). In

essence, the signal from the base station in the Functions building appears as interference

to mobiles in the Science building.

The following general observations are made for the downlink:

• There are greater differences in the downlink outage probabilities between the var-

ious configurations for lower levels of interference emanating from the base station

in the Functions building.

• The configurations that yield the best downlink performance for mobiles in the

Science building are F1S1 and F5S5. In these configurations the interfering base

stations in the Functions building (F1 and F5) are located at the side of the Functions

building that is furthest from the Science building, while the base stations in the

Science building (S1 and S5) are located at the side of the Science building that is

nearest to the Functions building. The correlation coefficient for F1S1 is ρ = 0.54

and that for F5S5 is ρ = 0.43. Clearly these moderately high correlation coefficients,

coupled with the relatively long distance to the interfering base stations (F1 and F5)

are beneficial for system performance.

• The configurations that yield the worst downlink performance for mobiles in the

Science building are F3S2 and F3S3. In these configurations the interfering base

station in the Functions building, F3, is at the side of the Functions building nearest

to the Science building. Base station S2 in the Science building is located at the

side of the Science building that is furthest from the Function building, while base

station S3 is located in the centre of the Science building. The correlation coefficient

for F3S2 is ρ = −0.37 and that for F3S3 is ρ = −0.26. These negative correlation

coefficients, coupled with the close proximity of the interfering base station (F3),

are detrimental to system performance.

• Mid-range downlink performance levels are observed in configurations F3S1 and

F1S4. In configuration F3S1, the base stations are located on the sides of the Science

and Functions buildings that are nearest to each other. In configuration F1S4, the

base stations are located on the sides of the Science and Functions buildings that
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are furthest from each other. The correlation coefficient for F3S1 is ρ = 0.69 and

that for F1S4 is ρ = −0.42.
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Figure 5.21: Mean downlink outage probabilities for mobiles in the Science building for
the interfering indoor/outdoor base station configurations shown in Table 5.10.
N.B. Pt(Functions building) is the transmit power of the base station in the
Functions building (i.e. interference to mobiles in the Science building) while
Pt(Science building) is the transmit power of the base station in the Science
building.

Figure 5.22 is a graph comparing the uplink outage probabilities for mobiles in the

Science building for the configurations shown in Table 5.10. On the uplink it is assumed

that the mobiles adjust their transmit powers so that their signals are received at the

base station with a fixed mean signal strength. This graph shows the uplink outage

probabilities for various relative mean received power levels between the base station in

the Functions building and that in the Science building.

The following general observations are made for the uplink:

• The configurations that yield the best uplink performance for mobiles in the Science

building are F3S2 and F3S3. However, for the case of the downlink these config-

urations were shown to yield the worst performance. In these configurations, the

base station in the Functions building (F3) is located near the side of the Functions

building that is closest to the Science building. Therefore, the mobiles in the Func-

tions building with the highest transmit powers are likely to be located further away

from the Science building than in any of the other configurations.
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• The configuration that yields the worst uplink performance for mobiles in the Science

building is F1S1. However, for the case of the downlink this configuration was shown

to yield the best performance. In F1S1, the base station in the Science building (S1) is

located on the side of the Science building that is closest to the Functions building.

The base station in the Functions building (F1) is on the side furthest from the

Science building, meaning that the mobiles in the Functions building that have the

highest transmit powers are likely to be closer to the Science building than in any

of the other configurations.
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Figure 5.22: Mean uplink outage probabilities for mobiles in the Science building for the in-
terfering indoor/outdoor base station configurations shown in Table 5.10.
N. B. Pr(Functions building) is the power controlled mean received power for mo-
biles in the Functions building while Pr(Science building) is the power controlled
mean received power for mobiles in the Science building.

System performance balancing between the Science and Functions building

This section has considered the design of mutually interfering adjacent indoor DS-CDMA

systems using a case study involving base stations deployed in the Science and Functions

buildings at The University of Auckland. It has been shown that system performance

for the DS-CDMA system operating in the Science building is dependent on both the

relative distance between the base stations and the levels of correlation between their

signals. Additionally, although some deployment configurations yield the best downlink
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performance of any of the deployment configurations investigated, they also yield the

worst uplink performance of any of the deployment configurations (or vice versa).

In practice, wireless operators will need to ‘balance’ the performance for systems op-

erating in the two adjacent buildings so that there is not a significant advantage for one

system over the other. The in-depth performance results for the Science building suggest

that this is a task that will require trade-offs to be made because the optimal deployment

strategies for the downlink and uplink in each system are likely to be different.

To investigate this issue, Table 5.11 compares the mean downlink and uplink outage

probabilities for the systems in the Science and Functions buildings. It is assumed that

there are 20 mobiles in each building. In obtaining the outage probabilities for the sys-

tem in the Science building, it is assumed that the transmit power of the interfering base

stations and mobiles in the Functions building is 30 dB greater than that in the Science

building. Similarly, to allow for a fair comparison, the outage probabilities for the system

in the Functions building are obtained assuming that the transmit power of the interfer-

ing base stations and mobiles in the Science building is 30 dB greater than that in the

Functions building.

Config. F1S1 F3S1 F5S5 F1S4 F3S2 F3S3

Layout

Functions building

Science building

F1

S1

Functions building

Science building

F3

S1

Functions building

Science building

F5

S5

Functions building

Science building

F1

S4

Functions building

Science building

F3

S2

Functions building

Science building

F3

S3

Functions building

Downlink

outage

prob.

0.215 0.037 0.015 0.004 0.001 0.001

Uplink

outage

prob.

0.126 0.762 0.122 0.508 0.985 0.905

Science building

Downlink

outage

prob.

0.069 0.377 0.060 0.113 0.333 0.279

Uplink

outage

prob.

0.361 0.070 0.047 0.037 0.0328 0.034

Table 5.11: Comparison of mean downlink and uplink outage probabilities for interfering ad-
jacent indoor DS-CDMA systems.
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The following observations are made:

• It was shown previously that the differences in outage probabilities for the various

deployment configurations are related to the levels of interference presented by each

indoor system to the other. Table 5.11 shows outage probabilities assuming a fixed

level of interference between the buildings, and therefore the outage probabilities

shown are simply a ‘snapshot’ of the two indoor systems at this level of interference.

• Several of the deployment configurations (e.g. F1S1, F3S1, F3S2 and F3S3 ) have

significantly different downlink and uplink outage probabilities in both the Science

building and Functions building. For example, in the Science building, Configuration

F3S2 yields a mean downlink outage probability of 0.333, which is among the worst

yielded by any of the configurations. However, this configuration also yields a mean

uplink outage probability of 0.033 in the Science building, which is the best of any

of the configurations. On the other hand, in the Functions building, Configuration

F3S2 yields excellent performance on the downlink (a mean outage probability of

0.001) and very poor performance on the uplink (a mean outage probability of

0.985). Clearly such large differences in outage probabilities between the downlink

and the uplink are undesirable.

• Configurations F5S5 and F1S4 yield the optimal performance for mobiles in both the

Science and Functions buildings. The outage probabilities for these configurations

are observed to be ‘moderate’ on both the downlink and uplink in both systems.

This is due to the locations of the base stations and the relative distance between

them. For example, in F1S4 although a negative correlation is obtained between the

signals of the base stations (for mobiles in both the Science building and Functions

building), the long distance between the two base stations is beneficial for overall

system performance.

Clearly, the design of mutually interfering adjacent indoor DS-CDMA systems is compli-

cated by the ‘conflicting’ deployment requirements of the systems for optimal performance

on the downlink and the uplink. This might require wireless operators to prioritise either

the downlink or uplink when deploying the systems. An alternative solution may be to

deploy a modified system in which different base stations are used for the downlink and

uplink. This would mean that optimal system performance is achievable on both the

downlink and uplink. However, the system would require not only more base stations

to be deployed (i.e. a greater cost and complexity) but also coordination between the

downlink and uplink base stations.
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5.5 Implications for system planning and deployment

This chapter has used measured propagation data to evaluate the deployment and per-

formance of three cases of indoor/outdoor DS-CDMA systems. In general, the location

and strength of interference emanating on both the downlink and uplink has been shown

to have a significant influence on the performance of the system configurations consid-

ered. The signal correlation between desired and interfering signals, caused by underlying

propagation phenomena such as shadowing and distance-dependent path loss, also has

an influence on system performance in both indoor-only systems as well as interfering

indoor/outdoor systems. Guidelines for system planning and deployment are now derived

from the system performance estimates in this chapter.

Indoor-only DS-CDMA systems

This chapter considered both simple single floor deployment configurations (using two

base stations) as well as multi-floor configurations that deploy one base station per floor.

Consider the two deployment configurations shown in Figure 5.23. It has been shown

in this chapter that both the downlink and uplink performance of Configuration A are

better than that of Configuration B. This is because at any potential mobile location

in Configuration A, the signal from one base station is likely to be stronger than the

other. Conversely, in Configuration B the close proximity of the base stations means that

the signals from both base stations are likely to have similar strength, thereby causing a

higher number of outages.

Configuration
A

Configuration
B

Figure 5.23: Comparison of simple indoor configurations that use two base stations.

For the case of multi-floor indoor DS-CDMA systems, the findings of [25, 26] have

been confirmed. The deployment of base stations in a vertically aligned configuration has

been shown to have better downlink and uplink performance than in a vertically offset

configuration. This can be explained by the phenomenon of signal correlation, which is

largely influenced by in-building features such as concrete cores and floors.
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Interfering indoor/outdoor DS-CDMA systems

This chapter has investigated the influence of outdoor interference on two indoor DS-

CDMA systems:

• a simple single base station indoor DS-CDMA system with outdoor interference

emanating from one side of the building.

• a multi-floor indoor DS-CDMA system with outdoor interference emanating from

one side of the building.

Consider the simple single indoor/outdoor base station configurations shown in Fig-

ure 5.24. In Configuration A, the indoor base station is on the side of the building

nearer to the outdoor base station. In Configuration B, the indoor base station is further

away from the side of the building from where the outdoor interference emanates. On the

downlink, Configuration A outperforms Configuration B due to the positive correlation

between the desired and interfering signals. However, on the uplink Configuration B has

better performance than Configuration A as the base station is further from the interfer-

ence sources (i.e. mobiles) outdoors. Clearly the downlink and uplink have ‘conflicting’

deployment requirements for optimal performance. In such a situation, wireless opera-

tors would have to prioritise either downlink or uplink performance over the other. As

the downlink generally requires a higher throughput than the uplink, it is likely that the

downlink will have priority over the uplink.

Configuration
A

Configuration
B

Figure 5.24: Comparison of two interfering indoor/outdoor system configurations.

Now consider the multi-floor indoor base station configurations with outdoor interfer-

ence emanating from one side of the building, shown in Figure 5.25. The performance

results have shown that like the simple single indoor/outdoor base station configurations

discussed above, it is difficult to determine the optimal deployment strategy. For this

reason, the chosen deployment strategy would largely depend on the wireless operator’s

objectives and the priority of the downlink with respect to the uplink.

For example, consider the aligned configurations shown in Figure 5.25. While Config-

uration Aligned 1 has excellent downlink performance, it has poor uplink performance.

Contrary to this, Configuration Aligned 2 has poor downlink performance and excellent



5.5 Implications for system planning and deployment 117

uplink performance. For Configuration Offset, the performance experienced by mobiles

would largely depend on which floor the mobile is located. As the offset configurations

were shown to be more robust to outdoor interference than the aligned configurations, the

downlink performance experienced by mobiles on all floors are moderate (i.e. in between

the downlink performance levels of the two aligned configurations). However, the uplink

performance is poor for mobiles on the middle floor (as the base station is close to the side

of the building from which outdoor interference emanates), while the uplink performance

is excellent for mobiles on other floors (as the base station is far from the side of the

building from which outdoor interference emanates).

The performance variations on both the downlink and uplink as well as on the various

floors of the building make it difficult to choose an optimal deployment strategy.�������� ���Configuration Aligned 1 Configuration Aligned 2

Configuration Offset

Figure 5.25: Comparison of multi-floor indoor DS-CDMA systems in the presence of outdoor
interference.

Interfering adjacent single floor indoor DS-CDMA systems

This chapter has investigated the deployment of two interfering indoor DS-CDMA systems

located in buildings that are adjacent to each other. In this situation it would be desirable

for wireless operators to ensure that the downlink and uplink performance of both systems

are optimised. As for the other scenarios discussed above, the relative locations of the base

stations and mobiles in the systems have an influence on downlink and uplink performance.

Consider the deployment configurations for two interfering indoor DS-CDMA systems

shown in Figure 5.26. The performance estimates have shown that Configuration A will

yield excellent downlink performance in System 1 but poor downlink performance in Sys-

tem 2. On the other hand Configuration A will yield poor uplink performance in System 1

and excellent uplink performance in System 2. The disparities in downlink/uplink per-

formance in both systems are undesirable.
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However, in Configuration B the downlink and uplink system performance in both

systems are moderate in comparison to other deployment configurations investigated. For

this reason, optimal performance for both systems is achieved by positioning base stations

as far away from each other as possible (as in Configuration B).

System 1

System 2

Configuration A

System 2

System 1

Configuration B

Figure 5.26: Comparison of interfering adjacent single-floor indoor DS-CDMA systems.

5.6 Summary

This chapter has investigated the deployment and performance of indoor/outdoor DS-

CDMA systems using results from three propagation measurement campaigns (presented

in Chapter 4). A Monte Carlo analysis that estimates the performance for both the uplink

and downlink of a DS-CDMA system was presented. This analysis uses simple, funda-

mental parameters that are generic to any DS-CDMA system regardless of the underlying

implementation standard. As a result, generalised deployment guidelines are derived from

the performance estimates.

For the case of indoor-only DS-CDMA systems (without outdoor interference), this

chapter has investigated simple configurations deploying two base stations on a single

floor as well as multi-floor deployment configurations with one base station on each floor.

For simple base station configurations deploying two base stations to provide coverage

on a single floor, the positioning of base stations at opposite corners of the floor yielded

significantly better downlink and uplink performance than positioning base stations close

together. For deployment on multiple floors, a vertically aligned base station configuration

was shown to yield optimal performance on both the downlink and the uplink.

For the case of interfering indoor/outdoor DS-CDMA systems, both the location and

strength of outdoor interference influences the performance experienced by mobiles in-

doors. Additionally, the downlink and uplink are often observed to have ‘conflicting’

deployment requirements to yield optimal performance. For example, positioning an in-

door base station as close as possible to the side of a building where outdoor interference
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emanates is shown to yield optimal performance for the downlink but the worst perfor-

mance for the uplink. Therefore, the deployment strategy chosen by a wireless operator

would largely depend on the priority of the downlink or uplink over the other. In most

information access systems the downlink requires greater throughput than the uplink, and

therefore optimising downlink performance would be a priority.

For the case of interfering indoor DS-CDMA systems located adjacent to each other

(with one base station in each system), optimal overall performance is achieved by posi-

tioning the base stations so that they are as far away from each other as possible. This

enables a ‘balance’ in the performance of both the downlink and uplink in both systems.

Several of the other deployment configurations are optimal for the downlink or uplink and

suboptimal for the other.

This chapter has considered conventional DS-CDMA systems in which interference

cannot be cancelled. Chapter 6 introduces multiuser detection as a class of digital signal

processing techniques that can be used to minimise or cancel interference on the uplink.

Chapters 7 and 8 evaluate the influence of two multiuser detection techniques on the

uplink performance of the deployment configurations discussed in this chapter.
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Chapter 6

Multiuser detection

6.1 Introduction

A propagation measurement study of the mixed indoor/outdoor environment was de-

scribed in Chapter 4, while Chapter 5 investigated the deployment and performance of

hypothetical indoor/outdoor DS-CDMA system configurations using measured propaga-

tion data. The investigation in Chapter 5 was limited to a conventional DS-CDMA system

in which the receivers at the base stations and mobiles employed matched filters or cor-

relators. These receivers treat the background interference as Gaussian distributed, and

an increased number of mobiles in the system implies that more mutual interference will

be generated thereby degrading system performance and limiting system capacity.

Multiuser detection is a class of digital signal processing techniques that works on the

uplink by jointly detecting mobiles for their mutual benefit using channel estimation (to

acquire amplitude and phase information) and knowledge of the mobiles’ spreading codes.

The purpose of this chapter is to give an overview of multiuser detection and identify two

multiuser detection techniques for further investigation in indoor/outdoor DS-CDMA

systems. A literature review of multiuser detection is presented in Section 6.2. Two non-

linear multiuser detection techniques, namely successive interference cancellation (SIC)

and parallel interference cancellation (PIC) are identified for further investigation. Simple

methods to evaluate the performance of these techniques and the key factors that influence

their performance are outlined in Sections 6.3 and 6.4 respectively. An evaluation of

previous studies investigating SIC and PIC performance is given in Section 6.5. Finally,

Section 6.6 summarises this chapter.

Both SIC and PIC have been integrated in the DS-CDMA system performance testbed

described in Chapter 5 and the implications that they have on indoor/outdoor DS-CDMA

system deployment and performance are investigated in Chapters 7 and 8.

121
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6.2 A survey of multiuser detection techniques

Multiuser detection was theorised over two decades ago, but despite numerous studies

developing and analysing multiuser detection techniques, the technology is still not in

widespread use today [9–13,85]. The reasons for this are manifold, varying from technical

to political to financial [10]. The purpose of this section is to outline the benefits and

limitations of multiuser detection (Section 6.2.1) and to give an overview of a variety of

multiuser detection techniques (Section 6.2.2). At the end of this section, two multiuser

detection techniques are chosen for future investigation in this thesis.

6.2.1 Multiuser detection – potential benefits and limitations

To understand the application of multiuser detection, it is necessary to describe the two

major factors that limit conventional DS-CDMA system performance on the uplink :

• Interference – non-orthogonalities in the spreading codes of the mobiles cause

multiple access interference (MAI) that limits system performance, as outlined in

Chapter 3 [9–13,85].

• Near-far effect – mobiles with strong received signals (likely to be near the base

station) cause a degradation in performance for mobiles with weak received sig-

nals (likely to be far away from the base station). This is likely to cause severe

performance variations for mobiles across the system and is therefore undesirable.

While uplink power control attempts to ameliorate this problem, errors caused by

discrete power adjustments and inevitable signalling delays result in performance

and capacity degradations [9–13,85].

Multiuser detection has the potential to significantly reduce MAI and alleviate the near-far

effect on the uplink of DS-CDMA systems. While conventional receivers simply treat MAI

as Gaussian distributed noise, multiuser detection uses information inherent in DS-CDMA

systems in an attempt to remove MAI and enhance system capacity and performance.

In cancelling MAI, the problem of the near-far effect is alleviated because less mutual

interference is presented when detecting each individual mobile.

There are several factors that limit the performance gains attainable with multiuser

detection, hindering its widespread acceptance in industry to date [9–13]

• Multiuser detection techniques generally require significant processing power and are

therefore complex (and costly) to implement and integrate into existing systems;

• Due to the complexity of implementing multiuser detection, it is envisaged that it

will only be possible for multiuser detection to be implemented at the base station
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for uplink performance enhancement. It is generally agreed that multiuser detec-

tion cannot be implemented in mobile devices for downlink enhancement due to

its high complexity [9–13]. As future cellular systems require much greater down-

link throughput than uplink throughput, technological enhancements implemented

in industry have generally focused on other techniques to enhance the downlink

throughput (e.g. HSDPA) [86, 87];

• With multiuser detection it is only possible to cancel intra-cell interference using

knowledge of the base station’s spreading codes within its own cell. Cancelling inter-

cell interference, while theoretically possible, presents significant practical challenges

due to the requirement of decoding synchronisation between base stations [10, 11];

• The optimal implementation of some multiuser detection techniques requires mod-

ifications to conventional radio resource control algorithms (e.g. power control)

causing additional complexity [10]; and

• The majority of multiuser detection studies to date have focused on its practical

implementation and its performance at the link level (i.e. between a single mo-

bile and base station) [10, 11]. Therefore, there is still a lack of knowledge about

the performance gains attainable with multiuser detection in realistic propagation

environments as well as its implications on overall system deployment.

Despite the many factors hindering the take-up of multiuser detection in industry, the

potential benefits of implementing the technology are not trivial. This thesis attempts to

evaluate the potential performance gains in mixed indoor/outdoor propagation environ-

ments in which measured propagation data has been obtained.

6.2.2 Multiuser detection techniques

Optimal multiuser detector

Figure 6.1 is a diagram classifying multiuser detectors commonly reported in the liter-

ature. The seminal multiuser detection technique was the optimal multiuser detector

proposed by Verdu in 1986 [88]. This detector uses a maximum likelihood sequence es-

timator (MLSE) to find the input sequence that maximises the likelihood of the given

output sequence at the matched filter receiver or correlator. The resulting problem is

essentially a combinatorial optimisation problem which can be solved with an exhaustive

search by computing a cost function for every possible argument and selecting the one

that maximises the cost function. While the performance gains achieved by the optimal

multiuser detector are very high, the computational complexity of the optimal multiuser

detector grows exponentially with the number of mobiles. This renders it impractical for
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Figure 6.1: A classification of multiuser detection techniques reported in the literature.

implementation in realistic systems. For this reason, multiuser detection research during

the last two decades has largely focused on developing sub-optimal multiuser detection

techniques that seek to trade off performance with complexity.

Sub-optimal multiuser detectors

As shown in Figure 6.1, sub-optimal multiuser detectors may be broadly classified into

linear and non-linear multiuser detectors. Linear multiuser detection techniques apply a

fixed transformation to the correlator outputs that attempts to reduce the MAI presented

to each mobile on the uplink. While several linear multiuser detectors have been devel-

oped, two examples popular in the literature are the decorrelating detector and minimum

mean square error (MMSE) detector.

The decorrelating detector applies the inverse cross-correlation matrix of the spreading

codes of the mobiles to the outputs of the correlator (with which the decisions regarding

the message bits are made) [89, 90]. The correlator outputs may be represented by

z = RWb+n, (6.1)

where R is a matrix representing the cross correlations between the mobiles’ spreading

codes (which causes intra-cell interference), W is a matrix representing the received am-

plitudes for the various mobile signals, b is a vector representing the transmitted message

symbols for the mobiles and n is a vector representing background noise (i.e. thermal noise
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and inter-cell interference). If the inverse cross-correlation matrix is applied to (6.1), then

the correlator outputs become

R
−

z = R
− (RWb+n)=Wb+R

−
n. (6.2)

Clearly (6.2) shows that while intra-cell MAI is removed from the desired signal (i.e.

the first term), the background noise is actually amplified by the inverse cross-correlation

matrix – this is because the noise term R
−

n is always equal to or greater than n.

The major advantages of the decorrelating detector are that the received amplitudes

of the mobile signals do not need to be estimated and its computational complexity is

significantly lower than the optimal (MLSE) detector.

The MMSE detector [91,92] is a linear detector that improves the performance of the

decorrelating detector by taking into account the background noise using estimates of the

received signal powers. Essentially a linear mapping is used to minimise the mean square

error between the actual data and the soft output of the conventional detector. As it

takes the background noise into account, the MMSE detector generally provides a higher

performance gain than the decorrelating detector.

Non-linear multiuser detectors attempt to cancel interference by estimating the con-

tribution of interference presented by each mobile and cancelling it from the overall com-

posite signal so that other mobiles can be detected more accurately. These detectors

require one or more stages of interference cancellation and the performance gain at each

subsequent stage is usually less than the previous stage. Two commonly cited non-linear

multiuser detection techniques are successive interference cancellation (SIC) and parallel

interference cancellation (PIC) [10, 85].

The major advantage of non-linear multiuser detection techniques is the flexibility to

trade off complexity with performance; for example it is possible to cancel a given number

of mobiles’ signals (usually those with the strongest power) from the overall composite

signal so that performance is improved. This flexibility has made non-linear multiuser

detector techniques popular in both academia and industry, where several prototypes

have been developed [14–18]. Due to the excellent complexity/performance trade-off of

non-linear multiuser detectors, this thesis focuses on the performance gains attainable

with the implementation of SIC and PIC in indoor/outdoor DS-CDMA systems. The

subsequent Sections 6.3 and 6.4 give an overview of SIC and PIC respectively, including

models to estimate their performance.

6.3 Successive interference cancellation

The purpose of this section is to give an overview of SIC and identify the key criteria

influencing its performance. The material presented in this section forms the basis for
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evaluating SIC performance in indoor/outdoor DS-CDMA systems in Chapter 7 of this

thesis. Section 6.3.1 presents a model of a simple SIC receiver and derives a simple closed-

form solution for evaluating the performance of SIC in terms of signal to interference ratio

(SIR). As the performance of SIC is heavily dependent on the disparities in the received

signal power for the various mobiles, Section 6.3.2 discusses the impact of uplink power

control on SIC performance.

6.3.1 Successive interference cancellation model

As its name indicates, an SIC receiver attempts to cancel interference by sequentially can-

celling received mobile signals. At each stage of the detector, a signal from an individual

mobile is estimated, regenerated and then subtracted from the overall (composite) signal,

so that mobiles at subsequent stages are presented with reduced MAI.

To be able to perform interference cancellation, knowledge of various parameters is re-

quired. These parameters include the spreading codes of the mobiles and amplitude/phase

information of the mobiles’ received signals at the base station [9,10]. The amplitude and

phase of the received signals are unknown and therefore need to be estimated. This esti-

mation may be performed using the outputs of the conventional detector (e.g. correlator)

or using separate channel estimates [10]. SIC may use either soft estimates or hard esti-

mates (i.e. bit decisions) at the output of the correlator to regenerate the mobile signals

for cancellation. The benefit of the approach using soft estimates is that it is easier to

implement and the cancellation process can withstand inaccurate amplitude estimates.

The approach using hard estimates (i.e. the actual bit decisions) cancels interference

more accurately than that using soft estimates if accurate estimates of the bits are made

for the regeneration of mobile signals [91].

Performance of a simple SIC receiver

An example of a simple coherent SIC receiver is presented in [93,94] and a block diagram

demonstrating its functionality is shown in Figure 6.2. As this receiver is coherent, the

phase of each received mobile signal can be tracked accurately. The amplitudes of the

received mobile signals are estimated using the correlator outputs. The front end of the

receiver is a conventional correlator bank. After the composite received signal r(t) is

passed through the correlator bank, the various mobiles are ranked in order of strongest

to weakest received power using the magnitudes of the correlator outputs for the mobiles.

The mobile with the highest received power (i.e. that with the maximum correlation

value) is selected first for decoding, regenerating and cancelling. This process is repeated

for each mobile sequentially (in order of decreasing correlator values) until a given number

of signals are cancelled or all mobiles have been decoded.
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Figure 6.2: A simple SIC receiver [93, 94]

In summary, the procedure for detecting the various mobiles using SIC is as follows:

1. Determine the strongest mobile.

2. Decode the strongest mobile.

3. Estimate the amplitude and phase of the strongest mobile from the output of the

correlator.

4. Regenerate the strongest mobile’s signal using its spreading code and the estimate

of its amplitude and phase.

5. Cancel the strongest mobile by subtracting its regenerated signal from the overall

(composite) received signal.

6. Perform Steps 1 to 5 for the next strongest mobile.

7. Repeat Steps 1 to 6 until all users are decoded or a permissible number of mobiles

are cancelled.

The signal received by the SIC receiver shown in Figure 6.2 is given by [93, 94]

r(t) =
K∑

k=1

Ak · ak(t− τk) · bk(t− τk) · cos(ωct+ φk) + n(t), (6.3)

where K is the number of active mobiles, Ak is the amplitude of the kth mobile, ak(t−τk)
is the spreading code of the kth mobile, bk(t− τk) is the data sequence of the kth mobile,
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ωc is the carrier frequency, τk is the time delay of the kth mobile and φk is the phase delay

of the kth mobile. The term n(t) in (6.3) represents the noise due to receiver imperfections

and inter-cell interference, modelled as additive white Gaussian noise (AWGN).

At the receiver, the amplitudes of the received signals for the various mobiles are

unknown. However, this information is required for two reasons: firstly, for maximum

performance gain, the sequential cancellation process should be performed in order of

decreasing signal strength. Secondly, the signals for each of the mobiles must be regener-

ated using their individual amplitudes so that they can be cancelled from the composite

received signal during the interference cancellation process.

In Figure 6.2, it is shown that the received composite signal is despread and correlated

with the spreading codes of each of the mobiles (performed by the bank of correlators).

The strongest mobile is assumed to be the one with the maximum correlator output, Zi.

After j cancellations, the decision variable for the (j+1)th mobile is given by [93, 94]

Zj+1 =
1

2
Aj+1bj+1 + Cj+1, (6.4)

where

Cj+1 =
K∑

k=j+2

AkIk,j+1(τk,j+1, φk,j+1) + (nIj+1 + nQj+1) −
j∑

i=1

CiIi,i+1(τi,i+1, φi,i+1). (6.5)

In (6.5), the first term represents the interference caused by uncancelled mobiles j+2

to K, the second term represents the uncancellable noise caused by receiver imperfections

and mobiles in other cells, while the third term is the residual interference due to imperfect

cancellations of the previous j strongest mobiles.

Assuming that the system is interference limited and the noise due to receiver im-

perfections is insignificant, further analysis of the decision variables in [93, 94] yields the

following simple equation for the signal-to-interference ratio of the signal representing the

(j+1)th mobile

SIRj+1 =
Pj+1

2α
3N

(∑
K

k=j+2 Pk +
∑

j

i=1 ηi + Poc

) , (6.6)

where

ηj+1 =
2α

3N

(
K∑

k=j+2

Pk +

j∑

i=1

ηi + Poc

)
. (6.7)

In (6.6), α is the voice-activity factor, Pj+1 is the received power of the (j+1)th mobile’s

signal and
∑

K

k=j+2 Pk is a summation of the uncancelled (weaker) signals received from
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mobiles (j+2) to K. The term
∑

j

i=1 ηi is the residual interference which results from the

detections of the previous j (stronger) mobiles, while Poc is the inter-cell interference

which cannot be cancelled.

Generalised model for SIC performance

The residual interference in (6.7) is based on the assumption that the phase of the mobile

signals can be tracked accurately, which is not possible in reality. A generalised solution

for the SIR is presented in [95,96], whereby a fractional residual interference cancellation

error is introduced

SIRj+1 =
Pj+1

2α
3N

(∑
K

k=j+2 Pk +
∑

j

i=1 εiPi + Poc

) , (6.8)

where εi is the fractional residual interference cancellation error for the ith mobile, which

represents the fraction of the ith mobile’s power not cancelled. Equation (6.8) is gener-

alised in that it accounts for a variety of cancellation errors that SIC receivers might have

depending on the accuracy with which they are able to estimate the phase and amplitude

of the received mobile signals. Due to its generalised nature, the SIC model represented

by (6.8) is used in this thesis. The BER (assuming the implementation of SIC) can be

estimated by using the SIR obtained from (6.8) and the complementary Gauss probability

integral introduced in Section 3.2.1.

Modelling the fractional residual interference cancellation error

Residual interference is generated during the interference cancellation process for two

major reasons:

• inaccuracies in the amplitude and phase estimates of the received mobile signals,

also known as the estimation error.

• errors in the decoded bit sequences for the mobiles.

Assuming that the system operates at low BERs, the residual interference will primarily

be caused by estimation error. It is shown in [97] that the estimation error may be

modelled by a zero-mean Gaussian distribution with standard deviation σε. Therefore it

is assumed that the fractional residual interference cancellation error for each mobile, εi,

is also modelled by a zero-mean Gaussian distribution with same standard deviation as

that of the estimation error, σε [97].
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6.3.2 Implications of power control on SIC performance

Optimal power control distribution

Conventional DS-CDMA systems use uplink power control in an attempt to ensure that

mobiles adjust their transmit powers so that their signals are received at the base station

with equal power levels [45]. As a result, the near-far effect is combatted as mobile signals

are received with approximately the same SIR, thereby ensuring fairness of performance

for mobiles across the system.

However, the concept of SIC is based on the premise that there will be disparities in the

received powers of mobile signals at the base station. If SIC is implemented in conjunction

with existing power control algorithms that attempt to equalise the received powers of

mobile signals, this would lead to a fairness problem; in this situation despite the similar

received power levels of the mobiles, the mobile detected first would be presented with

the most interference, while the mobile detected last would be presented with the least

interference [96,98,99]. As a result, mobiles detected earlier would have worse performance

in comparison to those detected subsequently.

Consider a DS-CDMA system with K mobiles in a cell of interest. Assuming that

there are SIC receivers at the base stations, the SIRs for the mobiles 1, 2, ... K, are given

by [96]

SIR1 =

√
P1

2α
3N

(
∑

K

k=2 Pk + Poc)
, (6.9)

SIR2 =

√
P2

2α
3N

(
∑

K

k=3 Pk + ε1P1 + Poc)
, . . . (6.10)

SIRK =

√
PK

2α
3N

(
∑

K−1

k=1 εkPk + Poc)
. (6.11)

To ensure fair performance for all mobiles across the system, it is desirable for the SIRs

for the mobiles to be the same, i.e. SIR1 = SIR2 ... = SIRK . This may be achieved by

using an optimal power control distribution that allocates power to the mobiles so that

their SIRs are the same. One of the key considerations in solving this set of equations

is that the fractional residual interference cancellation error, εk, for each mobile, k, is

unknown.

For simplicity in deriving the power control distribution it may be assumed that εk = 0

for all mobiles (i.e. perfect cancellation). However, it is shown in [10,95,96,100,101] that

if the power control distribution is derived based on this assumption and the actual

fractional residual cancellation error is greater than 20%, the performance of the SIC
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receiver becomes worse than if a conventional receiver (without interference cancellation)

is used. Therefore, an optimal power control distribution accounting for εk is derived

in [10, 95, 96, 100, 101] and the following result is obtained

Pk = Pk−1 −
(1 − εk−1)P

2
k−1

Vk−1 + Poc
, (6.12)

where Vk−1 is the total remaining multiple access interference (MAI) for mobile k plus its

own power, and is given by

Vk =
K∑

i=1

Pi −
k−1∑

i=1

(1 − εi)Pi. (6.13)

It is shown in [10,95,96,100,101] that while the fractional residual interference cancel-

lation error, εk for each of the mobiles is unknown, a guess at or estimate of its value, ε̂,

can be made to derive the power control distribution. Analysis of the performance yielded

by the power control distribution in [10, 95, 96, 100, 101] shows that

• the system performance is less sensitive to εk being overestimated than underesti-

mated.

• it is best to choose ε̂ conservatively as appreciable performance gains will still be

realised over the conventional receiver.

Another consideration in deriving the power control distribution using (6.12) is that the

inter-cell interference, Poc, is unknown and is in fact directly dependent on the power

control distribution itself. In this thesis, an estimate of the inter-cell interference is made

(P̂oc) so that the power control distribution can be derived.

Optimal power allocation for reduction of inter-cell interference

For an interference cancellation scheme to be effective, it is important to minimise the

uncancellable interference. It is not possible to cancel inter-cell interference due to the

practical difficulty in coordinating base stations during the decoding process. However,

the transmit power allocated to the mobiles influences the relative levels of intra- and

inter-cell (uncancellable) interference at the system level.

To explain this further, consider two adjacent cells of a hypothetical ‘uniform’ macro-

cellular system shown in Figure 6.3. Each of the two cells, A and B, serve three mo-

biles that are labelled M
(y)
x , where x is an identifier for the mobile while y is the cell

to which the mobile belongs. Assuming that P
(y)
x represents the transmit power from

the mobile M
(y)
x , then with conventional power control and assuming free space propa-

gation, P
(A)
3 > P

(A)
2 > P

(A)
1 while P

(B)
3 > P

(B)
2 > P

(B)
1 . In essence, the mobiles at the cell
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edge transmit at power levels that are higher than those close to the base station. The

mobile presenting the highest inter-cell interference to Cell A is M
(B)
3 , while that present-

ing the highest inter-cell interference to Cell A is M
(B)
3 . This is because M

(B)
3 and M

(A)
3

have the closest proximity to the respective neighbouring cell as well the highest transmit

power allocation of any of the mobiles within their respective cells.

If SIC receivers are used at the base stations, the above transmit power allocation

is undesirable because the level of inter-cell interference is likely to be high; as it is

only possible to cancel intra-cell interference with multiuser detection, it is desirable

to maximise intra-cell interference and minimise inter-cell interference. An alternative

approach for power control might be to allocate the uplink transmit power such that

P
(A)
3 < P

(A)
2 < P

(A)
1 while P

(B)
3 < P

(B)
2 < P

(B)
1 , i.e. mobiles close to the base station are

assigned higher power levels (and decoded earlier) than those far away from the base

station [99,100,102]. This would ensure that less interference is presented to other cells and

therefore using SIC it is possible to cancel a greater proportion of the overall interference.

In the literature, an F -factor [73] is often used to quantify the ratio between the

intra-cell interference and the total (intra-cell and inter-cell) interference as follows

F =
Pic

Pic + Poc
,

where Pic is the total intra-cell interference power and Poc is the total inter-cell interference

power. In a system that operates with interference cancellation receivers at the base

station end, it is highly desirable to maximise the F -factor so that the greatest proportion

of overall interference can be cancelled.

6.4 Parallel interference cancellation

While an SIC receiver detects mobiles and cancels their interference sequentially, a parallel

interference cancellation (PIC) receiver attempts to simultaneously remove from each

mobile’s detected signal the interference presented by all other mobiles within the same

cell. This requires the PIC receiver to detect, estimate and regenerate all the mobile

signals in parallel and then perform the required cancellations. Similar to SIC, it is

not possible to cancel all interference due to amplitude and/or phase estimation errors.

However, multiple cancellation stages may be used to yield improved estimates of the

received mobiles’ signals for further (more accurate) cancellation.

An example of a PIC receiver is presented in [94] and a block diagram of this receiver

is shown in Figure 6.4. This receiver uses a conventional detector (bank of correlators) at

the front end followed by two stages of cancellation. At each stage improved estimates of

the received signal are made using the correlator outputs, Z i
(s), from the previous stage,
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Figure 6.3: Macrocellular system with three mobiles in each of two cells.
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Figure 6.4: A parallel interference cancellation scheme that uses two cancellation stages [94].
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where i represents the unique identifier of the decoded mobile while s represents the stage

of the receiver (s = 1 represents the conventional detector stage).

The conventional detector correlates the received signal with the spreading sequences

of each of the mobiles to obtain the correlator outputs Zi
(1). These correlator outputs are

used in the first stage of cancellation (i.e. Stage 2 of the PIC receiver) to estimate and

regenerate the signals for all the mobiles. For each mobile, the regenerated signals of all

other mobiles are subtracted from the original received signal r(t). The resulting signal is

correlated with the mobile’s spreading code to yield more accurate correlator outputs [94].

While only two cancellation stages are shown in Figure 6.4, this process may be continued

for an arbitrary number of cancellation stages.

Although there have been many PIC receivers theorised to date (using both hard

decision estimates and soft decision estimates, i.e. correlator outputs), the analysis of

PIC is difficult due to the complexity of the correlator outputs. For this reason most

researchers have relied on bit-level computer simulations to estimate the performance of

PIC. One exception to this is a closed-form solution of the SIR of a PIC receiver for an

arbitrary number of stages presented in [103, 104], given by

SIR
(s)
k =

[
1

2Eb

No

(
1 −

(
K−1
3N

)s

1 −
(
K−1
3N

)
)

+
2α

(3N)s

(
(K − 1)s − (−1)s

K

(∑K
k=1 Pj
Pk

)
+ (−1)s

)]−1/2

.

(6.14)

In (6.14), SIR
(s)
k is the SIR for mobile k at stage s of the cancellation process, No is the

one-sided power spectral density of background Gaussian noise (may be used to model

both receiver thermal noise and inter-cell interference), α is the voice activity factor, N

is the processing gain, K is the number of mobiles in the cell of interest, and Pk is the

received power of the kth mobile.

In deriving (6.14), it is assumed that it is possible for the phase of the received mobile

signals to be tracked accurately, but the power of each mobile signal is estimated from the

correlator outputs [103, 104]. In practice, however, it is not possible to track the phase

with complete accuracy and the correlator outputs are biased in their estimation of the

powers of the mobile signals.

For this reason, a generalised estimation of the SIR for a PIC receiver is used in this

thesis [15, 105]

SIR
(s)
k =

√√√√
Pk

2α
3N

(∑
K

i=1,i6=k ε
(s)
i Pi + Poc

) , (6.15)

where ε
(s)
i is the fractional residual interference cancellation error for mobile i at stage s

of the PIC receiver. For the first stage (s = 1) of the PIC receiver (i.e. the conventional
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detector stage), ε
(1)
i = 1 because no interference is cancelled. Similar to the SIC perfor-

mance estimation described in Section 6.3, the fractional residual interference cancellation

error is assumed to be a zero-mean Gaussian distributed random variable with a standard

deviation σε for stages s ≥ 2. Equation (6.15) accounts for the variations in fractional

residual interference cancellation error that are likely to be observed for a variety of PIC

receivers.

The performance of the PIC receiver suffers at the first stage of cancellation as the

estimates of the weaker mobiles’ signals are likely to be inaccurate due to dominating

interference from other (stronger) mobiles [14]. The resulting poor cancellations of the

weaker mobiles’ signals serve to degrade the estimate of the stronger mobiles in the second

stage of cancellation. Consequently, when the stronger mobiles are cancelled from a weak

mobile’s signal in the second stage of cancellation, it is also likely to be inaccurate. This

process continues from stage to stage with a slight improvement in estimates at each stage.

6.5 SIC and PIC performance evaluation – a literature

review

A unique contribution of this thesis is that it presents a performance evaluation of SIC

and PIC in actual propagation environments for which measured mean path loss data has

been obtained (discussed in subsequent Chapters 7 and 8).

The majority of previous studies on SIC and PIC have focused on

• theoretical estimation of system performance at the link level with non-specific prop-

agation models (i.e. single cell systems with background noise modelled using a

Gaussian distribution) [14, 93, 98, 100, 102–104,106–112];

• implementing multiuser detection algorithms in digital signal processors [14–18];

and

• optimising power control algorithms for multiuser detection implementation [96,99].

To the author’s knowledge previous research has not investigated and compared the per-

formance of SIC and PIC in indoor or mixed indoor/outdoor environments. This is a

fundamentally important issue as system performance is heavily interrelated with the

deployment strategy in mixed indoor/outdoor environments.

The seminal research on SIC (outlined in Section 6.3) developed closed-form expres-

sions for the BER based on soft estimates assuming fairly accurate amplitude and phase

estimates. Since then, several researchers have attempted to investigate other issues

related to SIC, such as the optimisation of power control algorithms and the implementa-

tional complexity of SIC receivers. However, the vast majority of the studies investigating
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SIC performance at the system level (i.e. for multiple cells) have been performed for sys-

tems operating in outdoor environments. An exception to this is in [113] where Hwang

et al. estimated an upper bound for the performance of an indoor optical wireless PPM-

CDMA system with SIC. However, this research does not investigate the implications

of SIC on the optimal deployment of base stations, nor does it consider the influence of

outdoor interference on indoor systems operating with SIC.

PIC was first proposed by Varanasi et al. [114]. This scheme uses hard estimates that

can potentially degrade performance during the initial stages of detection. For this reason,

Divsalar [108] proposed an approach to partially cancel interference at the earlier stages

using soft estimates, and cancel a greater proportion of interference at later stages where

improved estimates are obtained. As stated in Section 6.4, closed-form expressions for the

performance of these PIC receivers are not obtainable due to the complexity of analysing

the correlator outputs. This makes it difficult to accurately assess the performance of PIC

in realistic system level scenarios.

The majority of studies investigating PIC have focused on link level performance (i.e.

single cells). To the author’s knowledge, there has not been any previous research in-

vestigating PIC performance in indoor or mixed indoor/outdoor environments. However,

there are a limited number of studies documenting system level performance analyses in

outdoor environments. For example, in [15] a PIC prototype was developed and its system

level performance was assessed in outdoor environments by both simulation and practical

measurements in a real network. The results of this study showed that the PIC receiver

supports a 40% increase in uplink network capacity for walking mobile users in a typical

urban outdoor radio environment.

While there has been much debate as to whether SIC or PIC provides the best com-

plexity/performance trade-off, it is generally agreed that SIC has the higher performance

gain in near-far channels and in cases where there are large disparities between the re-

ceived signal powers of the mobiles [94]. However, PIC yields higher performance gains

in the familiar equal power control case [94]. One of the key issues with any interference

cancellation technique is the latency due to the cancellation process. A complication of

SIC is that the latency for the detection of each individual mobile increases with the

number of stages of cancellation. However, in PIC the latency for all the mobiles at each

stage of cancellation is the same as they are all detected in parallel [10].

The complexity of PIC is proportional to PK, where P is the number of cancellation

stages and K is the number of mobiles decoded. For SIC, the complexity is K if full

cancellation (i.e. of all mobile signals) is performed. In this context, one of the major

benefits of SIC is that a chosen number of mobile signals can be cancelled to reduce the

complexity. With PIC, this is not desirable as all mobile signals must be cancelled to

ensure fairness of performance [10].



6.6 Summary 137

6.6 Summary

This chapter has given an overview of the field of multiuser detection for DS-CDMA sys-

tems and its application in various propagation environments. While multiuser detection

has been researched for the last twenty years, there has been little or no take-up in in-

dustry due to its implementational complexity and the lack of knowledge surrounding the

performance gains attainable in realistic systems. This thesis aims to address the latter

issue.

Two non-linear multiuser detection techniques, namely successive interference cancel-

lation (SIC) and parallel interference cancellation (PIC), have been identified for future

investigation in indoor/outdoor DS-CDMA systems.

SIC cancels uplink interference by ranking mobiles in order of decreasing received

signal strength and detecting and cancelling them sequentially. A closed-form solution

for the SIR with the implementation of SIC was presented. This solution accounts for the

fractional residual interference cancellation error that is caused by inaccurate phase and

amplitude estimates, which results in imperfect cancellation. It was shown that SIC relies

on disparities in the received powers of the mobile signals, and therefore conventional

(equal) power control is no longer optimal. An optimal power control technique for SIC

(that attempts to equalise the SIR for the various mobile signals) was presented. It is

desirable to maximise the ratio of intra-cell interference to total interference (quantified

using the F-factor) as it is only possible to cancel intra-cell interference using multiuser

detection. By intelligently assigning transmit power to the mobiles during the power

control process, the F-factor can be maximised and therefore inter-cell interference can

be kept to a minimum.

PIC cancels uplink interference for mobiles by estimating all mobiles’ signals, regener-

ating them, and cancelling them upon detecting each individual mobile. Fortunately, PIC

implementation has been shown to be optimal with conventional power control. Accurate

closed-form solutions for estimating the SIR with PIC implementation are rare due to the

complexity of analysing the correlator outputs. Therefore, a simple closed-form solution

that generically accounts for errors in amplitude and phase estimates was presented and

is used subsequently in this thesis.

The subsequent Chapters 7 and 8 present the impact of SIC and PIC on the perfor-

mance of indoor/outdoor DS-CDMA systems and compare their relative performances.
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Chapter 7

Successive interference cancellation in

indoor/outdoor DS-CDMA systems

7.1 Introduction

Chapter 6 introduced multiuser detection as a class of digital signal processing techniques

that are likely to be implemented in future DS-CDMA systems. Two techniques were

identified for future investigation: successive interference cancellation (SIC) and parallel

interference cancellation (PIC). Simple closed-form expressions for estimating the perfor-

mance of DS-CDMA systems with the implementation of SIC and PIC were presented.

The purpose of this chapter is to investigate the implementation of SIC in indoor/outdoor

DS-CDMA systems. Of particular importance to this investigation is the acquisition of

the performance gains attainable with SIC and the implications for the optimal deploy-

ment of base stations. As discussed in Chapters 5 and 6, the sources of interference (i.e.

their location and strength) and the uplink power control algorithms used are likely to

have a significant influence on the efficacy of SIC to improve system performance.

Chapter 5 outlined a performance evaluation for a conventional indoor/outdoor DS-

CDMA system (without multiuser detection). The performance evaluation in Chapter 5

was conducted for both the downlink and the uplink. This chapter uses the theory pre-

sented in Chapter 6 to integrate SIC into the system performance estimation testbed

discussed in Chapter 5. As it is likely that multiuser detection will only be implemented

on the uplink of commercial DS-CDMA systems, this chapter evaluates the performance

with SIC receivers for only the uplink.

The scenarios presented in this chapter are the same as those considered in Chapter 5

to give a reliable basis for the comparison between SIC and conventional receivers. Sec-

tion 7.2 discusses the integration of SIC into the system performance testbed outlined in

Chapter 5. Section 7.3 investigates the performance for the various scenarios assuming

conventional (equal) power control. The implications of several uplink power control al-
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gorithms on SIC performance is investigated in Section 7.4. Finally, a summary of the

major findings in this chapter is presented in Section 7.5.

7.2 System performance estimation with SIC

This section describes a modification to the uplink system performance estimation al-

gorithm (outlined in Section 5.2.3.2) to include the implementation of SIC at the base

stations (Section 7.2.1). The efficacy of SIC to improve uplink system performance is

potentially influenced by the uplink power control algorithm used, as discussed in Sec-

tion 6.3.2. Section 7.2.2 presents three uplink power control algorithms investigated in

this chapter and their implementation in the uplink system performance testbed.

7.2.1 Modified uplink system performance estimation algorithm

The modified uplink system performance estimation algorithm is shown in Figure 7.1.

As described in Section 5.2.3.2, this algorithm uses a Monte Carlo analysis to randomly

place mobiles on floors of interest and calculates the mean uplink outage probability after

several thousand iterations (sufficient for accuracy to four decimal places).

The steps in the algorithm are the same as those in Section 5.2.3.2 (for conventional

DS-CDMA systems), except for Step (vi) in which the SIC cancellation process is per-

formed and the SIRs for the various mobiles are calculated.

In Steps (i) to (iv), the mobiles are randomly placed on the floors of interest and the

mean received powers of the mobile signals at the desired base station are calculated. It

should be noted that in calculating the mean received powers of the mobile signals in

Step (iv), one of three power control algorithms may be used. Details of these power

control algorithms are presented in Section 7.2.2.

In Step (v), Rayleigh fading is applied to the signal from each mobile, m, to the desired

base station, bdes, using an exponential distribution. In particular, the instantaneous

received signal strengths, Prbdes
(m) (in units of dBm), are modelled as

Prbdes
(m) = 10 log10 (X) , (7.1)

where the exponential random variable X has the probability density function

pX(x) =
1

µ
exp

(−x
µ

)
. (7.2)

In (7.2), µ is the mean received signal power at the desired base station bdes from the

mobile m in linear units, i.e. µ = 10
Prbdes

(m)

10 .
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(iv) Calculate the mean received power
 at the desired base station from each mobile.

Start

(i) Randomly place K mobiles on each floor
(ii) Determine the mean path losses from each

mobile to each base station in the system.

(iii) For each mobile determine the optimal
base station to which it connects.

(v) Apply Rayleigh fading to the mean
received signals from each mobile to the

desired' base station.

(vi) Perform SIC cancellation process and
calculate the SIR for each received mobile

signal at the desired base station.

(vii) Determine the number of mobiles that
have outages.

(viii) Repeat for I iterations

iterations < I

iterations = I

(ix) Determine mean uplink outage probability
with the implementation of SIC. Finish

Figure 7.1: Uplink system performance estimation algorithm assuming the implementation of
SIC receivers at the base stations.
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In Step (vi), SIC is performed and the SIR for each mobile is calculated. The received

signals of the mobiles connected to the desired base station, bdes, are ranked from the

highest to the lowest instantaneous received power. Assuming that a total of K mobiles

are connected to the desired base station and that the received signals are ranked such

that Prbdes
(1) > Prbdes

(2) > ... > Prbdes
(K), the SIR for the mobile m = j + 1 following

the cancellation process is

SIRj+1 =

√√√√√√
10

Prbdes
(j+1)

10

2α
3N

(∑
K

m=j+2 10
Prbdes

(m)

10 +
∑

j

m=1 εm · 10
Prbdes

(m)

10 +
∑

L

m=K+1 10
Prbdes

(m)

10

) .

(7.3)

In (7.3), the numerator, 10
Prbdes

(j+1)

10 , represents the power of the desired signal from

mobile m = j + 1. The first term in the denominator,
∑

K

m=j+2 10
Prbdes

(m)

10 , is the summa-

tion of the powers of the uncancelled interfering mobile signals, m = j + 2 to m = K,

which are also connected to the desired base station bdes. The second term in the denomi-

nator,
∑

j

m=1 εm ·10
Prbdes

(m)

10 , is a summation of the residual interference from the previous

j cancelled mobiles. The parameters εm represent the fractional residual interference can-

cellation errors for the mobile cancellations and are modelled using zero-mean Gaussian

random variables with a predefined standard deviation σε (as outlined in Chapter 6).

The last term in the denominator,
∑

L

m=K+1 10
Prbdes

(m)

10 , represents the inter-cell interfer-

ence (which is uncancellable) caused by the mobiles represented by the unique identifiers

m = K + 1 to m = L.

In Step (vii), the number of mobiles that have outages on the uplink is calculated by

determining whether the instantaneous SIR for each mobile is below a certain threshold

at which the BER is greater than 0.02.

In Step (viii), the above process (from Steps (i) to (vii)) is repeated for a given number

of iterations (I ) such that the resulting mean uplink outage probability is accurate to four

decimal places.

Finally in Step (ix), the mean uplink outage probability is calculated by dividing the

total number of mobiles having outages by the total number of connections made to the

desired base station in all iterations.

7.2.2 Power control algorithms

The performance of SIC is potentially influenced by the uplink power control algorithm

used. Three power control algorithms have been implemented in the uplink system per-

formance testbed:
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• Conventional power control;

• No power control (fixed mobile transmit power); and

• Optimal power control.

These power control algorithms are used to calculate the mean received powers of the

mobile signals in Step (iv) of the uplink system performance estimation algorithm shown

in Figure 7.1.

Conventional power control

Conventional power control is identical to that implemented in the system performance

estimation algorithm for conventional DS-CDMA systems in Chapter 5. With conven-

tional power control, the mobiles adjust their transmit powers so that their signals are

received with the same mean received strengths at the base station to which they are

connected.

In Step (iv) of Figure 7.1, the mean received power from each mobile at the desired

base station, bdes, is calculated using

P rbdes
(m) = Pdes + PLbcon

(m) − PLbdes
(m), (7.4)

where Pdes is the desired mean received power for the mobile at the base station to which

it is connected, PLbcon
(m) is the mean path loss between the unique mobile m (located

at the three-dimensional coordinates (x, y, z )) and the base station to which the mobile

is connected (bcon). In (7.4), PLbdes
(m) is the mean path loss between the unique mobile

locationm and the desired base station, bdes, for which the performance is being quantified.

No power control (fixed mobile transmit power)

This case considers the absence of power control and therefore assumes that the mobiles

have a fixed transmit power.

In Step (iv) of Figure 7.1, the mean received power from each mobile at the desired

base station, bdes, is calculated using

P rbdes
(m) = Pt − PLbdes

(m), (7.5)

where Pt is the fixed transmit power from the mobile and PLbdes
(m) is the mean path

loss between the unique mobile location m and the desired base station, bdes, for which

the performance is being quantified.
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Optimal power control

The optimal power control algorithm for SIC, presented in Section 6.3.2, attempts to

equalise the mean SIRs for the mobiles’ signals received at the base station. Additionally,

transmit powers are ‘intelligently’ allocated to the mobiles so that levels of inter-cell

interference are minimised. In essence, mobiles close to the base station (that have a low

mean path loss) are allocated lower transmit powers than mobiles further away from the

base station (that have a high mean path loss).

Similar to conventional power control, it is assumed that the mean received powers

of the mobiles’ signals at the base station can be controlled by adjusting the transmit

powers of the mobiles. However, there are variations in the instantaneous received powers

of the mobiles’ signals at the base stations due to short-term fading. The optimal power

control distribution for mobiles connected to a particular base station, bcon, is calculated

using [10, 95, 96, 100, 101]

10
Prbcon

(m)

10 = 10
Prbcon

(m−1)

10 −
(1 − εm−1) ·

(
10

Prbcon
(m−1)

10

)2

Vm−1 + P̂oc
, (7.6)

where Vm is the total remaining multiple-access interference (MAI) for mobile m plus its

own power

Vm =

M∑

i=1

10
Prbcon

(i)

10 −
m−1∑

i=1

(1 − εi) · 10
Prbcon

(i)

10 . (7.7)

In (7.6) and (7.7), the fractional residual interference cancellation error, εm, and the

inter-cell interference, P̂oc, are unknown and have to be estimated. The parameter M

represents the total number of mobiles connected to the base station bcon. Equation (7.6)

cannot be solved analytically and therefore an iterative process is used to determine the

optimal mean received powers for the mobiles, P rbcon
(m). The algorithm used for this

iterative process is presented in [10, 95, 96, 100, 101] and is shown in Figure 7.2. A

variable PT =
∑M

m=1 P rbcon
(m) is introduced to represent the total mean received power

allocation for all mobiles within a cell of interest. The mean received power allocations

for the mobiles are calculated to an arbitrary accuracy, given by a chosen step size ∆ of

0.1 mW.

After the optimal power control distribution has been computed and the powers have

been ‘intelligently’ allocated to the mobiles (to minimise inter-cell interference), the trans-

mit power for each mobile, m, is then calculated using

Pt(m) = P rbcon
(m) + PLbcon

(m), (7.8)
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Figure 7.2: Algorithm for computing the optimal power control distribution [10,95,96,100,101].

where PLbcon
(m) is the mean path loss between the unique mobile m and the base station

to which the mobile is connected (bcon).

Finally, the mean received powers of all the mobile signals at the desired base station

are calculated using

P rbdes
(m) = Pt(m) − PLbdes

(m), (7.9)

where PLbdes
(m) is the mean path loss between the desired base station, bdes, and the

mobile m.

7.3 SIC performance estimation results with conven-

tional uplink power control

This section presents a comprehensive set of performance results for the deployment con-

figurations in the three propagation campaigns assuming SIC receivers at the base sta-

tions. It is assumed throughout this section that conventional uplink power control is

implemented in the system (as was done for the DS-CDMA systems operating without

multiuser detection in Chapter 5). With conventional uplink power control, the mobiles

connected to a particular base station adjust their signal transmit powers so that they are

received at the base station with the same mean received power. However, variations in

the actual, instantaneous received mobile signal strengths occur due to short-term fading.

SIC exploits these variations by ranking the signals in decreasing order of signal strength

and cancelling them sequentially.
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Figure 7.3: Transmitter locations in PM A. N.B. Transmitters I4 and I5 are obscured from view
by the central steel-reinforced concrete core in the Tower Block.

7.3.1 Single floor indoor system coexisting with outdoor system

(PM A)

A three-dimensional diagram showing the transmitter locations in PM A is in Figure 7.3.

The following sections present the uplink performance estimates for the indoor-only sce-

nario (Section 7.3.1.1) and the interfering indoor/outdoor scenario (Section 7.3.1.2) as-

suming SIC receivers at the base stations.

7.3.1.1 Indoor-only scenario

Simple configurations deploying two base stations on a single floor in the Tower Block

of the School of Engineering are shown in Table 7.1. Configurations Ad.x have the base

stations adjacently located within 5 metres of each other. In Configurations Di.x, the

base stations are diagonally opposite each other, while in Configurations Op.x the base

stations are located on opposite sides of the building. Finally Configurations Si.x have

the base stations on the same side of the building but with a longer separation distance

than those in Configurations Ad.x. For simplicity, the central steel-reinforced concrete

core is not shown in the diagrams in Table 7.1, but is a key factor that influences system

performance.

Assuming that there are 20 mobiles in the system, Figure 7.4 is a graph of the mean

uplink outage probabilities for the various deployment configurations in Table 7.1 assum-

ing various standard deviations of the fractional residual interference cancellation error
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Configuration Ad.1 Ad.2 Ad.3 Di.1 Di.2

Layout I2

I1 I2
I3

I5

I4

I3

I4
I1

I6

Configuration Op.1 Op.2 Op.3 Si.1 Si.2

Layout
I1

I5 I3

I5 I2

I5

I1

I3 I6

I4

Table 7.1: Indoor base station deployment configurations in PM A.

(σε). To demonstrate the performance gains attainable with SIC, the graph also shows

the mean of the mean uplink outage probabilities for all the deployment configurations

assuming conventional receivers (i.e. without SIC) at the base stations.

It is evident from Figure 7.4 that the disparities in uplink outage probabilities between

the various configurations operating with SIC are much greater than those observed if

conventional receivers are used at the base station (presented in Chapter 5). If there

is perfect interference cancellation (i.e. σε = 0), the uplink outage probability reduces

by as much as thirty times (in Configuration Op.3) compared to that obtained with

conventional receivers. With the implementation of SIC receivers at the base stations,

the optimal deployment configurations are Op.2 and Op.3. In Chapter 5, it was shown

that these configurations are also optimal for the case where conventional receivers are

implemented.

7.3.1.2 Interfering indoor/outdoor scenario

In this section, it is assumed that outdoor interference is presented to an indoor

system operating with a single base station that has an SIC receiver. The deployment

configurations considered are shown in Table 7.2. In Configurations SSI.1 to SSI.3 the

indoor base station is at the same side of the building from where the outdoor interference

emanates. In Configurations OSI.1 to OSI.3, the indoor base station is at the opposite

side of the building from where the outdoor interference emanates.

Figure 7.5 is a graph showing the mean uplink outage probabilities for indoor mobiles

in the configurations in Table 7.2. This figure also shows the mean of the mean uplink

outage probabilities for the various configurations assuming conventional receivers at the
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Figure 7.4: Graph of the mean uplink outage probability versus the standard deviation of the
fractional residual interference cancellation error (σε) for various indoor deployment
configurations in PM A assuming SIC receivers at the base stations.

Configuration SSI.1 SSI.2 SSI.3

Layout
I1

I2 I3

Configuration OSI.1 OSI.2 OSI.3

Layout
I4 I5 I6

Table 7.2: Interfering indoor/outdoor deployment configurations for which the uplink system
performance is investigated in PM A. N.B. Arrows indicate the origin of uplink
interference from outdoors.
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Figure 7.5: Mean uplink outage probability for mobiles on Level 8 for various interfering in-
door/outdoor configurations (shown in Table 5.4) assuming SIC receivers, 20 mo-
biles per base station and the outdoor interference level shown. The parameter
Poutdoor is the mean power of each of the outdoor interfering mobile signals mea-
sured indoors at one side of the building while Pr is the power controlled mean
received power of the indoor mobiles (at the indoor base station). N.B. The line
labelled (a) represents the mean of the mean uplink outage probabilities assum-
ing the use of conventional receivers and the indoor base station on the same side
of the building from where the outdoor interference emanates. The line labelled
(b) represents the mean of the mean uplink outage probabilities assuming the use
of conventional receivers and the indoor base station on the opposite side of the
building from where the outdoor interference emanates.

base station (detailed in Chapter 5) for two cases: (a) the indoor base station on the same

side of the building from where the outdoor interference emanates and (b) the indoor base

station on the opposite side of the building from where the outdoor interference emanates.

It is assumed that there are 20 mobiles served by each base station and the SIC receiver

at the indoor base station is able to cancel interference perfectly (i.e. σε = 0).

It is evident from Figure 7.5 that more appreciable improvements in uplink system per-

formance are attained for the SSI.x and OSI.x configurations if the outdoor interference

level is lower. As the level of outdoor interference increases, the mean uplink outage prob-

abilities for both the SSI.x and OSI.x configurations (assuming SIC receivers) converge

towards those obtained with conventional receivers. This occurs because the outdoor in-

terference becomes increasingly dominant as its strength increases, thereby diminishing
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Figure 7.6: Transmitter locations in PM B.

any performance gain provided by the SIC receiver (which can only cancel interference

from indoor mobiles).

7.3.2 Multi-floor indoor system coexisting with outdoor system

(PM B)

This section investigates the deployment and performance of base stations in a three-

dimensional configuration inside a building coexisting with an outdoor system. Propa-

gation measurement results from PM B are used and it is assumed that SIC receivers

operate at the base stations. A three-dimensional drawing of the base station locations

in PM B is shown in Figure 7.6.

This section begins by presenting uplink system performance estimation results (as-

suming SIC receivers) for three-dimensional configurations of indoor base stations without

the influence of outdoor interference (indoor-only scenario) in Section 7.3.2.1. Following

this, the influence of outdoor interference on indoor system performance is investigated

(interfering indoor/outdoor scenario) in Section 7.3.2.2.

7.3.2.1 Indoor-only scenario

Possible base station deployment configurations deploying base stations and mobiles

on three levels of the Tower Block are shown in Table 7.3.

In Configurations Aligned 1 and Aligned 2, all the base stations are vertically aligned

with each other while in Configurations Offset 1 and Offset 2 the base stations are
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Config. Aligned 1 Aligned 2 Offset 1 Offset 2

Base Station

Layout ��������I1

I3

I5
Lev 9

Lev 7

Lev 8 ��������I2

I4

I6
Lev 9

Lev 7

Lev 8 ��������I2

I6

I3

Lev 9

Lev 7

Lev 8 ��������I1

I4

I5
Lev 9

Lev 7

Lev 8

Config. Aligned/Offset 1 Aligned/Offset 2 Aligned/Offset 3 Aligned/Offset 4

Base Station

Layout ��������I1

I3

I6
Lev 9

Lev 7

Lev 8 ��������I2

I3

I5
Lev 9

Lev 7

Lev 8 ��������I1

I4

I6
Lev 9

Lev 7

Lev 8 ��������I2

I4

I5
Lev 9

Lev 7

Lev 8

Table 7.3: Front view of indoor base station deployment configurations in PM B (Indoor-only
scenario).

vertically offset from each other. In Configurations Aligned/Offset 1 to Aligned/Offset 4,

one base station is aligned with the base station on Level 8 while the other is vertically

offset from the base station on Level 8.

Figure 7.7 is a graph showing the mean uplink outage probabilities for the various

deployment configurations in Table 7.3 assuming 20 mobiles on each of the three floors and

various standard deviations of the fractional residual interference cancellation error (σε).

It is evident from Figure 7.7 that similar to the observations in PM A, the differences in

the mean uplink outage probabilities for the various deployment configurations are much

greater than those observed for conventional DS-CDMA systems (Chapter 5). This is

because of the increased dominance of inter-cell interference (which varies for the different

deployment configurations) due to the SIC process. An improvement in mean uplink

outage probability by as much as 15 times over the conventional receiver is possible (in

Configurations Aligned 1 and Aligned 2 ). The optimal deployment configurations are

Aligned 1 and Aligned 2, which is the same as those observed for conventional DS-CDMA

systems in Chapter 5.

7.3.2.2 Interfering indoor/outdoor scenario

In this scenario, the system performance on the uplink is estimated assuming that

outdoor interference emanates from one side of the Tower Block. Table 7.4 shows the
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Figure 7.7: Graph of the mean uplink outage probability versus the standard deviation of
the fractional residual interference cancellation error (σε) for the various indoor
deployment configurations in PM B shown in Table 7.3. N.B. This graph assumes
SIC receivers at the base stations.

deployment configurations considered. Figure 7.8 shows the mean uplink outage proba-

bilities for the configurations in Table 7.4 assuming SIC receivers at the base stations.

Also shown on this figure is the mean of the mean uplink outage probabilities for the

various configurations assuming conventional receivers at the base station (detailed in

Chapter 5) for: (a) the indoor base station on Level 8 on the same side of the building

from where the outdoor interference emanates and (b) the indoor base station on Level 8

on the opposite side of the building from where the outdoor interference emanates. It is

assumed that there are 20 mobiles outdoors and on each floor of the building indoors.

Additionally, it is assumed that the SIC receivers at the indoor base stations can cancel

interference perfectly (i.e. σε = 0).

The behaviour observed in Figure 7.8 is similar to that observed for the deployment

configurations considered in PM A (Section 5.4.1.2). For increased outdoor interference,

the mean uplink outage probabilities for the configurations with SIC converges to the

mean uplink outage probabilities attained with conventional receivers. For lower levels of

outdoor interference (e.g. Poutdoor − Pr = 0 dB), there are greater differences in the mean

uplink outage probabilities for the various configurations. This occurs due to dominance

of the indoor inter-cell interference in the various configurations when the outdoor inter-

ference is low. Because there are significant differences in the indoor inter-cell interference
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Config.

Aligned 1

+

OutdoorInt

Aligned 2

+

OutdoorInt

Offset 1

+

OutdoorInt

Offset 2

+

OutdoorInt

Base Station

Layout ��������I5 Lev 9

Lev 7

Lev 8I3

I1 ��������I6 Lev 9

Lev 7

Lev 8I4

I2 ��������I6 Lev 9

Lev 7

Lev 8I3

I2 ��������I5 Lev 9

Lev 7

Lev 8I4

I1

Config.

Aligned/Offset 1

+

OutdoorInt

Aligned/Offset 2

+

OutdoorInt

Aligned/Offset 3

+

OutdoorInt

Aligned/Offset 4

+

OutdoorInt

Base Station

Layout ��������I6 Lev 9

Lev 7

Lev 8I3

I1 ��������I5 Lev 9

Lev 7

Lev 8I3

I2 ��������I6 Lev 9

Lev 7

Lev 8I4

I1 ��������I5 Lev 9

Lev 7

Lev 8I4

I2

Table 7.4: Front view of interfering indoor/outdoor base station configurations considered in
the investigation of uplink system performance in PM B. N.B. Arrows indicate the
origin of uplink interference from outdoors.

for the various configurations, these differences manifest themselves as variations in the

mean uplink outage probabilities.

7.3.3 Coexisting single floor indoor systems in adjacent buildings

(PM C)

This section investigates the deployment and performance of two indoor DS-CDMA sys-

tems operating with SIC receivers in two buildings located adjacent to each other (using

propagation measurement results from PM C). Figure 7.9 is a plan of the locations of the

transmitters deployed in PM C.

This section presents the SIC uplink performance results for the indoor-only scenario

(Section 7.3.3.1) followed by the adjacent interfering scenario (Section 7.3.3.2).

7.3.3.1 Indoor-only scenario

In this scenario, the deployment and performance of simple configurations deploying

two base stations are considered for each of the Science and Functions buildings in PM C,

assuming that there is no external interference presented to each system.
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Figure 7.8: Mean uplink outage probability for mobiles on Level 8 for various interfering in-
door/outdoor configurations (shown in Table 7.4) assuming SIC receivers, 20 mo-
biles per base station and the outdoor interference level shown. The parameter
Poutdoor is the mean power of each of the outdoor interfering mobile signals mea-
sured indoors at one side of the building while Pr is the power controlled mean
received power of the indoor mobiles (at the indoor base station). N. B. The line
labelled (a) represents the mean of the mean uplink outage probabilities assuming
the use of conventional receivers and the indoor base station on Level 8 on the
same side of the building from where the outdoor interference emanates. The line
labelled (b) represents the mean of the mean uplink outage probabilities assuming
the use of conventional receivers and the indoor base station on Level 8 on the
opposite side of the building from where the outdoor interference emanates.

Functions
building

Science
building

F1

F2 F3 F4

F5

S1

S2

S3

S4

S5

20 m

20 m

Figure 7.9: Relative locations of transmitters deployed in the Science and Functions buildings
in PM C.
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Configuration S1S4 S2S5 S2S3

Layout

S1

S4 S2

S5

S2

S3

Configuration S3S4 S1S2 S4S5

Layout
S3

S4

S1

S2 S4

S5

Table 7.5: Simple indoor configurations deploying two base stations in the Science building
(PM C).

Science building

Table 7.5 shows a selection of base station configurations for a system deployed on a single

floor of the Science building. Configurations S1S4 and S2S5 have base stations that are

diagonally opposite to each other. Configurations S2S3 and S3S4 have a single base station

on the centre of the floor and a base station at one corner of the floor. In Configurations

S1S2 and S4S5, the base stations are located on the left and right hand side of the building

respectively. The mobiles are randomly located at positions at which measurements were

made on the same floor as the base stations.

Figure 7.10 is a graph showing the mean uplink outage probabilities for the deployment

configurations in Table 7.5 assuming various standard deviations of the fractional residual

interference cancellation error (σε). The observations made are largely similar to those

made for PM A and PM B in Sections 7.3.1.1 and 7.3.2.1. Firstly, the variations in uplink

outage probabilities between the various configurations are much greater with SIC than

with conventional receivers (investigated in Chapter 5). Secondly, the mean uplink outage

probability decreases by as much as 10 times relative to that attained with conventional

receivers. However, there is no particular relationship between the deployment strategy

used and the mean uplink outage probability attained.

Functions building

A sample of configurations deploying two base stations in the Functions Building are

shown in Table 7.6. These configurations are similar to those investigated for the Science

building. Configurations F1F4 and F2F5 have base stations that are diagonally opposite to

each other. Configurations F2F3 and F3F4 have base stations located on the bottom side
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Figure 7.10: Graph of the mean uplink outage probability versus the standard deviation of
the fractional residual interference cancellation error (σε) for various indoor de-
ployment configurations operating with SIC receivers in the Science building in
PM C.

of the building. In Configurations F1F2 and F4F5, the base stations are located on the

left and right hand side of the building respectively. The mobiles are randomly located

at positions at which measurements were made on the same floor as the base stations.

Figure 7.11 shows the mean uplink outage probabilities for the deployment configura-

tions shown in Table 7.6 assuming various standard deviations of the fractional residual

interference cancellation error (σε). With SIC, the uplink outage probabilities are reduced

by as much as 10 times over the conventional receiver, similar to performance gains ob-

served for the configurations in the Science building. There is however no relationship

observed between the deployment configuration used and the uplink system performance

attained.

7.3.3.2 Interfering adjacent scenario

In this scenario, it is assumed that an indoor DS-CDMA system operating in the

Functions building mutually interferes with another indoor DS-CDMA system operating

in the Science building. Both systems have SIC receivers operating at the base stations. In

such a scenario it is desirable for wireless operators to ‘balance’ the performance of the two
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Configuration F1F4
F2F5 F2F3

Layout
F1

F4 F2

F5
F2 F3

Configuration F3F4 F1F2 F4F5

Layout F3 F4

F1

F2 F4

F5

Table 7.6: Simple indoor configurations deploying two base stations in the Functions building
(PM C).

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
10

−3

10
−2

10
−1

Standard deviation of the fractional residual interference cancellation error, σε

M
ea

n 
up

lin
k 

ou
ta

ge
 p

ro
ba

bi
lit

y

F
1
F

4

F
2
F

5

F
2
F

3

F
3
F

4

F
1
F

2

F
4
F

5

Conventional receiver

Figure 7.11: Graph of the mean uplink outage probability versus the standard deviation of
the fractional residual interference cancellation error (σε) for various indoor de-
ployment configurations operating with SIC receivers in the Functions building in
PM C.
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Configuration F1S1 F3S1 F5S5

Layout

Functions building

Science building

F1

S1

Functions building

Science building

F3

S1

Functions building

Science building

F5

S5

Configuration F1S4 F3S2 F3S3

Layout

Functions building

Science building

F1

S4

Functions building

Science building

F3

S2

Functions building

Science building

F3

S3

Table 7.7: Base station deployment configurations investigating interfering adjacent systems in
PM C.

indoor DS-CDMA systems so that neither system has a significantly worse performance

than the other.

Six simple configurations that deploy one base station in the Functions building and

one base station in the Science building are shown in Table 7.7. This section begins with an

in-depth discussion of the uplink system performance estimates for mobiles in the Science

building (with the use of SIC) . It is shown that the performance of the system operating in

the Science building is heavily dependent on the interference emanating from the Functions

building. The issue of performance ‘balancing’ between the systems operating in the

Science building and Functions building is then investigated by comparing uplink outage

probability estimates for both systems at a fixed interference level. Throughout this

section it is assumed that there are 20 mobiles randomly located in each of the Science

and Functions buildings. Additionally, it is assumed that perfect interference cancellation

is achieved (i.e. σε = 0).

Uplink system performance in Science building assuming SIC receivers

Figure 7.12 is a graph showing the mean uplink outage probabilities for mobiles in the Sci-

ence building, assuming various levels of uplink interference from mobiles in the Functions

building. It is evident that significant differences (as much as three orders-of-magnitude)
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Figure 7.12: Mean uplink outage probabilities for mobiles in the Science building for the ad-
jacent interfering base station configurations shown in Table 7.7 (assuming the
implementation of SIC with perfect cancellation). N.B. Pr(Functions building)
is the power controlled mean received power for mobiles in the Functions build-
ing while Pr(Science building) is the power controlled mean received power for
mobiles in the Science building.

in mean uplink outage probabilities are observed for the various configurations. The op-

timal deployment configurations are F3S2 and F3S3, which is the same as for the case

where conventional receivers are used (investigated in Chapter 5). It should be noted

that in F3S2 and F3S3, no outages are observed if Pr(Functions building) – Pr(Science

building) < 20 dB.

Figure 7.12 does not show the uplink outage probabilities for the various configura-

tions with the implementation of conventional receivers. However, similar to the findings

in PM A and PM B, the uplink performances of the configurations (assuming SIC re-

ceivers) converge towards those attained with conventional receivers for increased levels

of interference emanating from the Functions building.

Uplink system performance balancing between Functions and Science build-

ings

In practice wireless operators will need to ‘balance’ the performance of both systems so

that one system does not have a significant advantage over the other. A ‘snapshot’ of

the mean uplink outage probabilities for the mobiles in both the Functions and Science
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buildings at a given level of interference is shown in Table 7.8 assuming 20 mobiles in

each building. In obtaining the mean uplink outage probabilities for the mobiles in the

Science building it is assumed that the power controlled mean received power (at the base

station) for mobiles in the Functions building is 30 dB greater than that for mobiles in the

Science building. Similarly, in obtaining the mean uplink outage probabilities for mobiles

in the Functions building, it is assumed that the power controlled mean received power

for mobiles in the Science building is 30 dB greater than that for mobiles in the Functions

building.

Table 7.8 shows the mean uplink outage probabilities for mobiles in the buildings

for both conventional receivers and SIC receivers. It is evident that while significant

performance gains are achieved with SIC receivers in the Science building, little or no

performance gains are achieved with SIC receivers in the Functions building. This is due

to the higher transmit powers of the mobiles in the Science building than the Functions

building. While the relative mean received powers at the base stations in both buildings

are the same, the larger area of the Science building and the presence of internal partitions

cause the mobiles in the Science building to transmit with a higher power than those in

the Functions building. Therefore, the interference presented from the Science building to

the Functions building is actually greater than that presented from the Functions building

to the Science building.

Considering the performance for mobiles in the Science building, it is evident that

Configuration F1S1 has very little improvement in the mean uplink outage probabilities

with the use of SIC receivers, while the other configurations have far more significant

improvements (reducing the mean uplink outage probabilities by as much as 34 times in

Configuration F3S3). The lack of performance gain for mobiles in the Science building

in F1S1 is largely due to the dominance of the uncancellable interference emanating from

the Functions building. This, in turn, is caused by the relative locations of the base

stations in the Functions and Science building; in Configuration F1S1, the transmitter in

the Functions building (F1) is located at the side of the Functions building furthest from

the Science building. Therefore mobiles in the Functions building that are closest to the

Science building have high transmit powers, thereby presenting a high level of interference

to the system in the Science building.

7.4 Implications of uplink power control algorithms

Section 7.3 considered the influence of SIC on the uplink system performance of a variety of

system deployment configurations. It was assumed that conventional uplink power control

was implemented in the system – i.e. mobiles adjust their transmit powers so that their

signals are received with the same mean received powers at the base station to which they
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Config. F1S1 F3S1 F5S5 F1S4 F3S2 F3S3

Layout

Functions building

Science building

F1

S1

Functions building

Science building

F3

S1

Functions building

Science building

F5

S5

Functions building

Science building

F1

S4

Functions building

Science building

F3

S2

Functions building

Science building

F3

S3

Functions building

Uplink

outage

prob.

(Conv.)

0.126 0.762 0.122 0.508 0.985 0.905

Uplink

outage

prob.

(SIC )

0.097 0.756 0.092 0.492 0.985 0.902

Science building

Uplink

outage

prob.

(Conv.)

0.361 0.070 0.047 0.037 0.033 0.034

Uplink

outage

prob.

(SIC )

0.341 0.038 0.014 0.004 0.001 0.001

Table 7.8: Comparison of mean uplink outage probabilities for interfering adjacent indoor DS-
CDMA systems assuming conventional receivers and SIC receivers (perfect cancel-
lation).
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Config. Aligned Offset

Base Station

Layout ��������I1

I3

I5
Lev 9

Lev 7

Lev 8 ��������I2

I6

I3

Lev 9

Lev 7

Lev 8

Table 7.9: Front view of two indoor base station deployment configurations in PM B (Indoor-
only scenario).

are connected. However, in Sections 6.3.2 and 7.2.2, it was shown that conventional uplink

power control is likely to be suboptimal for implementation with SIC. For this reason an

optimal power control algorithm (derived in [10,95,96,100,101]) was implemented in the

uplink system performance testbed, as was outlined in Section 7.2.2.

The purpose of this section is to demonstrate the implications of three uplink power

control algorithms (introduced in Section 7.2.2) on the efficacy of SIC to yield performance

gains. This investigation is performed for simple indoor-only deployment configurations

from the propagation measurement campaign PM B.

7.4.1 Indoor-only scenario – PM B

This section evaluates the influence of uplink power control algorithms on the efficacy

of SIC to improve the performance of two simple indoor deployment configurations in

PM B. The configurations studied are the Aligned and Offset configurations shown in

Table 7.9.

Figure 7.13 is a graph of the mean uplink outage probabilities for the Aligned and

Offset deployment configurations shown in Table 7.9. This graph shows the mean uplink

outage probabilities for a variety of receivers and power control algorithms. For the cases

in which an SIC receiver is implemented at the base stations, it is assumed that perfect

cancellation (i.e. σε = 0) is achieved. The three uplink power control algorithms consid-

ered are conventional power control (PC), no PC and optimal PC (details of which are

outlined in Section 7.2.2). For the optimal PC algorithm it is assumed that the estimate

of the inter-cell interference (P̂oc), necessary for deriving the power control distribution, is

made such that optimal system performance is achieved. This involves running the uplink

system performance estimation algorithm for a variety of estimates (i.e. predictions) of

inter-cell interference and determining the optimal uplink system performance attained.
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Figure 7.13: Mean uplink outage probabilities for various power control algorithms and re-
ceivers at the base stations for the deployment configurations shown in Table 7.9
(PM B). N.B. The SIC receivers are assumed to have perfect cancellation (i.e.
σε = 0).

As perfect cancellation is assumed, the estimate of the fractional residual interference

cancellation error is assumed to be ε̂ = 0.

It is evident from Figure 7.13 that mid-range performance levels are achieved if con-

ventional receivers are used at the base station together with conventional PC. If SIC

is implemented with no PC, the performance of the Aligned configuration is degraded

to the extent that it performs the worst of any of the configurations, while the Offset

configuration actually has marginally better performance than if conventional receivers

are used.

Figure 7.13 shows that there is no significant benefit to be gained if the optimal PC

algorithm is used instead of the conventional PC algorithm. However, the uplink system

performance appears to be less sensitive to the deployment strategy if the optimal PC

algorithm is used (i.e. both the deployment strategies have very similar performance lev-

els). Further analysis of the optimal PC algorithm shows that the mean received power

allocations for the strongest and weakest mobiles typically differ by approximately 11 dB.

Short-term fading causes variations in signal strength by as much as 30 to 40 dB, and is

therefore likely to have a more dominant impact on system performance than the rela-

tively small adjustments made to the mean received power by the optimal PC algorithm.

Additionally, as it is necessary to make fixed estimates of the inter-cell interference to



164 Successive interference cancellation in indoor/outdoor DS-CDMA systems

obtain the optimal PC distribution, this causes inherent inaccuracies in the optimal PC

distribution obtained. These inaccuracies occur because there are instantaneous varia-

tions in the levels of inter-cell interference (caused by fading), whereas the estimates of

inter-cell interference need to be fixed in order to obtain the optimal PC distribution.

Although the optimal PC algorithm ‘intelligently’ allocates transmit powers to mo-

biles so that levels of inter-cell interference are minimised, only marginal improvements

in the F -factors are obtained if conventional PC is used. For example, in the Aligned

configuration the F -factor is 0.92 with conventional PC and 0.95 with optimal PC. This

marginal increase in the F -factor does not cause any significant improvements in uplink

system performance.

It is evident that with the implementation of SIC, the optimal power control algorithm

provides similar performance to the conventional power control algorithm. If no power

control is implemented (i.e. fixed mobile transmit powers), there are significant differences

between the uplink outage probabilities attained and those attained with the conventional

power control algorithm. For example, the Offset configuration actually outperforms

the Aligned configuration if no power control is used, whereas the Aligned configuration

outperforms the Offset configuration if conventional power control is used.

It should be noted that the implementation of spatial diversity at the base stations is

likely to reduce the variations in received signal strength significantly (eliminating small-

scale fading to a great extent). In such a situation, the adjustments made by the optimal

PC algorithm will have a more dominant influence on the optimal deployment strategy.

Note that for the BER threshold considered in this thesis, there are no outages in any of

the deployment configurations (with conventional or SIC receivers) if small-scale fading

is removed completely.

7.5 Summary

This chapter has investigated the implications of SIC on the deployment and performance

of indoor/outdoor DS-CDMA systems using a variety of deployment configurations from

three propagation measurement campaigns outlined in Chapter 4. The uplink system

performance algorithm outlined in Chapter 5 was modified to include the implementation

of SIC receivers at the base stations. Additionally, due to the potential influence of

power control on the efficacy of SIC to improve uplink system performance, three different

power control algorithms were implemented in the uplink system performance estimation

testbed: conventional power control, no power control and optimal power control.

The uplink system performance estimates have shown that the implementation of SIC

receivers at the base stations have the potential to reduce uplink outage probabilities by

orders-of-magnitude (as much as thirty times). Assuming the implementation of con-
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ventional power control, it has been shown that the optimal deployment configurations

with the implementation of SIC receivers are similar to those with the implementation of

conventional receivers. However, there are increased differences between the uplink out-

age probabilities of the various configurations with the implementation of SIC receivers.

This is caused by the dominance of inter-cell interference (after interference cancellation),

which varies significantly among the different deployment configurations.

For the case of indoor DS-CDMA systems presented with outdoor interference, it has

been shown that with increased outdoor interference the uplink outage probabilities with

SIC receivers converge to those attained with conventional receivers. This is due to the

increased dominance of the uncancellable outdoor interference as its strength increases.

In interfering DS-CDMA systems located in adjacent buildings, the improvements in

uplink outage probabilities due to the implementation of SIC receivers are highly de-

pendent on both the relative locations of the base stations and the levels of interference

presented from one building to the other. The uplink interference level presented from

one building to the other is strongly related to the transmit powers of the mobiles, which

are influenced by the distance to the base station – if there is a greater floor area, it is

likely that mobiles will need to transmit at a higher power and therefore a higher uplink

interference is presented to an adjacent building.

An investigation was conducted to determine the influence of power control algorithms

on the efficacy of SIC to improve the uplink performance of two simple three-dimensional

indoor system configurations. This investigation revealed that the optimal power control

algorithm (developed in [10, 95, 96, 100, 101]) yields a similar uplink performance to the

conventional power control algorithm.
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Chapter 8

Parallel interference cancellation in

indoor/outdoor DS-CDMA systems

8.1 Introduction

Chapter 7 investigated the implementation of successive interference cancellation (SIC)

to improve the performance of indoor/outdoor DS-CDMA systems. It was assumed that

intra-cell interference on the uplink is cancelled at the base station in decreasing order of

the received signal strengths of the mobiles. It was shown that SIC has significant implica-

tions on the design of indoor/outdoor DS-CDMA systems and that its ability to improve

uplink system performance is interrelated with the uplink power control algorithm, the

deployment strategy and levels of interference.

This chapter investigates the impact of cancelling the uplink interference presented

by the mobiles in parallel – also known as parallel interference cancellation (PIC). In

Chapter 6 a simple technique for evaluating uplink system performance assuming PIC

receivers was presented. This technique has been implemented in the system performance

estimation testbed, outlined in Section 8.2. The uplink system performance results for

various indoor/outdoor DS-CDMA system deployment scenarios with PIC are presented

in Section 8.3. To provide a basis for comparison with conventional and SIC receivers, the

scenarios considered are the same as those in Chapters 5 and 7. A comparison between

PIC and SIC is presented in Section 8.4. Finally, Section 8.5 summarises this chapter.

8.2 System performance estimation with PIC

This section describes a modification to the uplink system performance estimation al-

gorithm outlined in Section 5.2.3.2 so that uplink outage probabilities can be estimated

assuming the implementation of PIC at the base stations. The modified uplink system

167
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performance estimation algorithm is shown in Figure 8.1. As described in Section 5.2.3.2,

this algorithm uses a Monte Carlo analysis to randomly place mobiles on floors of inter-

est and calculates the mean uplink outage probability after several thousand iterations

(sufficient for accuracy to four decimal places).

The steps in the algorithm are the same as those in Section 5.2.3.2 (for conventional

DS-CDMA systems), except for Step (vi) in which the PIC cancellation process is per-

formed and the SIRs for the various mobiles are calculated.

In Steps (i) to (iv), the mobiles are randomly placed on the floors of interest and the

mean received powers of the mobile signals at the desired base station are calculated. It

should be noted that in Step (iv) conventional power control is used, as this has been

shown to be optimal for PIC implementation [94].

In Step (v), Rayleigh fading is applied to the signal from each mobile, m, to the desired

base station, bdes, using an exponential distribution. In particular, the instantaneous

received signal strengths, Prbdes
(m) (in units of dBm), are modelled as

Prbdes
(m) = 10 log10 (X) , (8.1)

where the exponential random variable X has the probability density function

pX(x) =
1

µ
exp

(−x
µ

)
. (8.2)

In (8.2), µ is the mean received signal power at the desired base station bdes from the

mobile m in linear units, i.e. µ = 10
Prbdes

(m)

10 .

In Step (vi), the PIC cancellation process is performed and the SIR for each mobile is

calculated. The SIR for the kth mobile at the sth stage of the PIC receiver is

SIR
(s)
k =

√√√√√√
10

Prbdes
(k)

10

2α
3N

(∑
K

m=1,m6=k ε
(s)
m 10

Prbdes
(m)

10 +
∑

L

m=K+1 ε
(s)
m 10

Prbdes
(m)

10

) , (8.3)

where the numerator, 10
Prbdes

(k)

10 , represents the power of the desired signal from mobile k.

The term
∑

K

m=1,m6=k ε
(s)
m 10

Prbdes
(m)

10 is the summation of the residual interference from the

cancellations of the other K − 1 mobiles connected to the desired base station bdes. The

summation of the inter-cell interference from mobiles m = K + 1 to m = L is given by

the term
∑

L

m=K+1 ε
(s)
m 10

Prbdes
(m)

10 . The parameters ε
(s)
m represent the fractional residual

interference errors for the cancellations of each mobile i at the sth stage of the PIC

receiver. At the conventional receiver stage (s = 1), ε
(1)
m = 1 as no interference is cancelled.

For subsequent stages (s ≥ 2), the fractional residual interference cancellation errors ε
(s)
m
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(iv) Calculate the mean received power
 at the desired base station from each mobile.

Start

(i) Randomly place K mobiles on each floor
(ii) Determine the mean path losses from each

mobile to each base station in the system.

(iii) For each mobile determine the optimal
base station to which it connects.

(v) Apply Rayleigh fading to the mean
received signals from each mobile to the

desired base station.

(vi) Perform PIC cancellation process and
calculate the SIR for each received mobile

signal at the desired base station.

(vii) Determine the number of mobiles that
have outages.

(viii) Repeat for I iterations

iterations < I

iterations = I

(ix) Determine mean uplink outage probability
with the implementation of PIC. Finish

Figure 8.1: Uplink system performance estimation algorithm assuming the implementation of
PIC receivers at base stations.
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are modelled using zero-mean Gaussian random variables with a predefined standard

deviation σε (as discussed in Section 6.4).

In Step (vii), the number of mobiles that have outages on the uplink is calculated by

determining whether the instantaneous SIR for each mobile is below a certain threshold

at which the BER is 0.02.

In Step (viii), the above process (from Steps (i) to (vii)) is repeated for a sufficient

number of iterations (I ) such that the resulting mean uplink outage probability is accurate

to four decimal places.

Finally in Step (ix), the mean uplink outage probability is calculated by dividing the

total number of mobiles having outages by the total number of connections made to the

desired base station in all iterations.

8.3 PIC performance estimation results

This section presents a comprehensive set of performance results for the deployment con-

figurations in the three propagation campaigns assuming PIC receivers at the base sta-

tions. It is assumed throughout this section that conventional uplink power control is

implemented in the system (as was done for the DS-CDMA systems operating without

multiuser detection in Chapter 5). With conventional uplink power control, the mobiles

connected to a particular base station adjust their signal transmit powers so that they are

received at the base station with the same mean received power. However, variations in

the actual, instantaneous received mobile signal strengths occur due to short-term fading.

8.3.1 Single floor indoor system coexisting with outdoor system

(PM A)

A three-dimensional diagram showing the transmitter locations in PM A is in Figure 8.2.

The following sections present the uplink performance estimates for the indoor-only sce-

nario (Section 8.3.1.1) and the interfering indoor/outdoor scenario (Section 8.3.1.2) as-

suming PIC receivers at the base stations.

8.3.1.1 Indoor-only scenario

Simple configurations deploying two base stations on a single floor in the Tower Block

of the School of Engineering are shown in Table 8.1. Configurations Ad.x have the base

stations adjacently located within five metres of each other. In Configurations Di.x, the

base stations are diagonally opposite each other, while in Configurations Op.x the base
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I1

Library Block

Tower Block

Lecture Theatre
Block

I2 I3
I6

O1
O2

O3

O4

O5

O6

Level 9
Level 8
Level 7

Figure 8.2: Transmitter locations in PM A. N.B. Transmitters I4 and I5 are obscured from view
by the central steel-reinforced concrete core in the Tower Block.

stations are located at opposite sides of the building. Finally Configurations Si.x have

the base stations on the same side of the building but with a longer separation distance

than those in Configurations Ad.x. For simplicity, the central steel-reinforced concrete

core is not shown in the diagrams in Table 8.1, but is a key factor that influences system

performance.

To demonstrate the influence of the number of PIC receiver stages on uplink system

performance, Figure 8.3 is a graph of the mean uplink outage probabilities at various

stages of the PIC receiver assuming Configuration Ad.1. For simplicity, it is assumed

that the standard deviation of the fractional residual interference cancellation error for

each mobile at each stage of the PIC receiver is σε = 0.22. Also shown on the graph are

the uplink outage probabilities if perfect PIC is performed (i.e. σε = 0), which represents

the best attainable uplink performance with PIC (as intra-cell interference is completely

cancelled).

In Figure 8.3, the uplink outage probabilities at Stage 1 are the same as those obtained

at the output of the conventional receiver (i.e. no interference cancellation). It is evident

that the uplink performance improves with a greater number of stages of the PIC receiver,

but the incremental performance gain at each stage reduces. For example, assuming

20 mobiles on the floor in Configuration Op.3, the uplink outage probabilities decrease

by a magnitude of five times from Stage 1 to Stage 2, whereas a decrease by a magnitude

of 2.5 times is observed from Stage 2 to Stage 3. By Stage 3 of the PIC receiver, the

majority of the maximum attainable uplink performance gain is achieved.

Assuming that perfect PIC is performed (i.e. σε = 0), Figure 8.4 is a graph show-

ing the mean uplink outage probabilities for the various deployment configurations in
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Configuration Ad.1 Ad.2 Ad.3 Di.1 Di.2

Layout I2

I1 I2
I3

I5

I4

I3

I4
I1

I6

Configuration Op.1 Op.2 Op.3 Si.1 Si.2

Layout
I1

I5 I3

I5 I2

I5

I1

I3 I6

I4

Table 8.1: Indoor base station deployment configurations in PM A.

Table 8.1. The graph also shows the mean of the mean uplink outage probabilities for

all the deployment configurations assuming conventional receivers (i.e. without PIC) at

the base stations. The findings are similar to those observed with the implementation

of SIC in Chapter 7. The disparities in uplink outage probabilities between the various

configurations operating with PIC are much greater than those observed if conventional

receivers are used at the base station (presented in Chapter 5). The uplink performance

gain with perfect PIC is strongly dependent on the deployment configuration. The low-

est performance gain is achieved in the adjacent configurations Ad.x, while the highest

performance gains are achieved in Configurations Op.2 and Op.3.

8.3.1.2 Interfering indoor/outdoor scenario

In this section, it is assumed that outdoor interference is presented to an indoor

system operating with a single base station that has an SIC receiver. The deployment

configurations considered are shown in Table 8.2. In Configurations SSI.1 to SSI.3 the

indoor base station is on the same side of the building from where the outdoor interference

emanates. In Configurations OSI.1 to OSI.3, the indoor base station is on the opposite

side of the building from where the outdoor interference emanates.

A graph of the mean uplink outage probabilities for the indoor mobiles in the config-

urations in Table 8.2 is shown in Figure 8.5. This figure also shows the mean of the mean

uplink outage probabilities for the various configurations assuming conventional receivers

at the base station for two cases: (a) the indoor base station on the same side of the

building from where the outdoor interference emanates and (b) the indoor base station

on the opposite side of the building from where the outdoor interference emanates. It is
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Figure 8.3: Graph of the mean uplink outage probability versus the number of mobiles at
various stages of the PIC receiver assuming Configuration Ad.1 in PM A (Ta-
ble 8.1). N.B. It is assumed that σε = 0.22.
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Figure 8.4: Graph of the mean uplink outage probability versus the number of mobiles for the
indoor configurations in PM A (Table 8.1). N.B. It is assumed that PIC receivers
with perfect cancellation are implemented at the base stations (i.e. σε = 0).
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Configuration SSI.1 SSI.2 SSI.3

Layout
I1

I2 I3

Configuration OSI.1 OSI.2 OSI.3

Layout
I4 I5 I6

Table 8.2: Interfering indoor/outdoor deployment configurations for which the uplink system
performance is investigated in PM A. N.B. Arrows indicate the origin of uplink
interference from outdoors.

assumed that there are 20 mobiles served by each base station and the PIC receiver at

the indoor base station is able to completely cancel intra-cell interference (i.e. σε = 0).

The trends observed for the configurations assuming PIC receivers in Figure 8.5 are

identical to the those observed assuming SIC receivers in Chapter 7. Firstly, the uplink

outage probabilities are approximately an order-of-magnitude lower if the indoor base

station is located on the opposite side of the building from where the outdoor interference

emanates than if it is located on the same side of the building from where the outdoor in-

terference emanates. With increased outdoor interference, the uplink performance gains

attainable with PIC are reduced to the extent that the uplink performance with PIC

converges to that obtained with the conventional receiver. This occurs because the out-

door interference is uncancellable and therefore has a more dominant influence on system

performance if it is stronger.

8.3.2 Multi-floor indoor system coexisting with outdoor system

(PM B)

This section investigates the deployment and performance of base stations in a three-

dimensional configuration inside a building coexisting with an outdoor system. Propa-

gation measurement results from PM B are used and it is assumed that PIC receivers

are implemented at the base stations. A three-dimensional drawing of the base station

locations in PM B is shown in Figure 8.6.

This section begins by presenting uplink system performance estimation results (with

SIC) for three-dimensional configurations of indoor base stations without the influence

of outdoor interference (indoor-only scenario) in Section 8.3.2.1. Following this, the in-
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Figure 8.5: Mean uplink outage probability for mobiles on Level 8 for various interfering in-
door/outdoor configurations (shown in Table 8.2) assuming PIC receivers, 20 mo-
biles per base station and the outdoor interference level shown. The parameter
Poutdoor is the mean power of each of the outdoor interfering mobile signals mea-
sured at one side of the building while Pr is the power controlled mean received
power of the indoor mobiles (at the indoor base station). N.B. The line labelled (a)
represents the mean of the mean uplink outage probabilities assuming the use of
conventional receivers and the indoor base station on the same side of the building
from where the outdoor interference emanates. The line labelled (b) represents the
mean of the mean uplink outage probabilities assuming the use of conventional re-
ceivers and the indoor base station on the opposite side of the building from where
the outdoor interference emanates.
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I6
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O6

Level 7

Level 8

Level 9

Tower Block

Library Block

Figure 8.6: Transmitter locations in PM B.

fluence of outdoor interference on indoor system performance is investigated (interfering

indoor/outdoor scenario) in Section 8.3.2.2.

8.3.2.1 Indoor-only scenario

Possible base station deployment configurations deploying base stations and mobiles

on three levels of the Tower Block are shown in Table 8.3.

In Configurations Aligned 1 and Aligned 2, all the base stations are vertically aligned

with each other while in Configurations Offset 1 and Offset 2 the base stations are

vertically offset from each other. In Configurations Aligned/Offset 1 to Aligned/Offset 4,

one base station is aligned with the base station on Level 8 while the other is vertically

offset from the base station on Level 8.

Figure 8.7 is a graph showing the mean uplink outage probabilities at various stages of

the PIC receiver for mobiles on Level 8 of the Tower Block in Configuration Aligned 1. It

is assumed that the standard deviation of the fractional residual interference cancellation

error is σε = 0.22. Also shown on this graph are the uplink outage probabilities assuming

perfect PIC (i.e. σε = 0), which represents the best attainable uplink system performance

with PIC (as all intra-cell interference is cancelled). It is evident from Figure 8.7 that

similar to the observations in PM A, the maximum performance gain is achieved from

Stage 1 to Stage 2 of the PIC receiver. At each subsequent stage of the PIC receiver, the

incremental performance gain is less than the previous stage of the PIC receiver.

Figure 8.8 compares the uplink outage probabilities for the various deployment con-

figurations in Table 8.3 assuming perfect PIC receivers at the base stations (i.e. σε =
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Config. Aligned 1 Aligned 2 Offset 1 Offset 2

Base Station

Layout ��������I1

I3

I5
Lev 9

Lev 7

Lev 8 ��������I2

I4

I6
Lev 9

Lev 7

Lev 8 ��������I2

I6

I3

Lev 9

Lev 7

Lev 8 ��������I1

I4

I5
Lev 9

Lev 7

Lev 8

Config. Aligned/Offset 1 Aligned/Offset 2 Aligned/Offset 3 Aligned/Offset 4

Base Station

Layout ��������I1

I3

I6
Lev 9

Lev 7

Lev 8 ��������I2

I3

I5
Lev 9

Lev 7

Lev 8 ��������I1

I4

I6
Lev 9

Lev 7

Lev 8 ��������I2

I4

I5
Lev 9

Lev 7

Lev 8

Table 8.3: Front view of indoor base station deployment configurations in PM B (Indoor-only
scenario).

0). Clearly the aligned deployment configurations yield the optimal uplink performance

with PIC receivers, while the aligned/offset configurations and offset deployment config-

urations yield similar uplink performances.

8.3.2.2 Interfering indoor/outdoor scenario

In this scenario, the system performance on the uplink is estimated for the various

configurations shown in Table 8.4 assuming that outdoor interference emanates from one

side of the Tower Block. Figure 8.9 shows the mean uplink outage probabilities for the

configurations in Table 8.4 assuming PIC receivers at the base stations. Also shown on this

figure is the mean of the mean uplink outage probabilities for the various configurations

assuming conventional receivers at the base station (detailed in Chapter 5) for: (a) the

indoor base station on Level 8 on the same side of the building from where the outdoor

interference emanates and (b) the indoor base station on Level 8 on the opposite side

of the building from where the outdoor interference emanates. It is assumed that there

are 20 mobiles outdoors and on each floor of the building indoors. Additionally, it is

assumed that the PIC receivers at the indoor base stations cancel intra-cell interference

perfectly (i.e. σε = 0).

The uplink outage probabilities attained assuming PIC receivers in Figure 8.9 are

similar to those attained assuming SIC receivers in Chapter 7. Clearly, for lower levels of
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Figure 8.7: Graph of the mean uplink outage probability versus the number of mobiles at
various stages of the PIC receiver assuming indoor Configuration Aligned 1 in
PM B (Table 8.3). N.B. It is assumed that σε = 0.22.
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with perfect cancellation are implemented at the base stations (i.e. σε = 0).
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Config.

Aligned 1

+

OutdoorInt

Aligned 2

+

OutdoorInt

Offset 1

+

OutdoorInt

Offset 2

+

OutdoorInt

Base Station

Layout ��������I5 Lev 9

Lev 7

Lev 8I3

I1 ��������I6 Lev 9

Lev 7

Lev 8I4

I2 ��������I6 Lev 9

Lev 7

Lev 8I3

I2 ��������I5 Lev 9

Lev 7

Lev 8I4

I1

Config.

Aligned/Offset 1

+

OutdoorInt

Aligned/Offset 2

+

OutdoorInt

Aligned/Offset 3

+

OutdoorInt

Aligned/Offset 4

+

OutdoorInt

Base Station

Layout ��������I6 Lev 9

Lev 7

Lev 8I3

I1 ��������I5 Lev 9

Lev 7

Lev 8I3

I2 ��������I6 Lev 9

Lev 7

Lev 8I4

I1 ��������I5 Lev 9

Lev 7

Lev 8I4

I2

Table 8.4: Front view of interfering indoor/outdoor base station configurations considered in
the investigation of uplink system performance in PM B. N.B. Arrows indicate the
origin of uplink interference from outdoors.

outdoor interference, there are greater differences in the uplink performances of the various

configurations. With increased outdoor interference, the uplink performance converges to

that obtained assuming conventional receivers at the base stations. For higher levels of

interference, better uplink system performance is achieved if the indoor base station on

the desired floor is further away from the side of the building from where the outdoor

interference emanates.

8.3.3 Coexisting single floor indoor systems in adjacent buildings

(PM C)

This section investigates the deployment and performance of two interfering indoor DS-

CDMA systems operating with PIC receivers in two buildings located adjacent to each

other (using propagation measurement results from PM C). Figure 8.10 is a plan of the

locations of the transmitters deployed in PM C.

This section presents the uplink system performance results assuming PIC receivers

at the base stations for the indoor-only scenario (Section 8.3.3.1) followed by the adjacent

interfering scenario (Section 8.3.3.2).
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Figure 8.9: Mean uplink outage probability for mobiles on Level 8 for various interfering in-
door/outdoor configurations (shown in Table 8.4) assuming PIC receivers, 20 mo-
biles per base station and the outdoor interference level shown. The parameter
Poutdoor is the mean power of each of the outdoor interfering mobile signals mea-
sured at one side of the building while Pr is the power controlled mean received
power of the indoor mobiles (at the indoor base station). N.B. The line labelled (a)
represents the mean of the mean uplink outage probabilities assuming the use of
conventional receivers and the indoor base station on Level 8 on the same side of
the building from where the outdoor interference emanates. The line labelled (b)
represents the mean of the mean uplink outage probabilities assuming the use of
conventional receivers and the indoor base station on Level 8 on the opposite side
of the building from where the outdoor interference emanates.
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Figure 8.10: Relative locations of transmitters deployed in the Science and Functions buildings
in PM C.
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Configuration S1S4 S2S5 S2S3

Layout

S1

S4 S2

S5

S2

S3

Configuration S3S4 S1S2 S4S5

Layout
S3

S4

S1

S2 S4

S5

Table 8.5: Simple indoor configurations deploying two base stations in the Science building
(PM C).

8.3.3.1 Indoor-only scenario

In this scenario, the deployment and performance of simple configurations deploying

two base stations are considered for each of the Science and Functions buildings in PM C,

assuming that there is no external interference presented to the system.

Science building

Table 8.5 shows a selection of base station configurations for a system deployed on a

single floor of the Science building. Configurations S1S4 and S2S5 have base stations

that are diagonally opposite to each other. Configurations S2S3 and S3S4 have a single

base station on the centre of the floor and a base station at one corner of the floor. In

Configurations S1S2 and S4S5, the base stations are located near the left and right hand

side of the building respectively. The mobiles are randomly located at positions at which

measurements were made on the same floor as the base stations.

A graph of the mean uplink outage probabilities for Configuration S1S4 (shown in

Table 8.5) at various stages of the PIC receiver is shown in Figure 8.11. It is assumed

that the standard deviation of the fractional residual interference cancellation error at

each stage of the PIC receiver is σε = 0.22. The observations made are very similar to

those made for PM A and PM B in Sections 8.3.1.1 and 8.3.2.1. The majority of the

uplink performance gains are achieved at the first two cancellation stages (i.e. Stages 2

and 3) of the PIC receiver. A graph of the mean uplink outage probabilities for the

various configurations in Table 8.5 is shown in Figure 8.12. This graph assumes perfect

PIC receivers (i.e. σε = 0). Although there are differences in the mean uplink outage
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Figure 8.11: Graph of the mean uplink outage probability versus the number of mobiles at
various stages of the PIC receiver assuming Configuration S1S4 operating in the
Science building in PM C. N.B. it is assumed that σε = 0.22.

probabilities yielded by the various configurations, there is no particular relationship

between the deployment strategy used and the mean uplink outage probability attained

using PIC receivers.

Functions building

A sample of configurations deploying two base stations in the Functions Building is shown

in Table 8.6. These configurations are similar to those investigated for the Science build-

ing. Configurations F1F4 and F2F5 have base stations that are diagonally opposite to

each other. Configurations F2F3 and F3F4 have base stations located at the lower side

of the building. In Configurations F1F2 and F4F5, the base stations are located on the

left and right hand side of the building respectively. The mobiles are randomly located

at positions at which measurements were made on the same floor as the base stations.

Figure 8.13 shows the mean uplink outage probabilities for Configuration F1F4 at

various stages of the PIC receiver, assuming that the standard deviation of the fractional

residual interference cancellation error at each stage is σε = 0.22. Also shown on this

graph are the uplink outage probabilities assuming perfect PIC receivers (i.e. σε = 0).

Clearly the majority of the uplink performance gain is attained at Stage 2 and Stage 3 of
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Figure 8.12: Graph of the mean uplink outage probability versus the number of mobiles for the
configurations in the Science building in PM C (Table 8.5). N.B. It is assumed
that PIC receivers with perfect cancellation are implemented at the base stations
(i.e. σε = 0).

Configuration F1F4
F2F5 F2F3

Layout
F1

F4 F2

F5
F2 F3

Configuration F3F4 F1F2 F4F5

Layout F3 F4

F1

F2 F4

F5

Table 8.6: Simple indoor configurations deploying two base stations in the Functions building
(PM C).
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Figure 8.13: Graph of the mean uplink outage probability versus the number of mobiles at
various stages of the PIC receiver assuming Configuration F1F4 operating in the
Functions building in PM C. N.B. It is assumed that σε = 0.22.

the PIC receiver. Very little additional performance gain is achieved beyond Stage 3 of

the PIC receiver.

Assuming perfect PIC receivers (i.e. σε = 0), the uplink outage probabilities for the

various configurations in Table 8.6 are shown in Figure 8.14. Also shown on this graph is

the mean of the mean uplink outage probabilities for the configurations assuming conven-

tional receivers at the base stations. Clearly there are variations in the performance gains

attained for the various configurations, but there is no particular relationship observed

between the deployment configuration and the uplink system performance attained.

8.3.3.2 Interfering adjacent scenario

In this scenario, it is assumed that an indoor DS-CDMA system operating in the

Functions building mutually interferes with another indoor DS-CDMA system operating

in the Science building. Both systems have PIC receivers operating at the base stations. In

such a scenario it is desirable for wireless operators to ‘balance’ the performance of the two

indoor DS-CDMA systems so that neither system has a significantly worse performance

than the other.
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Figure 8.14: Graph of the mean uplink outage probability versus the number of mobiles for the
configurations in the Functions building in PM C (Table 8.6). N.B. It is assumed
that PIC receivers with perfect cancellation are implemented at the base stations
(i.e. σε = 0).

Six simple configurations that deploy one base station in the Functions building and

one base station in the Science building are shown in Table 8.7. This section begins

with an in-depth discussion of the uplink system performance estimates for mobiles in the

Science building assuming PIC receivers at the base stations. The issue of performance

‘balancing’ between the systems operating in the Science building and Functions building

is then investigated by comparing uplink outage probability estimates for both systems

at a fixed interference level. Throughout this section it is assumed that there are 20

mobiles randomly located in each of the Science and Functions building. Additionally, it

is assumed that perfect interference cancellation is achieved and for this reason intra-cell

interference is completely cancelled (i.e. σε = 0).

Uplink system performance in Science building assuming PIC receivers

Assuming various levels of uplink interference from mobiles in the Functions building and

perfect PIC receivers at the base stations, a graph of the mean uplink outage probabilities

for mobiles in the Science building is shown in Figure 8.15. Similar to the results for SIC

(in Chapter 7), it is evident that significant differences (as much as three orders of mag-

nitude) in mean uplink outage probabilities are observed for the various configurations.

It should be noted that in Configuration F1S4 no outages are observed if Pr(Functions



186 Parallel interference cancellation in indoor/outdoor DS-CDMA systems

Configuration F1S1 F3S1 F5S5

Layout

Functions building

Science building

F1

S1

Functions building

Science building

F3

S1

Functions building

Science building

F5

S5

Configuration F1S4 F3S2 F3S3

Layout

Functions building

Science building

F1

S4

Functions building

Science building

F3

S2

Functions building

Science building

F3

S3

Table 8.7: Base station deployment configurations investigating interfering adjacent systems in
PM C.

building) – Pr(Science building) < 20 dB, while in Configuration F3S2, no outages are ob-

served if Pr(Functions building) – Pr(Science building) < 30 dB. The optimal deployment

configurations are F3S2 and F3S3, which is the same as for the case where conventional

receivers or SIC receivers are used (investigated in Chapters 5 and 7).

Uplink system performance balancing between Functions and Science build-

ings

A ‘snapshot’ of the mean uplink outage probabilities for the mobiles in both the Functions

and Science buildings at a given level of interference is shown in Table 8.8 assuming

20 mobiles in each building. In obtaining the mean uplink outage probabilities for the

mobiles in the Science building it is assumed that the power controlled mean received

power (at the base station) for mobiles in the Functions building is 30 dB greater than

that for mobiles in the Science building. Similarly, in obtaining the mean uplink outage

probabilities for mobiles in the Functions building, it is assumed that the power controlled

mean received power for mobiles in the Science building is 30 dB greater than that for

mobiles in the Functions building.

Table 8.8 shows the mean uplink outage probabilities for mobiles in the buildings

for both conventional receivers and PIC receivers. The trends observed assuming PIC
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Figure 8.15: Mean uplink outage probabilities for mobiles in the Science building for the ad-
jacent interfering base station configurations shown in Table 8.7 (assuming the
implementation of PIC with perfect cancellation). N.B. Pr(Functions building)
is the power controlled mean received power for mobiles in the Functions build-
ing while Pr(Science building) is the power controlled mean received power for
mobiles in the Science building.
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Config. F1S1 F3S1 F5S5 F1S4 F3S2 F3S3

Layout

Functions building

Science building

F1

S1

Functions building

Science building

F3

S1

Functions building

Science building

F5

S5

Functions building

Science building

F1

S4

Functions building

Science building

F3

S2

Functions building

Science building

F3

S3

Functions building

Uplink

outage

prob.

(Conv.)

0.126 0.762 0.122 0.508 0.985 0.905

Uplink

outage

prob.

(PIC )

0.095 0.751 0.089 0.492 0.985 0.902

Science building

Uplink

outage

prob.

(Conv.)

0.361 0.070 0.047 0.037 0.033 0.034

Uplink

outage

prob.

(PIC )

0.341 0.038 0.014 0.004 0.001 0.001

Table 8.8: Comparison of mean uplink outage probabilities for interfering adjacent indoor DS-
CDMA systems assuming conventional receivers and PIC receivers (perfect cancel-
lation).

receivers at the base stations are similar to those for SIC receivers in Chapter 7. Although

significant performance gains are generally achieved using PIC receivers in the Science

building, little or no performance gains are achieved using PIC receivers in the Functions

building. This is due to the higher transmit powers of mobiles in the Science building

than those in the Functions building, caused by the greater floor area of the Science

building. This, in turn, causes a higher level of interference from the Science building to

the Functions building than vice versa.

8.4 A comparison between PIC and SIC

Section 8.3 investigated the uplink system performance for various configurations assum-

ing PIC receivers at the base stations. In the investigation it was shown that the highest
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uplink performance gain is attained after the first stage of cancellation in the PIC receiver

and at subsequent stages incrementally less uplink performance gain is achieved. Addi-

tionally, assuming perfect interference cancellation, the differences in the uplink outage

probabilities between the various deployment configurations assuming PIC receivers at

the base stations were observed to be similar to those observed assuming SIC receivers

(investigated in Chapter 7).

The purpose of this section is to compare the uplink outage probabilities achieved

with PIC and SIC receivers using three-dimensional indoor deployment configurations

from PM B as an example. Table 8.9 compares the uplink outage probabilities yielded

by eight deployment configurations using either conventional receivers, PIC receivers or

SIC receivers at the base stations. In obtaining these outage probabilities, it is assumed

that perfect cancellation is achieved by both the PIC and SIC receivers (i.e. σε = 0).

The uplink outage probabilities for PIC and SIC receivers in Table 8.9 are identical to

each other. This shows that cancelling all intra-cell interference signals (in PIC) does

not provide any benefit over ranking the signals in decreasing order of signal strength

and cancelling them sequentially (in SIC). Both PIC and SIC reduce the uplink outage

probabilities by up to an order-of-magnitude (e.g. in Configuration Aligned 1 ).

Assuming that the standard deviation of the fractional residual interference cancel-

lation error is σε = 0.2 for both the SIC receiver and at each stage of the PIC receiver,

Figure 8.16 is a graph showing the mean uplink outage probabilities for the SIC receiver

and at each stage of the PIC receiver. At Stage 1 of the PIC receiver, the uplink outage

probabilities attained are the same as those for the conventional receiver because no in-

terference is cancelled. The uplink outage probabilities at Stage 2 of the PIC receiver are

almost identical to those obtained for the SIC receiver. However, at subsequent stages of

the PIC receiver, additional uplink performance gains are attained and the outage prob-

abilities approach those attained with perfect PIC (in which all intra-cell interference is

cancelled).

8.5 Summary

This chapter has investigated the implications of PIC on the deployment and performance

of indoor/outdoor DS-CDMA systems using a simple PIC model outlined in Chapter 6.

The mean uplink outage probabilities at various stages of a PIC receiver were estimated

for the various deployment configurations by modifying the uplink system performance

algorithm (developed in Chapter 5) to include PIC.

Assuming a fixed standard deviation of fractional residual interference cancellation

error (σε) for each mobile at each stage of the PIC receiver, it has been shown that the

majority of the potential uplink performance gain is achieved at the first stage of cancel-
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Config. Aligned 1 Aligned 2 Offset 1 Offset 2

Base Station

Layout ��������I1

I3

I5
Lev 9

Lev 7

Lev 8 ��������I2

I4

I6
Lev 9

Lev 7

Lev 8 ��������I2

I6

I3

Lev 9

Lev 7

Lev 8 ��������I1

I4

I5
Lev 9

Lev 7

Lev 8

Uplink

outage prob.

(Conv.)

0.035 0.036 0.041 0.052

Uplink

outage prob.

(PIC )

0.003 0.003 0.004 0.005

Uplink

outage prob.

(SIC )

0.003 0.003 0.004 0.005

Config. Aligned/Offset 1 Aligned/Offset 2 Aligned/Offset 3 Aligned/Offset 4

Base Station

Layout ��������I1

I3

I6
Lev 9

Lev 7

Lev 8 ��������I2

I3

I5
Lev 9

Lev 7

Lev 8 ��������I1

I4

I6
Lev 9

Lev 7

Lev 8 ��������I2

I4

I5
Lev 9

Lev 7

Lev 8

Uplink

outage prob.

(Conv.)

0.035 0.037 0.041 0.039

Uplink

outage prob.

(PIC )

0.005 0.004 0.004 0.005

Uplink

outage prob.

(SIC )

0.005 0.004 0.004 0.005

Table 8.9: A comparison of the uplink outage probabilities assuming various receivers (Con-
ventional, PIC and SIC) for indoor base station deployment configurations in PM B
(Indoor-only scenario). N.B. It is assumed that there are 20 mobiles per floor and
that PIC and SIC achieve perfect cancellation.
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Figure 8.16: Mean uplink outage probability versus the number of mobiles assuming indoor
Configuration Aligned 1 in PM B (shown in Table 8.9) and either PIC or SIC
receivers at the base stations. N.B. It is assumed that σε = 0.2 for both the PIC
and SIC receivers.

lation. The incremental uplink performance gain at each subsequent stage of cancellation

reduces.

The differences in the mean uplink outage probabilities for the various configurations

in each of the propagation measurement campaigns with PIC receivers were shown to be

very similar to those observed with SIC receivers (investigated in Chapter 7). Assuming

perfect cancellation (i.e. σε = 0), the uplink outage probabilities improve by up to 30

times with PIC receivers in comparison to those attained with conventional receivers.

The similar uplink outage probabilities for PIC and SIC receivers shows that there is

no additional benefit in cancelling all intra-cell interfering signals as compared to ranking

mobiles in decreasing order of received signal strength and cancelling them sequentially.
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Chapter 9

Implications for system planning and

deployment

9.1 Introduction

This thesis has investigated the deployment and performance of indoor/outdoor DS-

CDMA systems assuming both conventional receivers and multiuser detection receivers at

the base stations. The two multiuser detection techniques chosen for investigation after a

literature survey were successive interference cancellation (SIC) and parallel interference

cancellation (PIC).

Using a scenario-based approach, it has been shown quantitatively in Chapters 5, 7

and 8 that several factors influence the downlink and uplink performance of indoor/outdoor

DS-CDMA systems. These factors include the propagation environment, deployment

strategy, type of receivers used at the base stations and the strength and sources of inter-

ference.

The purpose of this chapter is to present guidelines for planning and deploying in-

door/outdoor DS-CDMA systems. These guidelines summarise the most important fac-

tors that wireless operators will need to account for when designing DS-CDMA systems

in indoor/outdoor environments.

Section 9.2 presents the guidelines for conventional indoor/outdoor DS-CDMA systems

while Section 9.3 discusses the influence of multiuser detection (SIC and PIC) on the

deployment of indoor/outdoor DS-CDMA systems. Recommendations for future work

are presented in Section 9.4 and a summary of this chapter is presented in Section 9.5.

193
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9.2 Conventional indoor/outdoor DS-CDMA systems

The performance of a conventional indoor/outdoor DS-CDMA system (operating without

multiuser detection) is strongly related to the relative locations of the base stations and

mobiles. In particular, the identification of the sources and strength of interference gives

significant insight into the likely downlink and uplink performance. Additionally, the

correlation between desired and interfering signals has significant implications on system

performance. This thesis has shown that by choosing base station locations carefully, the

phenomenon of signal correlation can be exploited so as to yield optimal performance. A

particular contribution of this thesis is that it quantifies the correlation between indoor

and outdoor base stations and relates the correlation to the system performances attained

for several deployment strategies.

Indoor-only scenario

Assuming base stations and mobiles are located indoor-only, this thesis has investigated

configurations of two base stations on a single floor as well as multi-floor configurations

with one base station on each floor. In general, the disparities in performance for the

various indoor deployment configurations on the downlink were observed to be much

greater than those on the uplink.

For the configurations on a single floor, this thesis has shown that positioning two base

stations close together yields significantly worse performance than positioning the base

stations at opposite sides of the building. For multi-floor configurations, it was shown

that the deployment of base stations in a vertically aligned configuration yields improved

performance (on both the downlink and the uplink) than a vertically offset configuration.

The downlink outage probability of the vertically aligned configuration is as much as 10

times (i.e. an order-of-magnitude) better than that of the vertically offset configuration.

This confirms the findings reported in [25, 26].
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Interfering indoor/outdoor scenario

For the case where base stations and mobiles are located both indoors and outdoors, this

thesis has investigated the influence of outdoor interference on indoor DS-CDMA system

performance assuming both single floor configurations (deploying a single base station

indoors) as well as multi-floor configurations (deploying a single base station on each

floor indoors).

It has been shown in this thesis that for the deployment configurations evaluated,

the downlink and uplink have ‘conflicting’ optimal deployment strategy requirements.

For example, consider the deployment of a single indoor base station with interference

emanating from one side of a building. For the downlink, the outage probabilities were

observed to be lower if the indoor base station was on the same side of the building

from where the outdoor interference emanates than if it was on the opposite side of the

building from where the outdoor interference emanates. However, on the uplink, the

outage probabilities were lower if the base station was on the opposite side of the building

from where the outdoor interference emanates. Therefore, in such a case wireless operators

will need to find an effective compromise between the downlink and uplink performance.

For multi-floor indoor deployment configurations, the strength of the interference em-

anating from outdoors has a strong influence on the optimal deployment strategy. On the

downlink it has been observed that the offset deployment configurations are more robust

to outdoor interference than the aligned deployment configurations. For the uplink, the

performance of the offset deployment configuration is largely dependent on the location

of the individual base stations, e.g. if the indoor base station is close to the side of the

building from where the outdoor interference emanates, it is likely that the mobiles it

serves will experience poorer performance than if the indoor base station is further away

from the side of the building from where the outdoor interference emanates.
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Adjacent interfering scenario

This thesis has investigated the influence of mutually interfering indoor DS-CDMA sys-

tems operating in adjacent buildings. Simple deployment configurations that use one

base station in each system were assumed. It was shown that positioning the base sta-

tions in the buildings so that they are as far away from each other as possible balanced

the performance achieved on the downlink and uplink in both systems. For most other

configurations (e.g. if the base station in one building is at the side nearest to the other

building), poor performance is yielded on either the downlink or uplink of each of the

systems. The disparities in performance for the various configurations in each system is

highly dependent on the levels of interference emanating from the other system.

9.3 Indoor/outdoor DS-CDMA systems with multiuser

detection

This thesis has investigated the implications of two non-linear multiuser detection tech-

niques, namely SIC and PIC, on the deployment and performance of indoor/outdoor DS-

CDMA systems. It has been shown that both SIC and PIC can improve uplink outage

probabilities by orders-of-magnitude in certain deployment configurations. The extent of

the uplink system performance improvement is dependent on a number of different factors

including the strength and sources of interference, the accuracy of SIC and PIC receivers

in estimating and cancelling interference and the power control algorithm used (in the

case of SIC). This section presents guidelines for deploying indoor/outdoor DS-CDMA

systems operating with SIC and PIC receivers in Sections 9.3.1 and 9.3.2 respectively.

9.3.1 Successive interference cancellation (SIC)

Deployment and performance assuming conventional uplink power control

For the various deployment scenarios (indoor-only, interfering indoor/outdoor and inter-

fering adjacent) investigated in this thesis, the implementation of SIC receivers has the

potential to yield significant performance improvements on the uplink. Assuming that

conventional uplink power control is implemented to equalise the mean received powers of

the mobiles’ signals, the optimal deployment configurations for the various scenarios with
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perfect SIC receivers were generally observed to be the same as those with conventional

receivers.

For the case of the indoor-only deployment scenarios, increased differences in the

uplink outage probabilities for the various deployment configurations with SIC receivers

were observed due to the dominance of inter-cell interference (that varies significantly

among the different deployment configurations) after interference cancellation.

If outdoor interference is presented to a single floor indoor DS-CDMA system (interfer-

ing indoor/outdoor scenario), the maximum uplink performance gain with SIC is achieved

if the indoor base station is positioned as far away from the source of outdoor interference

as possible. However, the downlink system performance results (assuming conventional

receivers at the base stations) show that optimal downlink performance is achieved if the

indoor base station is close to the source of the outdoor interference. Hence, there are

‘conflicting’ deployment requirements for the downlink and the uplink and for this reason

wireless operators will need to find an effective compromise between downlink and uplink

performance.

For the case of two interfering indoor DS-CDMA systems located adjacent to each

other, it has been shown that positioning base stations as far away from each other as

possible yields the optimal performance with SIC receivers. However, the extent of the

uplink performance enhancement due to SIC is strongly dependent on the relative levels

of interference from one building to the other.

Implications of uplink power control

Using simple three-dimensional indoor configurations, the implications of uplink power

control on system deployment were investigated for three algorithms, namely, (i) con-

ventional power control (that equalises the mean received powers of the mobile signals);

(ii) optimal power control (that equalises the mean received SIRs of the mobile signals);

and (iii) no power control (that assumes mobiles have fixed signal transmit powers).

Very similar uplink outage probabilities were achieved in the indoor deployment con-

figurations for conventional power control and optimal power control. The lack of uplink

performance gain occurs because the system performance is dominated by short-term

fading which causes instantaneous variations of as much as 30 to 40 dB in the power

controlled mobile signals (regardless of the specific power control algorithm used). Any

adjustments to the mean received power levels due to optimal power control are relatively

small compared to the variations caused by short-term fading.

If no power control is implemented, the optimal deployment strategies are different

from the conventional power control and optimal power control cases. In particular, an

offset multi-floor configuration outperforms the aligned multi-floor configuration (whereas

the reverse is true for conventional power control).
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9.3.2 Parallel interference cancellation (PIC)

Assuming perfect interference cancellation and conventional uplink power control, the up-

link outage probabilities with PIC receivers were similar to those with SIC receivers in the

various deployment configurations studied. Additionally, in the indoor-only deployment

scenarios investigated, the disparities in uplink outage probabilities between the various

deployment configurations with PIC receivers were much greater than those observed with

conventional receivers.

Assuming a fixed fractional residual interference cancellation error of σε = 0.22 at each

stage of the PIC receiver, it was shown that the majority of the uplink performance gain

is attained in the first stage of cancellation. At each subsequent stage of cancellation the

uplink performance gain is incrementally less. The majority of the maximum attainable

uplink performance gain is attained in the first two to three stages of cancellation in all

the deployment scenarios investigated.

9.4 Recommendations for future work

This thesis has presented an investigation into the performance of indoor/outdoor DS-

CDMA systems assuming both conventional receivers and multiuser detection receivers

at the base stations. The guidelines derived from the investigation are likely to be useful

for wireless operators in the deployment of future wireless systems. However, the re-

search in this thesis can be extended in the future to investigate several important issues

that wireless operators will encounter. The recommendations for future work are now

discussed.

Additional deployment scenarios and frequencies

This thesis has been based on three propagation measurement campaigns that were con-

ducted in two different mixed indoor/outdoor environments. Although the mixed in-

door/outdoor environments were significantly different in terms of both layout and archi-

tecture, in reality there are a plethora of possible building types that wireless operators

will need to consider. A useful extension to the research in this thesis would be to conduct

the system performance analyses for a wider range of mixed indoor/outdoor environments.

A limited number of indoor deployment configurations using either two base stations on

a single floor or base stations on multiple floors of a building were considered in this thesis.

For the interfering indoor/outdoor configurations considered, it was assumed that indoor

mobiles could only connect to indoor base stations, while outdoor mobiles could only

connect to outdoor base stations. This study was useful as it enabled an evaluation of the

strength of outdoor interference on indoor system performance. However, in practice there
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are many possible system settings and configurations. For example, an indoor/outdoor

DS-CDMA system could allow for mobiles to connect to the best base station regardless

of where the base station is located. Additionally in a multi-floor indoor configuration,

frequency sectorisation could be used such that only base stations on alternate floors share

the same frequency band. This might have implications on the deployment configuration

that yields optimal performance both in the absence and presence of outdoor interference.

In the interfering indoor/outdoor DS-CDMA systems considered in this thesis, only

the downlink and uplink performance attained for indoor mobiles have been evaluated. A

future contribution would be to evaluate the performance for outdoor mobiles as well, and

determine how to balance the system performance for both outdoor and indoor mobiles.

Refinement and validation of propagation models

In this thesis, the system performance analyses used measured propagation data which was

collected in three propagation measurement campaigns. This approach was adopted due to

the limited accuracy and applicability of existing indoor-to-indoor and outdoor-to-indoor

propagation models in the literature. However, the development of accurate propagation

models (that have been validated by measured propagation data) is extremely important

as the models can then be used by system designers to estimate system performance,

thus removing the need to conduct time-consuming and costly propagation measurement

campaigns. A useful future contribution would be to validate and refine commonly-used

existing propagation models (e.g. the Seidel model) using the measured propagation data

collected in this thesis. Additionally, it would be useful to study the sensitivity of the

predicted system performance (i.e. the predicted mean outage probabilities) to errors in

the parameters used in the propagation models.

Improved solutions for estimating SIC and PIC performance

Two multiuser detection techniques have been investigated in this thesis, namely SIC and

PIC. Due to the inherent complexity of analysing multiuser detection techniques, there are

very few closed-form solutions for determining the SIR which incorporate SIC and PIC. As

the purpose of this thesis was to determine the key factors influencing system deployment

and performance at the system level, only simple closed-form solutions were used to

calculate the SIR assuming SIC and PIC receivers in the uplink system performance

testbed.

In the PIC performance estimation, it was assumed that the standard deviation of the

fractional residual interference cancellation error was the same at each stage of the PIC

receiver. However, in practice it is likely that the standard deviation of the fractional

residual interference cancellation error will decrease at each stage of the PIC receiver
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due to improved estimates of the various mobiles’ signals [14]. It was not possible to

account for this in the PIC performance estimation due to a lack of knowledge about the

extent to which the mobile signal estimates improve at each stage of the PIC receiver.

Such information could be obtained by running bitwise (link level) simulations or by

taking measurements using actual PIC receivers. The typical values for fractional residual

interference cancellation error could then be used in the system performance analyses of

this thesis to determine the relationship between system deployment/performance and

PIC.

Influence of different antenna types and macrodiversity

Omni-directional antennas were used in the propagation measurement campaigns con-

ducted for this thesis. With the availability of improved antennas and multiple-input-

multiple-output (MIMO) systems, further performance enhancements are possible. For

example, directional antennas are designed to radiate energy in a particular direction with

a much narrower beamwidth than omni-directional antennas. A future contribution would

be to study the joint implications of different antenna types and multiuser detection on

the performance of indoor/outdoor DS-CDMA systems.

With the use of macrodiversity, it is possible for widely separated base stations to share

information about mobiles [115]. Therefore, inter-cell interference can be transformed into

useful information during the multiuser detection process. In addition to removing intra-

cell interference from other mobiles within the cell of interest, interference caused by

mobiles from other cells (i.e. inter-cell interference) can also be removed. An evaluation

of the joint use of macrodiversity and multiuser detection in indoor/outdoor DS-CDMA

systems would be a useful contribution.

Influence of spatial diversity on SIC performance and deployment

In this thesis, the joint influence of SIC and an optimal power control algorithm (devel-

oped in [96]) on indoor/outdoor system performance and deployment was investigated.

It was found that the relatively fine adjustments to mean received power made by the

optimal power control algorithm have a negligible impact on system performance and de-

ployment. This is because there are much greater variations in the instantaneous received

signal power caused by small-scale fading, which has a more dominant impact on system

performance. Micro-diversity can be used to reduce the small-scale fading and thus also

lower the variation in instantaneous received signal powers. In the future, it would be

useful to examine the impact of spatial diversity on indoor/outdoor DS-CDMA system

performance and deployment assuming SIC receivers at the base stations operating with

the optimal power control algorithm. It would also be worthwhile to examine the extent
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to which the small-scale fading must be removed in order for the optimal power control

algorithm to have an influence on the optimal system deployment strategy (if any).

Mobility and traffic modelling

The system performance analysis in this thesis has used a semi-static approach in which

mobiles are placed at random locations on the floor(s) of interest in each iteration. How-

ever, in practice users will not strictly be at random locations because they are more

likely to be in certain areas of the building. Additionally, users are likely to have certain

patterns of movement (e.g. walking from one office to another through a corridor). The

addition of relevant user mobility profiles to the system performance analysis would be a

useful contribution for a more accurate evaluation of system performance.

The DS-CDMA model in this thesis has assumed a simple circuit-switched system

that is used for voice connections between mobiles. With the advent of data intensive

services (i.e. packet switched data), the traffic presented to the system is likely to be

significantly different from that encountered in conventional voice-based systems. Further

investigation into the impact of likely traffic distributions on system performance (with

and without multiuser detection) in indoor/outdoor DS-CDMA systems would be an

important extension to this research.

Improved modulation and coding techniques

This thesis has considered a voice-based DS-CDMA system with a high spreading fac-

tor and BPSK modulation. In enhanced 3rd generation systems that use HSDPA and

HSUPA [19], low spreading factors with higher order modulation schemes (e.g. QPSK

and 16QAM) are used in combination with error coding and a variety of code rates (ad-

justed depending on the quality of the channel). Further investigation is required to

evaluate the joint implementation of these modelling/coding techniques and multiuser

detection in indoor/outdoor DS-CDMA systems.

9.5 Summary

This chapter has presented guidelines on deploying indoor/outdoor DS-CDMA systems

assuming a variety of deployment scenarios and either conventional receivers or multiuser

detection receivers at the base stations. These guidelines have been derived from the

downlink and uplink system performance estimation results presented in Chapters 5, 7

and 8. This chapter has also presented recommendations for future extensions to the

research in this thesis.
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Regardless of the type of receiver used at the base station, the key factors that wire-

less operators will need to account for when deploying indoor/outdoor DS-CDMA systems

are the building architectural features, base station locations and the source and strength

of interference. For the case of multiuser detection receivers (SIC and PIC), the frac-

tional residual interference cancellation error and the number of receiver stages (for PIC

receivers) give significant insight into the potential uplink system performance improve-

ments.

The recommendations for future work presented in this chapter include investigat-

ing additional deployment scenarios and indoor/outdoor propagation environments. A

useful contribution would also be to investigate the implications of directional antennas,

MIMO systems and macrodiversity on system deployment and performance with the im-

plementation of multiuser detection receivers at the base stations. This thesis has used

a semi-static analysis technique and assumed fixed voice-based traffic. The introduction

of mobility profiles and traffic modelling to the system performance analysis would be an

important contribution.



Chapter 10

Conclusions

The tremendous growth of wireless communications has transformed society and created

new opportunities for people around the world. There has been increasing necessity to

implement high performing, high capacity wireless communication systems for indoor en-

vironments. Additionally, the provision of seamless wireless communications for mobile

users anywhere (both indoors and outdoors) is viewed by wireless operators as an im-

portant business opportunity. In the future it is likely that one or more technologies

(e.g. Wi-Fi and 3rd generation systems) will be used to provide seamless indoor/outdoor

coverage. Regardless of the exact technologies used, the deployment of high performing

indoor wireless communication systems and the influence of interference between indoors

and outdoors are likely to be important issues for wireless operators.

This thesis has investigated the deployment and performance of indoor/outdoor wire-

less communication systems for a variety of likely deployment scenarios. The spread

spectrum multiple access technique assumed was DS-CDMA due to its popularity in

commercial implementations. This thesis also investigated the influence of multiuser de-

tection (in particular SIC and PIC) on the deployment and performance of indoor/outdoor

DS-CDMA systems.

In this thesis, three propagation measurement campaigns were conducted to obtain

measured mean path loss data in mixed indoor/outdoor environments. While several

propagation models have been developed to predict mean path loss behaviour for both

indoor-to-indoor and outdoor-to-indoor propagation, a literature review revealed that

most of these models do not have sufficient accuracy for the purposes of this thesis.

A system performance testbed using a Monte Carlo analysis was developed to estimate

the performance of conventional DS-CDMA systems (without multiuser detection), which

was then extended to include two multiuser detection techniques (SIC and PIC) at later

stages of this thesis. In the system performance testbed, both the downlink and uplink

performance are estimated using a mean outage probability that represents the likelihood

that a mobile within the system will have an outage.
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The three propagation measurement campaigns represent three general cases which

wireless operators are likely to encounter:

1. Single floor indoor DS-CDMA system coexisting with an outdoor DS-CDMA system.

2. Multiple floor indoor DS-CDMA system coexisting with an outdoor DS-CDMA

system.

3. Two adjacent indoor DS-CDMA systems coexisting with each other.

For each of these cases, one or more deployment scenarios were investigated. These de-

ployment scenarios included an indoor-only scenario, interfering indoor/outdoor scenario

and adjacent interfering scenario. In the indoor-only deployment scenario, it was assumed

that base stations and mobiles are located indoors only and no interference emanates from

outdoors. In the interfering indoor/outdoor deployment scenario, an indoor and outdoor

system operate separately but share the same bandwidth and therefore interfere with

each other. The adjacent interfering deployment scenario considers the performance of

two adjacently-located indoor DS-CDMA systems that interfere with each other.

The performance of a conventional indoor/outdoor DS-CDMA system is dependent

on several factors including the base station deployment strategy and the sources and

strength of interference. The signal correlation between desired and interfering signals

has been shown to have a significant influence on system performance. Levels of signal

correlation are directly related to the base station deployment strategy. Therefore, the

careful selection of base station locations is important to optimise the performance of

indoor/outdoor DS-CDMA systems.

For the case of indoor-only DS-CDMA systems, this thesis has investigated the pro-

vision of coverage to a single floor (using two base stations) as well as multiple floors

(using a single base station on each floor). The downlink outage probabilities for the

various deployment configurations investigated had greater differences than the uplink

outage probabilities. For the case of single floor coverage, the positioning of base stations

close together yields worse downlink and uplink performance than if the base stations are

located at opposite sides of the building. For multiple floor coverage, the positioning of

base stations in an aligned configuration yields improved performance in comparison to

an offset configuration.

In interfering indoor/outdoor DS-CDMA systems, the strength and location of out-

door interference has a significant influence on the performance of the indoor system and

therefore the optimal indoor base station deployment strategy. However, it was shown

that the downlink and uplink often have ‘conflicting’ deployment requirements. There-

fore, the base station deployment strategy chosen to ensure optimal indoor performance

might require operators to prioritise the downlink over the uplink or vice versa.
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For the case of two interfering single floor indoor DS-CDMA systems that are located

in adjacent buildings, the relative interference from one building to the other significantly

influences downlink and uplink system performance. The positioning of base stations so

that they are as far away from each other as possible was shown to ‘balance’ downlink

and uplink system performance in both buildings.

This thesis has also investigated the performance of indoor/outdoor DS-CDMA sys-

tems assuming both successive interference cancellation (SIC) and parallel interference

cancellation (PIC) receivers at the base stations. In general, the uplink performance

gains attainable with both SIC and PIC are related to levels of interference in the sys-

tem, the accuracy with which interference cancellation is performed and the power control

algorithm used (in the case of SIC).

For the deployment configurations investigated in this thesis, both the SIC and PIC

receivers were observed to reduce the uplink outage probabilities by as much as thirty

times relative to those obtained with conventional receivers (assuming perfect interference

cancellation and conventional power control). Furthermore, it was also evident that both

SIC and PIC yield similar uplink outage probabilities. This shows that cancelling all

intra-cell interfering signals in parallel (PIC) provides no additional benefit compared to

ranking and cancelling the signals sequentially (SIC).

In all the scenarios investigated in this thesis (indoor-only, interfering indoor/outdoor

and adjacent interfering), the optimal deployment strategies assuming either SIC or PIC

receivers at the base stations were the same as those assuming conventional receivers.

However, greater differences in the uplink outage probabilities for the indoor-only deploy-

ment configurations were observed for SIC and PIC receivers than conventional receivers.

This occurs due to the dominance of inter-cell interference (which varies among the differ-

ent indoor deployment configurations) after interference cancellation has been performed.

For the case of interfering indoor/outdoor configurations, the efficacy of both SIC

and PIC receivers is dependent on the level of uncancellable outdoor interference. For

increased interference emanating from outdoors, lower uplink performance gains are at-

tainable for indoor mobiles.

In addition to the investigation of the influence of SIC and PIC receivers on the optimal

deployment strategies for various scenarios, issues specific to each of the receivers were

also investigated.

Firstly, the influence of the uplink power control algorithm on the efficacy of SIC to

improve uplink system performance was evaluated for multi-floor indoor deployment con-

figurations. It was shown that an optimal uplink power control algorithm (that attempts

to equalise the mean received SIRs for the various mobiles) yields similar performance to

the conventional power control algorithm. This occurs due to the dominance of short-

term fading and inherent inaccuracies in obtaining the mobile received power distributions
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using the optimal uplink power control algorithm. However, it should be noted that if

spatial diversity is implemented, this is likely to reduce signal variation due to short-term

fading and the optimal power control will have a greater influence on system performance.

If no uplink power control was implemented, it was shown that the optimal deployment

strategies were different from those obtained if conventional uplink power control was

implemented.

Secondly, for the PIC receivers it was shown that the first stage of cancellation provides

the maximum uplink performance gain, and that each additional stage of cancellation

provides incrementally less performance gain. In general, the majority of the maximum

uplink performance gain is attained after two or three stages of cancellations.

In summary, this thesis has made the following contributions. Firstly, the performance

of indoor/outdoor DS-CDMA systems has been investigated using a variety of likely sce-

narios that wireless operators will encounter. Guidelines for optimal system deployment

have been developed using the performance results. Secondly, this thesis has evaluated

the implications of two multiuser detection receivers (SIC and PIC) on the deployment

of indoor/outdoor DS-CDMA systems. Regardless of the type of receivers used at the

base stations, it has been shown that a number of ‘key’ factors should be accounted for

by wireless operators during the design process, including the base station locations and

the sources and strength of interference.



Appendix A

Propagation measurement equipment

A.1 Introduction

The purpose of this appendix is to describe the measurement equipment used in the prop-

agation measurement campaigns conducted for this thesis (outlined in Chapter 4). The

overall setup of the measurement system is discussed in Section A.2, while the transmitter

and receiver equipment are detailed in Sections A.3 and A.4 respectively.

A.2 Overall setup of propagation measurement system

A block diagram of the propagation measurement system is shown in Figure A.1. The

transmitter equipment consists of narrowband transmitters connected to discone antennas,

while the receiver equipment includes a dipole antenna with a Rohde & Schwarz ESVN40

test receiver and laptop computer (for data acquisition).

In the propagation measurement campaigns, the narrowband transmitters were pro-

grammed to transmit CW (sinusoidal) signals at frequencies ranging from 1880 to 1885.5 MHz

(with a frequency separation of 0.5 MHz between the transmit frequencies). At the receiv-

ing end, the dipole antenna was rotated in a 1 metre radius circular path. The ESVN40

test receiver and software on a laptop computer were used to take approximately 2000 sam-

ples of the instantaneous received power during the rotation of the dipole antenna. These

samples were then averaged to obtain the local area mean received power. The mean path

loss between the transmitter and receiver was then calculated based on the mean received

power and the known transmit power (taking into account relevant cable losses).
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Narrowband
Transmitter 1

Narrowband
Transmitter 2

Narrowband
Transmitter 12

ESVN40 Test
Receiver

Laptop
Computer

Discone Antenna 1

Discone Antenna 2

Discone Antenna 12

Dipole Antenna

Transmitting equipment Receiving equipment

Figure A.1: Overall setup of the propagation measurement system.

A.3 Transmitter equipment

A.3.1 Narrowband transmitter equipment

The twelve narrowband transmitters (shown in Figure A.1) were custom-built in the

Radio Systems Group of The University of Auckland [26]. The transmitters are capable

of transmitting continuous wave (CW) signals with a very narrow bandwidth.

A block diagram of the narrowband transmitter implementation is shown in Figure A.2.

The transmitters use a voltage controlled oscillator (VCO) that is capable of generating

signals over the range of 1370 to 2000 MHz. The frequency synthesiser is provided with a

reference 10 MHz signal from a crystal oscillator and a sample of the VCO output is fed

back to the synthesiser via a passive loop filter. The frequency of the output signal from

the frequency synthesiser is the difference between that of the crystal reference oscillator

output signal and the VCO output signal. The current pulses are then filtered, amplified

and applied to the VCO control port to reduce phase error and achieve phase lock. The

output power following amplification is approximately 18 dBm.

A view inside one of the narrowband transmitter boxes is shown in Figure A.3. The

power supplied to the transmitter box uses either an AC 12V plug pack or a DC battery.

At the lower left is a box containing the VCO and frequency synthesiser. The frequency
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Passive Loop
Filter

RF Amplifier

Figure A.2: Block diagram of the narrowband transmitter implementation.

synthesiser is programmed to transmit at a desired frequency using a laptop computer

via a parallel port interface. On the lower right is an amplifier that is fed with the output

of the VCO. The output of the amplifier is fed to the connector on the outside of the box

(on the panel on the lower right of the transmitter).

A.3.2 Discone antennas

A photograph of one of the discone antennas is shown in Figure A.4. The discone antennas

were designed and optimised to operate at frequencies in the region of 1800 MHz. The

design was performed using the guidelines in [116].

A.4 Receiver equipment

As shown in Figure A.1, a dipole antenna is used for the reception of the transmitted

signal. This dipole antenna is connected to a Rohde & Schwarz ESVN40 test receiver and

a laptop computer which contains software for data acquisition from the test receiver.

A photograph of the test receiver is shown in Figure A.5. It is capable of measuring

and demodulating both amplitude-modulated and frequency-modulated signals as well as

narrowband and broadband interference. Further information regarding the test receiver

specifications and capabilities can be found in [117].

The software for acquiring received signal strength data from the test receiver was

designed in the Radio Systems Group at The University of Auckland. Further information

regarding this software and its capabilities can be found in [8].
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Figure A.3: View inside the box of the custom-built narrowband transmitter.

Figure A.4: A view of a discone antenna.
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Figure A.5: Front view of the Rohde & Schwarz ESVN40 test receiver.
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Appendix B

Signal correlation results

B.1 Introduction

The phenomenon of signal correlation has the potential to significantly influence system

performance, as explained in Chapters 3 and 4. This appendix presents the full set of cor-

relation results for the three propagation measurement campaigns described in Chapter 4.

In Chapter 4, only a selection of the correlation coefficients were used to demonstrate typ-

ical behaviour.

B.2 Propagation Measurement Campaign A (PM A)

In PM A, which was conducted in the School of Engineering at The University of Auck-

land, transmitters were deployed inside the Tower Block as well as outdoors on the roofs

of the adjacent Library Block and Lecture Theatre Block, as shown in Figure B.1. Mea-

surements of the mean path loss were taken inside the Tower Block on the same floor as

that on which the indoor transmitters were deployed.

I1
I2

I3 I6

O1 O2,O3

O4

O5

O6

I5

I4

Library  Block
Tower
Block

Lecture Theatre
Block

18.5 m

Figure B.1: Locations of transmitters deployed in PM A.
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Correlations between signals from indoor transmitters

The correlation coefficients between signals from indoor transmitters in PM A are shown

in Table B.1. The coefficients are positive for pairs of transmitters located on the same side

of the building (e.g. for I1I2, ρ = 0.80), while they are negative for pairs of transmitters

located on opposite sides of the building (e.g. for I2I4, ρ = −0.42).

ρ I1 I2 I3 I4 I5 I6

I1 1 0.80 0.35 0.06 -0.46 -0.66

I2 0.80 1 0.71 -0.42 -0.75 -0.51

I3 0.35 0.71 1 -0.51 -0.51 0.02

I4 0.06 -0.42 -0.51 1 0.77 0.18

I5 -0.46 -0.75 -0.51 0.77 1 0.66

I6 -0.66 -0.51 0.02 0.18 0.66 1

Table B.1: Correlation coefficients between signals from indoor transmitters in PM A.

Correlations between signals from outdoor transmitters

The correlation coefficients between signals from outdoor transmitters in PM A are shown

in Table B.2. The coefficients are strongly positive for pairs of transmitters located on

the roof of the same building (e.g. for O1O2, ρ = 0.91). The coefficients are moderately

to strongly negative if the transmitters are located on roofs of different buildings (e.g. for

O1O5, ρ = −0.60).

ρ O1 O2 O3 O4 O5 O6

O1 1 0.91 0.90 0.95 -0.60 -0.69

O2 0.91 1 0.99 0.81 -0.62 -0.74

O3 0.90 0.99 1 0.80 -0.63 -0.75

O4 0.95 0.81 0.80 1 -0.44 -0.59

O5 -0.60 -0.62 -0.63 -0.44 1 0.90

O6 -0.69 -0.74 -0.75 -0.59 0.90 1

Table B.2: Correlation coefficients between signals from outdoor transmitters in PM A.

Correlations between signals from indoor and outdoor transmitters

The correlation coefficients between signals from indoor and outdoor transmitters in PM A

are shown in Table B.3. If the indoor transmitter is on the side of the building nearest to

where the outdoor interference emanates from, a positive correlation is observed (e.g. for
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I1O2, ρ = 0.48). However, if the indoor transmitter is on the side of the building oppo-

site to where the outdoor interference emanates from, a negative correlation is observed

(e.g. for I4O1, ρ = −0.63).

ρ I1 I2 I3 I4 I5 I6

O1 0.41 0.61 0.40 -0.63 -0.83 -0.56

O2 0.48 0.66 0.39 -0.61 -0.88 -0.66

O3 0.49 0.67 0.42 -0.62 -0.87 -0.64

O4 0.31 0.49 0.28 -0.57 -0.73 -0.51

O5 -0.39 -0.77 -0.72 0.59 0.68 0.22

O6 -0.55 -0.84 -0.66 0.53 0.74 0.40

Table B.3: Correlation coefficients between signals from indoor and outdoor transmitters in
PM A.

B.3 Propagation Measurement Campaign B (PM B)

In PM B, which was conducted in the School of Engineering at The University of Auckland,

transmitters were deployed in a three-dimensional configuration inside the Tower Block

as well as outdoors on the roof of the adjacent Library Block, as shown in Figure B.2.

Measurements of the mean path loss were taken on the middle level (Level 8) of the Tower

Block.

I1 I2

I3

I5

I4

I6

O1

O2

O4

O3
O5

O6

Level 7

Level 8

Level 9

Tower Block

Library Block

Figure B.2: Transmitter locations in PM B.
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Correlations between signals from indoor transmitters

The correlation coefficients between signals from indoor transmitters in PM B are shown

in Table B.4. The coefficients are strongly positive for pairs of transmitters that are

vertically aligned with each other (e.g. for I1I3, ρ = 0.95), while they are negative for

pairs of transmitters that are vertically offset from each other (e.g. for I1I4, ρ = −0.44).

ρ I1 I2 I3 I4 I5 I6

I1 1 -0.41 0.95 -0.44 0.97 -0.49

I2 -0.41 1 -0.46 0.93 -0.37 0.95

I3 0.95 -0.46 1 -0.49 0.96 -0.55

I4 -0.44 0.93 -0.49 1 -0.41 0.93

I5 0.97 -0.37 0.96 -0.41 1 -0.48

I6 -0.49 0.95 -0.55 0.93 -0.48 1

Table B.4: Correlation coefficients between signals from indoor transmitters in PM B.

Correlations between signals from outdoor transmitters

The correlation coefficients between signals from outdoor transmitters in PM B are shown

in Table B.4. The coefficients are strongly positive for all pairs of outdoor transmitters

located on the roof of the Library Block.

ρ O1 O2 O3 O4 O5 O6

O1 1 0.96 0.97 0.96 0.95 0.84

O2 0.96 1 0.95 0.96 0.90 0.87

O3 0.97 0.95 1 0.97 0.96 0.86

O4 0.96 0.96 0.97 1 0.92 0.90

O5 0.95 0.90 0.96 0.92 1 0.78

O6 0.84 0.87 0.86 0.90 0.78 1

Table B.5: Correlation coefficients between signals from outdoor transmitters in PM B.

Correlations between signals from indoor and outdoor transmitters

The correlation coefficients between signals from indoor and outdoor transmitters in PM B

are shown in Table B.6. If the indoor transmitter is on the side of the building from

where the outdoor interference emanates, a positive correlation is observed (e.g. for I1O1,

ρ = 0.38). However, if the indoor transmitter is on the side of the building opposite to

where the outdoor interference emanates from, a negative correlation is observed (e.g. for

I2O1, ρ = −0.34).
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ρ I1 I2 I3 I4 I5 I6

O1 0.38 -0.34 0.34 -0.33 0.43 -0.50

O2 0.43 -0.34 0.38 -0.34 0.48 -0.49

O3 0.37 -0.36 0.33 -0.35 0.41 -0.52

O4 0.45 -0.41 0.41 -0.43 0.50 -0.57

O5 0.29 -0.38 0.24 -0.39 0.32 -0.53

O6 0.54 -0.52 0.49 -0.51 0.53 -0.62

Table B.6: Correlation coefficients between signals from indoor and outdoor transmitters in
PM B.

B.4 Propagation Measurement Campaign C (PM C)

PM C was conducted in the Functions and Science buildings at The University of Auck-

land. In this propagation measurement campaign, transmitters were deployed on Level 2

of the Functions and Science buildings, as shown in Figure B.2. The mean path loss

was obtained at various locations across Level 2 of both the Functions and Science build-

ings. The sections below present the correlation coefficients for measurements taken in

the Functions and Science buildings in turn.

Functions
building

Science
building

F1

F2 F3 F4

F5

S1

S2

S3

S4

S5

20 m

20 m

Figure B.3: Locations of transmitters deployed in PM C.

B.4.1 Functions building measurements

Correlations between signals from transmitters in the Functions building

The correlation coefficients between the signals from the transmitters deployed in the

Functions building are shown in Table B.7. It is evident that if the transmitters are close

to each other a positive correlation is obtained (e.g. for F1F2, ρ = 0.48), while a negative

correlation is obtained if the transmitters are at opposite sides of the building or further

away from each other (e.g. for F1F4, ρ = −0.57).
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ρ F1 F2 F3 F4 F5

F1 1 0.48 -0.29 -0.57 -0.69

F2 0.48 1 0.20 -0.26 -0.14

F3 -0.29 0.20 1 0.52 0.20

F4 -0.57 -0.26 0.52 1 0.48

F5 -0.69 -0.14 0.20 0.48 1

Table B.7: Correlation coefficients between signals from transmitters in the Functions building
in PM B (Measurements taken in the Functions building).

Correlations between signals from transmitters in the Science building

The correlation coefficients between the signals from the transmitters deployed in the

Science building are shown in Table B.8. A moderate to strong positive correlation is

usually obtained for the measurements taken in the Functions building.

ρ S1 S2 S3 S4 S5

S1 1 0.83 0.52 0.53 0.47

S2 0.83 1 0.57 0.43 0.45

S3 0.52 0.57 1 0.81 0.81

S4 0.53 0.43 0.81 1 0.87

S5 0.47 0.45 0.81 0.87 1

Table B.8: Correlation coefficients between signals from transmitters in Science building in
PM B (Measurements taken in the Functions building).

Correlations between signals from transmitters in Functions and Science build-

ings

The correlation coefficients between the signals from the transmitters deployed in the

Functions and Science buildings are shown in Table B.9. A positive correlation is observed

between the signals if the transmitter in the Functions building is close to the side nearer

to the Science building (e.g. for F3S1, ρ = 0.66). However, a negative or poor correlation

is observed if the transmitter in the Functions building is close to the side further from

the Functions building (e.g. for F1S3, ρ = −0.45).

B.4.2 Science building measurements

Correlations between signals from transmitters in Science building

The correlation coefficients between the signals from the transmitters deployed in the

Science building are shown in Table B.10. Similar to the trends observed in the mea-
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ρ F1 F2 F3 F4 F5

S1 -0.10 0.21 0.66 0.56 0.07

S2 -0.33 0.09 0.80 0.64 0.14

S3 -0.45 -0.12 0.64 0.72 0.41

S4 -0.31 0.06 0.55 0.69 0.46

S5 -0.46 -0.13 0.55 0.74 0.48

Table B.9: Correlation coefficients between signals from transmitters in Functions and Science
buildings in PM B (Measurements taken in the Functions building).

surements for the Functions building, it is evident that if the transmitters are close to

each other a positive correlation is obtained (e.g. for S1S2, ρ = 0.37), while a negative

correlation is obtained if the transmitters are on opposite sides of the building or further

away from each other (e.g. for S1S4, ρ = −0.79).

ρ S1 S2 S3 S4 S5

S1 1 0.37 -0.26 -0.79 -0.29

S2 0.37 1 0.02 -0.23 -0.69

S3 -0.26 0.02 1 0.54 0.38

S4 -0.79 -0.23 0.54 1 0.43

S5 -0.29 -0.69 0.38 0.43 1

Table B.10: Correlation coefficients between signals from transmitters in Science building in
PM B (Measurements taken in the Science building).

Correlations between signals from transmitters in Functions building

The correlation coefficients between the signals from the transmitters deployed in the

Functions building are shown in Table B.11. A strong positive correlation is usually

obtained for measurements taken in the Science building.

ρ F1 F2 F3 F4 F5

F1 1 0.93 0.92 0.89 0.92

F2 0.93 1 0.95 0.92 0.91

F3 0.92 0.95 1 0.95 0.86

F4 0.89 0.92 0.95 1 0.90

F5 0.92 0.91 0.86 0.90 1

Table B.11: Correlation coefficients between signals from transmitters in the Functions building
in PM B (Measurements taken in the Science building).
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Correlations between signals from transmitters in Functions and Science build-

ings

The correlation coefficients between the signals from the transmitters deployed in the

Functions and Science buildings are shown in Table B.9. A positive correlation is observed

between the signals if the transmitter in the Science building is close to the side nearer

to the Functions building (e.g. for F1S1, ρ = 0.54). However, a negative correlation is

observed if the transmitter in the Science building is close to the side further from the

Functions building (e.g. for F5S2, ρ = −0.55).

ρ S1 S2 S3 S4 S5

F1 0.54 -0.36 -0.22 -0.42 0.28

F2 0.62 -0.37 -0.29 -0.54 0.24

F3 0.69 -0.26 -0.26 -0.56 0.15

F4 0.55 -0.41 -0.15 -0.43 0.31

F5 0.40 -0.55 -0.26 -0.33 0.43

Table B.12: Correlation coefficients between signals from transmitters in Science building and
Functions building in PM B (Measurements taken in the Science building).



Appendix C

System performance gain in terms of

capacity of serviceable mobiles

C.1 Introduction

In this thesis, the performance estimates of the various deployment configurations are

expressed in terms of a mean outage probability. Comparisons between the deployment

configurations are made in terms of a difference (in magnitude) between the observed

mean outage probabilities. As an alternative, it is often useful to compare the deployment

configurations in terms of the capacity of serviceable mobiles. This information can be

inferred from the majority of the graphs in this thesis. In this appendix, the simple

procedure for doing this is described using examples from PM A and PM B, discussed in

Sections C.2 and C.3 respectively.

C.2 Indoor-only scenario in PM A

The deployment configurations investigated in the indoor-only scenario in PM A (dis-

cussed in Chapter 5) are reproduced in Table C.1, while a graph showing the mean

downlink outage probabilities for these configurations is reproduced in Figure C.1. If

the maximum allowable mean downlink outage probability is defined to be 0.003 (shown

by the dashed orange line in Figure C.1), then the system capacity for each deployment

configuration can be easily inferred by reading the number of mobiles served at this value

(i.e. 0.003). The system capacity for the deployment configurations in Table C.1 is shown

in Table C.2.
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Configuration Ad.1 Ad.2 Ad.3 Di.1 Di.2

Layout I2

I1 I2
I3

I5

I4

I3

I4
I1

I6

Configuration Op.1 Op.2 Op.3 Si.1 Si.2

Layout
I1

I5 I3

I5 I2

I5

I1

I3 I6

I4

Table C.1: Indoor base station deployment configurations in PM A.
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Figure C.1: Mean downlink outage probability for mobiles on Level 8 of the Tower Block for
the configurations shown in Table C.1 (PM A). The dashed orange line shows the
chosen mean downlink outage probability threshold of 0.003.
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Deployment

configuration

Downlink system

capacity (Maximum

number of mobiles per

base station)

Ad.1 6
Ad.2 7

Ad.3 6
Di.1 11

Di.2 15

Op.1 15

Op.2 31

Op.3 34

Si.1 11

Si.2 15

Table C.2: Downlink system capacity for deployment configurations considered in the indoor-
only scenario in PM A assuming a mean downlink outage probability threshold of
0.003.

C.3 Indoor-only scenario in PM B

The deployment configurations investigated in the indoor-only scenario in PM B (dis-

cussed in Chapter 5) are reproduced in Table C.3, while a graph showing the downlink

outage probabilities for these configurations is reproduced in Figure C.2. If the maximum

allowable mean downlink outage probability is defined to be 0.004 (shown by the dashed

orange line in Figure C.2), then the system capacity for each deployment configuration

can be easily inferred by reading the number of mobiles served at this value (i.e. 0.004).

The system capacity for the deployment configurations in Table C.3 is shown in Table C.4.
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Config. Aligned 1 Aligned 2 Offset 1 Offset 2

Base Station

Layout ��������I1

I3

I5
Lev 9

Lev 7

Lev 8 ��������I2

I4

I6
Lev 9

Lev 7

Lev 8 ��������I2

I6

I3

Lev 9

Lev 7

Lev 8 ��������I1

I4

I5
Lev 9

Lev 7

Lev 8

Config. Aligned/Offset 1 Aligned/Offset 2 Aligned/Offset 3 Aligned/Offset 4

Base Station

Layout ��������I1

I3

I6
Lev 9

Lev 7

Lev 8 ��������I2

I3

I5
Lev 9

Lev 7

Lev 8 ��������I1

I4

I6
Lev 9

Lev 7

Lev 8 ��������I2

I4

I5
Lev 9

Lev 7

Lev 8

Table C.3: Front view of indoor base station deployment configurations in PM B (Indoor-only
scenario).
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Figure C.2: Mean downlink outage probability for mobiles on Level 8 of the Tower Block for
the configurations shown in Table C.3 (PM B). The dashed orange line shows the
chosen mean downlink outage probability threshold of 0.004.
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Deployment

configuration

Downlink system

capacity (Maximum

number of mobiles per

base station)

Aligned 1 31

Aligned 2 33

Aligned/Offset 1 24

Aligned/Offset 2 16

Aligned/Offset 3 22

Aligned/Offset 4 28

Offset 1 8

Offset 2 12

Table C.4: Downlink system capacity for deployment configurations considered in the indoor-
only scenario in PM B assuming a mean downlink outage probability threshold of
0.004.
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