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Abstract

Even through there are several studies in the literature regarding the topology of
CDMA-based networks, there is a clear need for a solid analysis including extensive
simulations and radio interface measurements of different radio network topologies
and their impact on WCDMA radio network coverage and capacity. This thesis cov-
ers a thorough analysis of WCDMA radio network topology and its impact on the
whole WCDMA radio network planning process. The scope is not just limited to
a traditional planning approach, but also additional network elements such as re-
peater and services as location techniques are considered as a part of WCDMA radio
network topology planning. In addition, methods for verifying the quality of the
deployed radio network topology are presented. The information given to readers
in this thesis should be most applicable for network operators (planners), as they
should be able to plan networks which provide a high system capacity with a lim-
ited amount of radio equipment and efficient utilization of radio resources.

The content of this thesis has been divided into three parts. The first part con-
cerns the assessment of different site and antenna configurations on the network
coverage, system capacity, and expected functionality of WCDMA network. Funda-
mentally, the target of this part is to provide planning guidelines for optimization
of the WCDMA radio network topology. Moreover, it assesses the impact of site lo-
cations, sectoring, and different antenna configurations on optimum radio network
topology through the definition of coverage overlapping index. In addition, this part
will further cover analysis of the impact of site locations and sector overlapping on
the network performance. The most extensive research is performed regarding an-
tenna downtilt that provides as an output valuable information of the selection of
antenna downtilt angle for different cell types. Finally, some planning aspects are
provided for site evolution from 3-sectored to 6-sectored sites.

The second part of the thesis introduces a method for evaluating the quality of
topology planning through radio interface measurements. In addition, it offers an
example of the functionality and performance of WCDMA radio network planning
tool. The third part of the thesis addresses the impact of supplementary radio net-
work element or functionalities on topology planning. Firstly, the impact of repeater
deployment is studied in capacity-limited networks through simulations and radio
interface measurements. Secondly, the effect of a mobile positioning method called
cell ID+RTT is studied with respect to the topology planning process.
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[P3] J. Niemelä and J. Lempiäinen, “Impact of the Base Station Antenna Beamwidth
on Capacity in WCDMA Cellular Networks,” in Proc. IEEE 57th Semiannual
Vehicular Technology Conference, Apr. 2003, vol. 1, pp. 80–84.
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CHAPTER 1

Introduction

1.1 Background and Motivation

THE target of any radio network operator is to minimize the capital expenditure
(CAPEX) of the equipment required for an operational radio network. In turn,

a lesser amount of radio network equipment typically results in lower operational
expenditure (OPEX). From the technical point of view, the radio interface planning
process of a cellular mobile communication system targets providing the required
network coverage, system capacity, and sufficient quality of service (QoS) with min-
imum economical constraints.

The radio network coverage is mostly defined by the number of utilized sites to
cover a certain geographical area, site and antenna configuration, and propagation
environment. These factors also partly define the achievable system capacity of a
cellular radio network. However, a high system capacity can be achieved only by
utilizing the given radio spectrum and deployed radio network efficiently. On the
other hand, QoS relates to the quality that the end user experiences while using the
radio network, and it can be measured as the satisfaction of the user (e.g., the rate of
drop calls).

In Europe and Asia, the current phase in cellular mobile communication systems
focuses on the operation and optimization of third generation (3G) systems known
as the Universal Mobile Telecommunication System (UMTS). Currently, there are
over 100 operational UMTS networks all over the world [1]. Back in 1998, Wideband
Code Division Multiple Access (WCDMA) was selected as an air interface multi-
ple access technique for UMTS. Due to WCDMA radio access technology, the radio
network planning (RNP) process and planning principles were changed [2–7]. In a
WCDMA system, the flow of the planning process follows one of the Global System
for Mobile communications (GSM) networks (or FDMA [(frequency division mul-
tiple access)] based cellular radio network). However, the detailed radio network
planning methods adopted from GSM are no longer valid. For instance, during the
planning process of GSM networks, it is possible to clearly divide coverage and ca-
pacity planning phases into individual parts. In a cellular WCDMA -based network,
users use the same radio resources (i.e. the same frequency band) simultaneously,
and the division of different users is performed by unique code sequences. Due to
the non-ideal properties of these code sequences, the interference level in the net-
work increases as a function of network load (i.e. number of simultaneous users). In
other words, a varying number of users in a sector (or cell) leads to a phenomenon
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2 1. INTRODUCTION

called cell breathing. In practice this means that coverage of a single cell is not con-
stant. Due to this phenomenon, interference has to be taken into account already in
the coverage planning phase [2, 3, 8, 9]. Moreover, this means that the system capac-
ity is interference-limited in cellular WCDMA networks. Throughout this thesis, the
combined coverage and capacity planning phase is called the topology planning phase,
where the primary target is to define the radio network layout and configuration.

In general, the interference in a network can be divided into own cell and other
cell interference. The main parameter to be optimized during the WCDMA radio
network topology planning is other cell (inter cell) interference. The level of other
cell interference reflects in the isolation of a cell: the lower the level of other cell inter-
ference, the more isolated is the cell. Commonly, the level of other cell interference
is measured using the ratio between other cell and own cell interference. This pa-
rameter is called other-to-own-cell interference ratio (i). In the uplink direction, this
parameter is base station sector dependent, whereas in the downlink, it depends on
the location of mobiles. All radio network topology related elements—site locations,
sectoring, antenna beamwidth, height, and downtilt—have an impact on cell isola-
tion. Moreover, these elements also partly define the radio network coverage and
system capacity. Therefore, the topology of WCDMA networks should be designed
in such a manner that cells should be as isolated from each other as possible, but
still tolerate the time-dependent changes of the radio coverage (i.e. slow fading). By
doing this, better network coverage (fewer variations due to cell breathing) and bet-
ter system capacity (higher number of users in an interference-limited network) can
be provided. However, as in any cellular network, the topology planning (or cov-
erage and capacity planning separately) represents only a part of the whole radio
network planning process. In WCDMA, this means that proper topology planning
provides prerequisites for better functionality for radio resource management (RRM)
functions.

Evaluation of the attained quality of the radio network topology is a relatively
challenging task. In general, the quality can be estimated either using radio inter-
face measurements or system level simulations. Extracting the most relevant mea-
surement results and the selection of the most important indicators from a set of
measurement data is inherently challenging because the measurement results might
easily include certain performance factors of non-topology related functionalities.
Hence, simple and rapidly executable methods for indicating the quality of deployed
network’s topology are clearly needed. A more sophisticated method would be to
simulate the performance of the radio network topology by means of attainable sys-
tem capacity. This would remove the need for massive and time-consuming field
measurement campaigns. However, this approach places strict requirements for the
radio network planning tool and on the selection of its input data and parameters.

Due to more complex radio interface access technique, any additional element or
service in the radio interface will have an impact on the available radio resources or
interference levels, and hence they will also affect the system capacity. Already in
GSM, repeaters have been used to cover coverage holes or locations that otherwise
would be hard to cover. In WCDMA, repeaters will affect the interference levels
in the network, and hence their impact on the topology planning phase has to be
understood. In addition, as the more complex radio interface access technique also
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enables new services, the impact of location techniques has to be estimated during
the topology planning phase, because the radio network topology has a huge impact
on the attainable signal levels in the network that are typically used for position
estimation with radio network based location techniques.

1.2 Scope of the Thesis

The scope of the thesis is to provide aspects mainly for the topology planning of
CDMA cellular radio networks. The reference network (system) throughout the
whole thesis is UTRA FDD (UMTS terrestrial radio access frequency division du-
plex), where the air interface multiple access scheme is based on WCDMA. Even
though most of the simulation and measurement results are system-specific, under
certain circumstances they can be applied to all CDMA-based networks. Moreover,
some the results could also be applied to other types of cellular networks. On top of
this, the analysis is mainly concentrated on macrocellular suburban and light urban
environments.

The structure of the thesis is divided into three parts: basic elements of radio
network topology, verification of the quality of the topology, and supplementary
concepts of radio network. The first part will concentrate on the impact of differ-
ent radio network topologies on the network coverage and system capacity. In the
literature, there are a small number of similar studies regarding radio network topol-
ogy. However, an extensive analysis and a sufficient level of understanding of the
dynamics of the capacity as a function of different radio network topology related
elements is still lacking. The second part of the thesis will concentrate on the verifi-
cation methods of the quality of the radio network topology. Firstly, a method that
utilizes radio interface measurements for providing an estimate of other-to-own-cell
interference of a cell or part of a network is provided and its performance is assessed.
Secondly, the reliability of a static radio network simulator that could be used in the
radio network planning process is evaluated for urban environment. The third part
of the thesis introduces two supplementary radio network concepts and their impact
on radio network topology planning. These concepts are repeaters and a network-
based mobile positioning technique called cell ID (identification)+ RTT (round trip
time). Throughout the repeater analysis, the deployment of repeaters is considered
for capacity-limited environments, rather than for coverage-limited environments.
Firstly, the assessment of a repeater network is performed with system level simula-
tions, and secondly, the downlink performance is assessed by means of radio inter-
face measurements. Finally, the performance of network-based mobile positioning
technique (cell ID+RTT) is evaluated for different radio network topologies.

The thesis is organized as follows: Chapter 1 provides the motivation, scope of
the thesis, and gathers the main results of the thesis. Chapter 2 introduces the rele-
vant background information regarding the WCDMA radio network planning pro-
cess and different assessment methods of radio network topology. In addition, the
basic methodology of the static simulator that is used in most of the simulations in
this thesis is provided as well. Chapter 3 provides an extensive set of simulation re-
sults and analysis of different radio network topologies on the network coverage and
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system capacity, and partly on QoS. Different network topologies cover modifica-
tions in sectoring, site locations, antenna heights, antenna beamwidths, and antenna
downtilt angles. Moreover, the impact of radio network topology on the level of pi-
lot pollution is also studied. The chapter ends with some proposals for site evolution
from 3-sectored sites to 6-sectored ones. Chapter 4 introduces two aspects of radio
network topology assessment; radio interface measurements and simulations. First,
a mapping method of the quality of a cell or a part of a network is developed, and
secondly, a reliability study of a static radio network planning tool is provided in an
urban WCDMA network. The first part of Chapter 5 provides simulation and mea-
surement results of repeater deployment in a WCDMA network. The second part of
the chapter considers the impact of radio network topology on the overall accuracy
of network-based cell ID+RTT mobile positioning method with and without forced
soft handover (FSHO) extension. Chapter 6 concludes the most significant results
of the thesis and discusses about the future work related to radio network topology.
Finally, Chapter 7 provides an overview of the publication results and the author’s
contribution to each publication.

1.3 Main Results of the Thesis

The target of the work performed for this thesis was to provide a comprehensive and
new analysis of the radio network topology planning for WCDMA networks, and
to present the impact of different radio network topologies not only by using sys-
tem simulations but also radio interface measurements. In addition, the target was
to cover certain topology planning aspects for a repeater implementation and for a
network-based mobile positioning technique called cell ID+RTT. Hence, as such, the
results of this thesis do not provide any novel radio network topology concepts or
simulation methodologies, but rely on standard network layouts and simulations to
provide the outcomes. However, two novel ideas are presented: the other one is re-
lated to the coverage and sector overlap modeling with a single parameter, and the
other one to evaluating the quality of the radio network topology by using measure-
ments. Up to date, any publication has not addressed coverage and sector overlap
modeling, which is crucial especially for WCDMA networks. This thesis introduces
the definitions of coverage overlap index (COI) and sector overlap index (SOI), and
an evaluation of an optimum COI and SOI is presented based on extensive system
simulations. Moreover, any verification technique of the quality of WCDMA radio
plan has not been presented in the open literature, and hence the introduction of this
quality verification method for radio network topology can be treated as a novel.

The rest of the results in this thesis are related to provisioning of new analysis of
the WCDMA network coverage and system capacity, and also guidelines for radio
network planning process. The most important ones are listed below.

• Showing that a small deviation in the site location or in the antenna direction
is not harmful in a macrocellular WCDMA network. This relaxes the site ac-
quisition during the radio network planning process.

• Providing optimum antenna downtilt angles, and as result, an empirical equa-
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tion for macrocellular WCDMA network as a function of effective base station
antenna height, average site spacing and antenna vertical beamwidth. More-
over, showing that the performance of electrical downtilt outperforms slightly
the mechanical downtilt, and that sectoring does not remarkably affect the op-
timum downtilt angle.

• Verification of the impact of mechanical antenna downtilt on the downlink ca-
pacity by using radio interface measurements. The downlink capacity gain of
20% was observed that corresponds to the one observed using simulations.

• Showing that the geographical user distribution over the cell area does not as
such change the optimum downtilt angle, which indicates that CAEDT should
not be implemented only to response to changes of user locations.

• Illustrating the impact of different 6-sectored antenna configurations on the
amount of pilot pollution through system simulations, and more practically by
using radio interface measurements.

• Providing guidelines for site evolution from a 3-sectored site to a 6-sectored
site regarding the improvements in the absolute coverage and capacity.

• Evaluating the reliability of a static radio network planning tool using the
COST-231-Hata and the ray tracing propagation model, and providing a com-
parison with radio interface measurements in an urban WCDMA network. The
results show that in an urban area the COST-231 overestimates clearly the at-
tainable downlink capacity (up to 70%), whereas ray tracing model provides
more realistic capacity estimates.

• An evaluation of the impact of analog WCDMA repeaters on the network cov-
erage and capacity using simulations and measurements. The results illustrate
that analog repeaters can be used to boost the downlink capacity. However,
the uplink has to be planned carefully in terms of the repeater amplification.

• Addressing the impact of radio network topology on the accuracy of the basic
cell ID+RTT mobile positioning technique, and showing the impact of the radio
network topology on the expected availability of the forced SHO algorithm.





CHAPTER 2

Role and Methods of Radio
Network Topology Planning

THIS chapter provides an overview of the WCDMA radio interface system plan-
ning process and emphasizes the importance of radio network topology plan-

ning from system capacity point of view. Moreover, it introduces the most relevant
analysis methods for assessing the quality of radio network topology. In addition,
the required information for understanding the results of system simulations is pro-
vided by means of the introduction of a typical radio network planning tool and its
simulation methodology for performance assessment.

2.1 Radio Network Planning Process

The radio network planning process consists of dimensioning, detailed planning,
and optimization. These main planning phases of the radio network planning pro-
cess can be identified related to any cellular network regardless of the multiple ac-
cess scheme or detailed implementation. However, detailed phases typically differ
depending on the multiple access scheme of the radio interface and on the parame-
ters required for radio resource management functions.

2.1.1 Dimensioning

In the dimensioning phase (also called initial or nominal planning), a rough esti-
mate of the network layout and elements is derived. It provides the first and the
most rapid evaluation of the number of network elements, as well as the associate
capacity of those elements. As a result of dimensioning, the most critical parameter
for a detailed planning phase is the average base station antenna height, which must
be defined in order to be able to define the characteristics of the radio propagation
channel and optimized planning guidelines (such as antenna tilting) for that environ-
ment. The definitions of the dimensioning methods differ slightly in the literature,
but the common feature is that dimensioning uses hypothetical data. Nevertheless,
the dimensioning phase can already address the capacity requirements of different
cells by using, e.g. standard load equations. [2, 3, 9, 10]

7
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2.1.2 Detailed Planning

In WCDMA networks, the detailed planning phase consists of configuration plan-
ning, topology planning, code planning, and parameter planning.

Configuration Planning

In configuration planning, the base station and base station antenna line equipment
is defined, and the maximum allowed path loss is calculated in the uplink (UL) and
downlink (DL) directions. In power budget calculations, gains (e.g. antenna gain
and amplifiers), losses (e.g. cables and filters), and margins (e.g. slow fading, inter-
ference, fast fading) are added to transmit and reception power levels. The result of
configuration planning is [2]:

• a detailed base station configuration

• a list of antenna line elements for different network evolution phases

• the maximum uplink and downlink path loss information for coverage predic-
tions

Topology Planning

The final configuration of the radio network elements and layout is defined during
the topology planning phase, which covers simultaneous planning of coverage and
capacity [2]. The elements for topology planning can be roughly divided into base
station site configuration and base station antenna configuration. However, the differ-
ence between these two elements is partly volatile. The base station site configura-
tion contains definitions for site locations, sector directions, and number of sectors,
whereas the base station antenna configuration covers mostly definitions of antenna
height and antenna configuration (as radiation characteristics and downtilt). After
defining all these parameters (and naturally after deploying the network), the initial
stage of the network has been achieved, and the network is ready for operational use
(from a network configuration point of view).

As the interference conditions vary according to amount and location of traffic,
modeling of the dynamic changes requires radio network system level simulations
in order to assess its performance. These system level simulations must be carried
out for a certain cluster of cells so that all uplink and downlink changes of other-cell
interference are included. System level simulations are based, for example, on static
Monte Carlo type of simulations, where a certain number of mobile terminals are
located over a coverage area, but the motion of mobiles is not modeled. The results
of static simulations include coverage, capacity, and interference-related informa-
tion such as the transmit power of base stations, maximum number of users in each
cell, and other-cell-to-own-cell interference. These results finally give an estimate of
whether base station sites are located and configured correctly, and what is the esti-
mated throughput per site. Sections 2.2 and 2.3 provide a more detailed view of the
static simulations required for topology planning. [2, 11]
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Code and Parameter Planning

After the topology planning phase, only code and parameter planning are needed
before the network can be launched. In code planning, scrambling codes are allo-
cated for different cells in order to separate cells in the downlink direction. Scram-
bling code planning is relatively straightforward because there should be enough
codes for a WCDMA network. Moreover, the scrambling code planning can be eas-
ily performed in a planning tool. [2, 3, 12]

In the parameter planning phase, initial values for different radio resource man-
agement tasks and functionalities are allocated. These parameters can include, e.g.
signalling together with handover and power control related parameters, which are
all furthermore related to idle, connection establishment, and connected modes. In
the parameter planning phase, all parameters are grouped to these different cate-
gories, and pre-optimized default values are given when the network or a cell is
launched. [2]

2.1.3 Optimization

The WCDMA radio network is entirely designed after system level simulations in
topology planning, and code and parameter definitions. The following planning
phases are verification, monitoring, and optimization. In the verification phase,
which is performed prior to commercial launch, different key performance indica-
tors (KPI) related to coverage and functionality are evaluated. This covers evaluation
of, e.g. call success rates and soft handover success rates. Fundamentally in the veri-
fication phase, coverage and dominance areas are verified and analyzed due to their
strong impact on radio network capacity. Verification of the radio network is mainly
carried out with the use of a radio interface field measurement tool. Monitoring is
continuously performed during the commercial operation of the network by collect-
ing KPI values related to, e.g. call success rates and drop call rates. More detailed
monitoring (troubleshooting) can be based on signaling messages between the base
station and mobile station measured by a radio interface field measurement tool or
by a QoS analyzing tool, for example, from the Iub interface. [2, 3]

Finally, optimization contains different kinds of planning-related actions to solve
problems found in the verification and monitoring phases. Optimization involves
continuous trouble shooting; it could also be called re-planning because all planning
phases and their results must be checked before any modifications can be made to the
actual plan. The optimization process includes radio interface field measurements
and QoS measurements to understand network bottlenecks at the cell, site, and radio
network controller (RNC) levels. [2, 3, 9]

2.2 Assessment Methods of Topology

In GSM radio networks, frequency planning traditionally defines the quality of the
radio network plan, especially in an interference-limited environment [8]. However,
in WCDMA, most of the quality of the radio network plan is defined by the topol-
ogy, and the resulting interference conditions. On the other hand, the functionality
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of the whole network is mostly defined by RRM functions and their parameter se-
lections. The quality of WCDMA topology can be assessed with system level (i.e.
network level) analysis, assuming that the propagation environment (digital map,
propagation model) and traffic distribution can be reliably modeled. In practice, this
means that assessment can be conducted either with analytical analysis, system level
simulations or radio interface measurements.

Analytical Modeling

Analytical investigations are based on mathematical models. This type of studies
have the advantages of having a lower cost and requiring less effort than other meth-
ods. For example, a coverage and interference assessment can be performed using
analytical models [13,14]. In addition, for example an analytical approach with load
equation can be used to evaluate the downlink capacity [15]. Even though the ap-
proach of analytical models is comparatively simple, more detailed and reliable anal-
ysis is problematic due to the high complexity of the WCDMA system.

System Level Simulations

Another method is to use computer-based simulations of the cellular network. In
general, they can be divided into three categories: static, dynamic and quasi-dynamic.
Static simulators are characterized by excluding the time dimension, and the results
are obtained by extracting sufficient statistics of statistically independent snapshots
of the system performance (Monte Carlo approach). Hence, they are suitable for
radio network topology assessments if they take reliably into account the detailed
radio propagation environment. [2, 16]

In contrast, dynamic network simulators (e.g. [17]) include the time dimension,
which, on the contrary, adds further complexity. However, dynamic simulations are
very appropriate for investigating time dependent mechanisms or dynamic algo-
rithms. RRM functionalities, such as the power control and handover control, can
be properly analyzed. Hence, they can be used, e.g. for benchmarking new RRM
function or for certain parameter optimization problems.

A middle-way between static and dynamic simulations is the so-called quasi-
dynamic simulators (e.g. [18]), which only include a single time dependent process,
while the rest of time dependent processes are modeled as static. This solution repre-
sents a trade-off between the accuracy of fully dynamic simulations and the simplic-
ity of static simulations. They are suitable also for the assessment of RRM functions
as shown in [19].

Radio Interface Measurements

A practical alternative for topology assessment is to conduct radio interface mea-
surements in a trial or operational network. These radio interface measurements
are typically related to verification and monitoring phases. For a specific network
configuration, this method can provide the most accurate assessment of the system
performance and of the QoS to be experienced by users. However, the results might
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be network specific (i.e. depending on the network configuration and environment),
and hence may therefore differ from network to network. This also makes the gen-
eralization of the results problematic as they might be strongly case dependent. A
comprehensive presentation of the radio interface measurements related to UMTS
network is presented in [2].

2.3 A Static Radio Network Planning Tool

Static simulations offer the most promising way for radio network planning and
topology assessment. As a result of simulations, a static planning tool provides an
estimate of the average network behavior by using a given network configuration,
parameters, and traffic layer (including service requirements and distribution). For
this purpose a static planning tool seems to be sufficient, as the whole radio network
planning is typically based on average values (e.g. slow fading margins, etc.) [8].

For an operator, the utilization of a radio network planning tool in WCDMA
planning process is economically and technically extremely beneficial. In the initial
network deployment process, the use of planning tools results in a network consist-
ing of a sufficient number of sites to provide the required QoS for users. Moreover,
planning tools can be used to minimize the costs and efforts of the operator, and also
to fasten the whole planning processes. Furthermore, a radio network planning tool
can provide assistance for the planner during network optimization and evolution
when new sites are possibly dimensioned. Naturally, the accuracy of the simulations
depends on the quality of the digital map, propagation model, and traffic estimates.

This section provides an essential introduction of the static planning tool [20] that
has been used for most of the simulations presented later on in this thesis. However,
the emphasis here is limited to coverage and capacity related analysis. A full descrip-
tion of [20] can be found from [2] and [21]. Descriptions of other similar WCDMA
radio network planning tools can be found from [3] and [16]. In addition, this sec-
tion introduces the theoretical background of methods used for estimating the sys-
tem capacity with the WCDMA radio network simulator. The analysis is performed
independently for uplink and downlink directions, as system load behaves differ-
ently in these directions [3]. The quality requirements of a radio link are expressed
in terms of SIR (signal to interference ratio) requirement. Moreover, the impact of
the other-cell interference on the SIR requirement is emphasized.

2.3.1 Relation of SIR and Other Cell Interference

In a cellular WCDMA system, the same carrier frequency is used in all cells, and
users are separated by unique code sequences. The capacity of a WCDMA system
is thus typically interference-limited rather than blocking-limited, since all mobiles
and base stations interfere with each other in uplink and downlink directions [2, 9].
The network (or cell) capacity is defined by interference (or load equation) that, on
the other hand, sets limits for the maximum number of users in a cell or for the
maximum cell throughput. Through this thesis, the system capacity is defined as the
maximum number of users that can be supported simultaneously with a pre-defined
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service probability target, or correspondingly with a certain downlink or uplink load
target.

Uplink Capacity

The parameter SIR (signal to interference ratio) is used to measure the quality of a
connection. In practice, the SIR requirement that results in a certain bit error rate
(BER) (for example 0.01) depends at least on the used service and user characteris-
tics (propagation environment, user speed, etc.). During the simulations, the signal
quality received at the base station for the jth user must satisfy the following condi-
tion (e.g. [9, 16]):

SIRj =
W

Rj

PTX,j

PBS
RXLj − PTX,j

=
W

Rj

PTX,j/Lj

iother + iown − PTX,j/Lj + Pn

(2.1)

where W is the system chip rate, Rj is the user bit rate of the jth mobile1, PTX,j is
the transmit (TX) power of the jth mobile, PBS

RX is the total received wideband power
(including other-cell interference (iother), own-cell interference (iown), and thermal
noise power Pn) at the base station, and Lj is the uplink path loss from the jth mobile
to the base station.

As seen from (2.1), SIR can be controlled by changing the TX power (PTX,j),
and hence during simulations, a certain SIR requirement is achieved iteratively by
changing the mobile’s transmit power. During a Monte Carlo simulation process,
the powers of each connection are adjusted based of the service-dependent and user
profile dependent (e.g. different speeds) parameters. As the interference from other
users affects the SIR, the process has to be iterative given certain convergence crite-
ria. Thus, the maximum uplink capacity is defined by the interference-based uplink
load factor, ηUL, which is given as interference rise above the thermal noise power2

(e.g., [16]):

ηUL =
PBS

RX − Pn

PBS
RX

=
iown + iother

iown + iother + Pn

(2.2)

As the equation of SIR is not a closed-form solution, a direct connection between
SIR and ηUL cannot be presented. However, the uplink capacity can be defined by
the load factor. Moreover, ηUL is used to define a WCDMA radio network planning

1W/Rj is the service processing gain and excludes possible gain from channel coding. Moreover, Rj

is the user net bit rate of a particular service.
2Note that ηUL can be also given based on the throughput (e.g. [9]). However, interference based load

factor is considered here as it can be used in the simulations.
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parameter called interference margin3 (IM ) that takes into account the changes in
the network coverage due to cell breathing:

IM = −10 log10(1 − ηUL) (2.3)

In the configuration planning phase, the maximum uplink noise rise is typically
targeted between 1.5 dB-6 dB (i.e. ηUL 30-75%) [2, 3, 9]. From a topology planning
point of view, the target is to provide as good isolation between cells as possible. The
ratio of iother and iown is defined as other-to-own cell interference i, and it reflects in
the isolation of the considered base station sector (or cell) as it measures the inter-
ference received from mobiles from other cells. This ratio can be reduced by, e.g.
optimizing the antenna radiation pattern is such a manner that the received other-
cell interference is minimized. However, this has to be done such that the coverage
in the own cell is still maintained (i.e. PTX,j should be enough from the cell edge
according to power budget calculations). Hence, by reducing i, with the same inter-
ference margin target, the number of supported users can be higher, which turns out
to increase system capacity in the uplink.

Downlink Capacity

The cell capacity of the downlink (DL) in the WCDMA system behaves differently
compared to the uplink. This is caused by the fact that all mobiles share the same
transmit power of a base station sector [15]. Furthermore, simultaneous transmis-
sion allows the usage of orthogonal codes. However, the code orthogonality (α)4 is
partly destroyed by multipath propagation, which depends at least on the propaga-
tion environment and mobile speed [9]. In order to satisfy the SIR requirement of the
kth mobile of the downlink, the following criteria have to be fulfilled:

SIRk =
W

Rk

PTCH,k

PMS
RX Lk − αP tot

TX − (1 − α)PTCH,k

(2.4)

In (2.4), PTCH,k is the TX power of the downlink traffic channel (TCH) for the kth
connection, Lk is the downlink path loss, and P tot

TX is the total TX power of a base
station sector mobile is connected to, and PMS

RX is the total received wideband power
at the mobile station expressed as:

PMS
RX = Itot − αiown + Pn (2.5)

where Itot is the total received interference power, iown is the interference power
received from the own cell, and Pn is the noise power. The variable P tot

TX includes
the TX power of primary common pilot channel (P-CPICH), other common control
channels (CCCH), and also all traffic channels. Placing (2.5) into (2.4) yields after
some modifications:

3Interference margin is also called noise rise.
4In the context of this thesis, α is a cell-based parameter.
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SIRk =
W

Rk

PTCH,k/Lk

iother − αiown − (1 − α)PTCH,k/Lk + Pn

(2.6)

As seen from (2.6), the resulting SIR is directly decreased by interference power
from other sectors. As in the uplink scenario, the presented equation for SIR is not a
closed-form solution, and hence the estimation of the correct transmit power requires
iteration, since the SIR at each mobile depends on the power allocated to the other
mobiles [16]. This equation is exactly the same as those used with the system level
simulations presented, e.g. in [3, 22, 23].

In the context of this thesis, the total transmit power P tot
TCH,m for the TCH of the

mth base station sector is the sum of all K connections (including soft and softer
handover connections):

P tot
TCH,m =

K∑
k=1

PTCH,k (2.7)

and the downlink load factor, ηDL, is defined with the aid of the average transmit
power of TCHs of base stations for a cluster of cells:

ηDL =

∑M

m=1
P tot

TCH,m

MPmax
TCH,m

(2.8)

where M is the number of sectors in the cluster. The downlink capacity is maximized
when the minimum ηDL is achieved with the same number of served users K.

2.3.2 Simulation Methodology

In a static planning tool, the actual performance estimation is normally divided into
two parts: namely coverage predictions and performance analysis (Monte Carlo analy-
sis).

Coverage Analysis

The fundamental part of the performance of the simulator comes from the coverage
predictions. In the coverage calculations, path loss matrixes are created based on
propagation models, network and site configuration (e.g. antenna radiation patterns
and downtilt), and digital maps of the planning area5. Propagation is predicted for
each pixel on the digital map according to a certain model, and a pixel corresponds to
the resolution of the digital map. Hence, in addition to a reliable coverage prediction
model, also the resolution of a digital map should be good enough.

Most of the radio network planning tools offer the possibility to use empirical,
physical, and deterministic propagation models. However, in practice, the utilized

5Digital maps are commonly utilized to predict radio wave propagations in natural and built-up en-
vironments. To achieve reliable prediction results, and to be able to plan a radio network successfully,
up-to-date and accurate geographical information is needed [8, 24].
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Table 2.1 An example of morphological (land use) correction factors for extended
COST-231-Hata model for different clutter types.

Morphotype Correction factor [dB]

Open −17

Water −24

Forest −10

Building height < 8 m −4

Building height > 8 m −3

Building height > 15 m 0

Building height > 23 m 3

propagation model has to be tuned for the simulation (or planning) area based on
field measurements [8]. For example, tuning of the COST-231-Hata propagation
model can be done by utilizing area correction factors for different clutter types and
by weighting the calculation of area correction factors between the transmission and
reception ends. Table 2.1 shows an example of morphological (or area) correction
factors. In addition to area correction factors, the propagation slope can also be ad-
justed. A comprehensive analysis of propagation model tuning is provided in [8].

Performance Analysis

In the performance analysis part, predicted path losses are utilized for solving the
required transmit power needs iteratively in the uplink and downlink based on (2.1)
and (2.4). In cellular radio network planning, it is necessary to make simplified as-
sumptions concerning, e.g. multipath radio propagation channel. However, differ-
ent detailed link level phenomenon such as fast fading, soft handover (SHO) gain or
required fast fading margin can be taken into account in a look-up-table manner.

In the capacity analysis during Monte Carlo process, a large number of random-
ized snapshots are performed in order to simulate service establishments in the net-
work. At the beginning of each snapshot, base stations’ and mobile stations’ pow-
ers are typically initialized to the level of thermal noise power. Thereafter, the path
losses matrices are adjusted with mobile-dependent standard deviations of slow fad-
ing. After this initialization, the transmit powers for each link between base station
and mobile station are calculated iteratively in such a manner that SIR requirements
for all connections are satisfied according to (2.1) and (2.4) for uplink and downlink,
respectively. During a snapshot, a mobile performs a connection establishment to a
sector, which provides the best Ec/N0 on the P-CPICH:(

Ec

N0

)
k

=
PP−CPICH

PRXLk

(2.9)
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Table 2.2 An example of typical cell- and RRM -related simulation parameters for a
static planning tool.

Parameter Unit Value

BS TX Pmax [dBm] 43

Max. BS TX per connection [dBm] 38

BS noise figure [dB] 5

P-CPICH TX power [dBm] 33

CCCH TX power [dBm] 33

SIR requirement UL / DL [dB] 5/8

SHO window [dB] 4

Outdoor / indoor STD for shadow fading [dB] 8/12

Building penetration loss [dB] 15

UL target noise rise limit [dB] 6

DL code orthogonality 0.6

Maximum active set size 3

where PP−CPICH is the power of P-CPICH of the corresponding sector and PRX is
the total received wideband power. A mobile is put to outage during a snapshot, if
the SIR requirement is not reached in either UL or DL, or the required Ec/N0 is not
achieved in the downlink. Also, the uplink noise rise of a cell should not exceed
the given limit during connection establishments6. The ratio between successful
connection attempts and attempted connections during all snapshots is defined as
service probability. After a successful connection establishment, all other sectors are
examined to see whether they satisfy the requirement to be in the active set (AS) of
the mobile. If multiple Ec/N0 measurements from different sectors are within the
SHO window, a SHO connection is established. After each snapshot, statistics are
gathered and a new snapshot is started. For every network configuration, several
independent snapshots have to be performed. Finally, the number of required snap-
shots depends heavily on the size of the simulation area and map resolution.

Even though RRM functions cannot be modeled the with static planning tool,
certain RRM-related parameters can, however, be defined. For example, admission
control can be implemented by setting uplink noise rise limit, maximum power for
single link in the downlink, and maximum power for the whole base station sector.
Moreover, SHO can be modeled as explained above. Table 2.2 provides an example
of simulation parameters for Monte Carlo -based static simulations.

6Cell noise rise is defined in (2.2).



CHAPTER 3

Basic Elements of Topology
Planning

THE target of radio network topology planning is to provide a configuration that
offers the required coverage for different services, and simultaneously maxi-

mizes the system capacity. This chapter addresses the impact of:

• coverage overlap (antenna height and site spacing)1

• selection of site location

• sectoring and antenna beamwidth

• antenna downtilt

on the WCDMA network coverage and system capacity. Moreover, the impact of the
aforementioned elements is addressed on pilot pollution that reflects partly on the
expected functionality of the network, and on site evolution from a 3-sectored site to
a 6-sectored site.

The chapter begins with consideration of coverage overlap, which is an extremely
general term as it is mainly defined by site location (i.e. average site spacings) and
antenna configuration (antenna height, downtilt, etc.). Moreover, the radio propa-
gation (urban, suburban, etc.), planning environment (macro, micro, etc.), and also
link budget affect the resulting coverage overlap. The chapter continues with an ex-
ample of selection of site location. The other type of coverage overlap, namely sec-
tor overlap is addressed by means of selection of sectoring and antenna horizontal
beamwidth. Thereafter, the importance of antenna downtilt is emphasized through
simulation campaign as well as measurement results. On top of this, results regard-
ing the impact of proper radio network topology planning on the quality of the radio
network are provided. Finally, proposals for site evolution strategy are given when
3-sectored sites are updated to 6-sectored sites.

3.1 Coverage Overlap

In any cellular network, coverage overlap is required in order to combat the harmful
impact of slow fading of the signal (slow fading margin required), and moreover, to

1Antenna downtilt can be perceived as a part of coverage overlap. Hence, its impact on coverage
overlapping is also studied in Section 3.1.
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be able to provide, e.g. indoor coverage with an outdoor network (building penetra-
tion loss). Therefore, in cellular networks, most of the other-cell interference is pro-
duced by the coverage overlap requirements. However, an unambiguous definition
of coverage overlap is rather difficult, and has not been addressed in the literature.

In general, coverage overlap is affected by the link budget, antenna configura-
tion, average site spacing, and propagation environment. The first three elements
are strictly topology related factors, and the fourth one is defined by the planning
environment, which also defines the propagation slope [8]. The impact of the max-
imum allowable path loss on the coverage overlap is obvious; a higher allowable
path loss enables better coverage and can thus increase the coverage overlap. The
maximum allowable path loss is naturally affected by the base station antenna gain
(connection to antenna horizontal and vertical beamwidth). Secondly, a higher an-
tenna position decreases the propagation slope, and therefore increases the cell cov-
erage and resulting coverage overlap. Moreover, a higher antenna position increases
the probability of line-of-sight (LOS) connections. Thirdly, the closer the base sta-
tion sites are to each other, the larger is the resulting coverage overlap. Finally, the
propagation environment has an impact on propagation slope, and thereby affects
the amount of coverage overlap.

To summarize these points, a small coverage overlap might reduce the network
performance through too low network coverage, whereas too high coverage overlap
reduces the network performance, increases other-cell interference level, and finally
reduces system capacity [25]. This is actually the starting point for radio network
topology planning, which requires optimized coverage overlap. Hence, the impact
of it has to be understood on system capacity when site selections are made in the
topology planning phase. The target of this section is to achieve optimum cover-
age overlap that maximizes the system capacity. A similar approach from roll-out
optimized network configuration point of view is taken in [26].

Site Spacing

Site spacing (i.e. average distance between sites) is defined either by the coverage
or capacity requirements for a planning area. Coverage requirements define the
site spacings typically in rural areas, where the capacity does not constrain the sys-
tem performance and observable QoS. On the other hand, capacity requirements
(expected customer density) define site spacings in capacity-limited environment.
However, the coverage requirements for indoor users also affect the site density of
an urban planning area. If high indoor coverage probabilities (80-90%) are required,
the average site density grows, which automatically results in large coverage over-
lap areas. This easily increases the risk of observing higher other-cell interference
levels as well. Hence, optimization of antenna height and, e.g. antenna downtilt is
strongly required.

Antenna Height

The selection of antenna height is typically performed according to the planning
environment [8]. In a microcellular planning environment, antennas are systemat-
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ically deployed under the average roof top level for capacity purposes. For an ur-
ban macrocellular network layer, antenna heights follow the average roof top levels.
Correspondingly in suburban areas, the propagation occurs most of the time clearly
above roof-top level due to relatively higher antenna position with respect to average
roof top levels. On the other hand, the propagation loss in rural areas is dominated
by the undulation of the terrain. This means that the propagation slope varies from
20 dB/dec (free space) up to 45 dB/dec (dense urban) depending on the propagation
environment [8, 27, 28].

From a radio network topology optimization point of view, the selection of the
antenna height also depends on the site location. A choice of a low antenna instal-
lation height increases the number of required sites in a planning area (cf. micro-
cells). Moreover, a lower antenna position in an urban area reduces service coverage
probabilities in the network, and might decrease QoS. On the other hand, sectors
become more isolated from each other, which results in lower other-cell interfer-
ence levels [3]. If a higher antenna position is selected, coverage probabilities can
be enhanced. However, signals are propagated for longer distances (known as over
shooting), which exposes the network to higher other-cell interference levels. Fur-
thermore, higher antenna position may increase SHO areas at the cell edges and
result in higher overhead for SHO connections.

3.1.1 Coverage Overlap Index

In the following, the impact of coverage overlap is presented on the system capacity
with extensive set of system level simulations. Moreover, an optimum empirical
value for coverage overlap is evaluated with coverage overlap index (COI). All relevant
simulation parameters and description of the simulation environment can be found
from [P1].

The coverage overlap index (COI) is defined here as

COI = 1 − length of dominance area

length of actual coverage area
(3.1)

where length of dominance area is the length of the geographical area where the cell is
intended to be the most probable server2. The length of actual coverage area is the cell
range defined by the maximum allowable path loss towards the horizontal plane
of an antenna and can be calculated with an adequate propagation model. In the
context of multi-service WCDMA network, the maximum allowable path loss is de-
fined by the service with the highest path loss (typically, speech/voice). If COI → 0,
the cells in a network would not have sufficient overlap, and the network would
most probably be unable to provide a continuous network coverage (without plan-
ning margins such as slow fading margin). However, the other-cell interference level
would definitely be low as well. Hence, in practice, COI has to be higher than zero
in order to tolerate slow fading and to achieve indoor coverage.

In order to provide an idea of the range of COI, let us consider an example with
link budget values presented in [2]. The isotropic path loss (i.e. without any margins)

2The length of the dominance area can be easily extracted from system simulation cell-by-cell basis.
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equals 157.1 dB in the downlink. This can be mapped into a cell range of 3.16 km
by using the Okumura-Hata propagation model with 35 dB/dec propagation slope,
25 m antenna height, and 2100 MHz frequency. However, by taking into account
standard deviation of slow fading (σSF = 7 dB), SHO gain (3 dB), and outdoor lo-
cation probability requirement (95%), the resulting maximum allowable path loss
would be 149.8 dB, and the corresponding cell range 1.95 km. If the network were
deployed based on outdoor coverage, the resulting COI would be, by the definition,
COI = 1 − (1.95/3.16) = 0.383. On the contrary, if 90% indoor location probability
were required (σSF = 9 dB and building penetration loss (BPL) = 15 dB), the indoor
path loss would be 135.6 dB, and the cell range only 0.77 km. Finally, the COI would
equal to COI = 1− (0.77/3.16) = 0.756. Note that this example does not include the
impact of antenna downtilt that effectively decreases the path loss towards antenna
boresight, and hence reduces the actual coverage area. Nevertheless, due to planning
margins, coverage overlap always exists, which on the contrary, increases other-to-
own-cell interference in WCDMA. Therefore, a certain level of other-to-own-cell in-
terference has to be accepted (e.g. i=0.5 [3]).

Technically, the utilization of COI has two different approaches. In an academic
approach, a possible network together with site and antenna configuration could
be selected freely, and hence optimization of COI should also be based on all these
parameters. This kind of scenario could arise in a case where planned site density
was smaller than the density candidate site locations, which is a rather hypothetical
assumption. In a more practical approach, site locations (and correspondingly site
spacings) would be fixed (or pre-defined), and, moreover, antenna heights could not
be significantly changed. In this kind of scenario, the optimization of COI would be
based almost purely on optimizing the antenna configuration (mostly downtilt).

3.1.2 Empirical Optimum COI

In the following, an optimum COI is empirically evaluated based on the simulations
presented in [P1]. Parameters in the evaluation are:

• maximum allowable isotropic path loss in DL (157.55 dB, 160.55 dB, 163.55 dB)3

• simulated site spacings (1.5 km, 2.0 km, 2.5 km)

• simulated antenna heights (25 m, 35 m, 45 m)

• different antenna types (65◦/6◦, 65◦/12◦, 33◦/6◦)4

• optimum downtilt angles for each scenario

Altogether, three different antenna radiation patterns are considered: namely, 3-
sectored sites with 65◦/6◦, 3-sectored sites with 65◦/12◦, and 6-sectored sites with
33◦/6◦. For the evaluation of COI , antenna electrical downtilt is taken into ac-
count simply by decreasing the maximum path loss in the direction of horizontal
plane of the antenna. Moreover, the Okumura-Hata propagation model was used

3Maximum allowable isotropic path loss differs only due to different antenna gain.
4xy◦/z◦ denotes the half-power beamwidth in the horizontal (xy) / vertical plane (z).



3.1. COVERAGE OVERLAP 21

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
350

400

450

500

550

COI

S
ec

to
r 

th
ro

ug
hp

ut
 [k

bp
s]

With optimum downtilt angles
Without tilt

(a) 65
◦/6

◦.

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
300

350

400

450

500

550

COI

S
ec

to
r 

th
ro

ug
hp

ut
 [k

bp
s]

With optimal downtilt angles
Without tilt

(b) 65
◦/12

◦.

Figure 3.1 Average sector throughput as a function of COI for 3-sectored sites.

at 2100 MHz frequency in such a manner that propagation slope was a function of
antenna height. The average area correction factor (−14 dB) was evaluated based on
the exact land use in the simulation area. Furthermore, as the network was based
on the hexagonal grid with nominal antenna directions, the length of the dominance
areas for 3-sectored sites were 2/3 of the site spacing and for 6-sectored sites 1/2 of
the site spacing. Figs. 3.1 and 3.2 gather the average sector throughput as a function
of COI for different network, site, and antenna configurations. The average sector
throughput is derived based on the average BS TX power of 39 dBm of all cells5.

Fig. 3.1(a) shows the sector throughput as a function of COI for 3-sectored net-
work with 65◦/6◦. The squared dots are for optimum downtilt scenarios and circular
dots are for non-tilted scenarios. Most of the scattering between samples is caused
by the utilization of a digital map (the propagation environment was not the same
with all site spacing) and practical antenna radiation patterns.

The results indicate that maximum sector throughput can be achieved with COI ≈
0.5 (Fig. 3.1(a)), and it can be achieved only by downtilting. The configuration that
provides the highest throughput is 1.5 km site spacing with 45 m antenna height6.
Nevertheless, the tendency of the results is that the system capacity can be maxi-
mized with higher antenna position and shorter site spacing. Without any downtilt,
the resulting COI is naturally higher, and correspondingly the capacity is lower. The
results with and without downtilt cannot be directly compared due to the fact that
the definition of COI does not address, e.g. the enhanced coverage near the base
station due to antenna downtilt.

With different antenna type (larger vertical beamwidth and smaller antenna gain),
the changes in the throughput as a function of COI are not dramatic7 (Fig. 3.1(b)).
Moreover, optimum COI is obviously close to 0.5. Finally, Fig. 3.2 shows the corre-

5see [P1] for more information regarding simulation parameters together with evaluations of optimum
downtilt angles and sector throughputs.

6See exact capacity values from Table 3.5
7A network of a wider vertical beamwidths is more robust for the variations of the network or antenna

configuration, see [P1].
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Figure 3.2 Average sector throughput as a function of COI for 6-sectored network;
33◦/6◦.

sponding relation of COI and sector throughput for 6-sectored sites. However, the
selected site spacings and antenna heights are not able to achieve COI < 0.5. Never-
theless, the trend of the results indicates that optimum COI would be again around
0.5.

Conclusions

An empirical approach for estimating an optimum coverage overlap index was pre-
sented. The approach targets providing an optimum network configuration in terms
of coverage overlap, which is based on site spacing, antenna height, and antenna
downtilt. The maximum sector throughput was achieved typically with COI ≈ 0.5,
which can be achieved only through antenna downtilt. Hence, the impact of an-
tenna downtilt should be clearly considered together with site spacing (site loca-
tions) and antenna height. Moreover, the optimization process of COI should be
based in practice on automatic optimization due to different dominance areas and
antenna heights.

As seen from Fig. 3.1, the used definition of COI in (3.1) cannot explicitly explain
the impact of downtilt, as for example with COI = 0.55 in Fig. 3.1(a), the sector
throughput varies between 430 kbps–510 kbps. One reason for this is the fact that
the resulting system capacity with higher antenna position is better. However, part
of this variation is caused by the utilization of a digital map (different propagation
environment with different site spacings).

From an academic point of view, the results indicate that the optimization of
the network topology should be as follows: maximize the antenna height and use
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correspondingly larger downtilt angles. This kind of network configuration would
maximize the system capacity. Hence, deployment of extremely high antenna po-
sitions as, for example, in the case of high altitude platforms (HAPs) (e.g. [29, 30]),
would seem to provide an interesting deployment strategy purely from radio net-
work topology point of view.

From a more practical point of view, the site density for a planning area must be
minimized according to coverage or capacity requirements in order to minimize the
network deployment costs and the required number of base stations. For capacity-
limited network, deployment of new sites is allowed only if coverage overlap can be
maintained at a reasonable level. Otherwise, the system capacity will degrade. Fur-
thermore, as the optimization of site locations and antenna heights might be rather
difficult due to practical site acquisition problems (e.g. low number of candidate site
locations and aesthetic problems with extremely high antenna positions), the opti-
mization of COI should be based on a proper selection of antenna downtilt (and
type) and also on intelligent placing of antennas in order to provide isolation to-
wards other cells.

There are still several open issues to be solved in order to provide an explicit
definition and optimum value for coverage overlap. This coverage overlap would
finally define a set of optimum parameters that should be used to maximize the
WCDMA network system capacity.

3.2 A Study of Site Locations and Sector Directions

The site location selection is performed during the topology planning phase. How-
ever, the requirements for site density are defined either by coverage or capacity
requirements, and moreover, are provided from configuration planning (or from ini-
tial topology planning [2]). In practice, the amount of candidate site locations is
rather limited, and hence an operator is not always able to use wanted site locations.
A set of candidate site locations is reduced, e.g. due to topographical irregularities
of the terrain, or authority constraints or government regulations that could prevent
an operator for deploying a base station to an optimal place from their network per-
formance point of view. Furthermore, in urban environments, where base stations
are often located on the top of buildings, the physical space required for hardware of
the planned site solution may not be enough. A rather extensive and practical view
of possible problems during site location selection and site acquisition is provided
in [10].

Another point of view for WCDMA site locations is the opportunity to reuse
the site locations of an existing cellular network (e.g. GSM). This is economically a
beneficial approach due to co-locating and co-siting opportunity, if only the costs are
considered [3]. However, from an optimum performance point of view, site locations
of the existing network could be different from the ones planned for a new network.
From the network coverage point of view, existing GSM location could be selected
also for WCDMA with certain limitations in coverage [2, 3, 31]. To summarize, the
selection process of WCDMA site location has several aspects and also several con-
straints, and hence, the solutions might be somewhat non-optimal from a technical
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point of view.
Another limitation that might occur during site acquisition is the selection of sec-

tor direction (or antenna direction). Due to external problems the antenna directions
might not have been directed as planned. Moreover, because of obstacles close to the
base station site location, or due to errors, e.g. in the base station antenna implemen-
tation, the antenna directions may change, and thus affect the network performance.
Hence, the effect of antenna direction deviation on the network performance should
also be considered.

This section provides simulation results and analysis of two different irregular
configurations: namely, irregular site location and irregular sector directions. First, a
comparison between hexagonal grid planning and irregular network configuration
is presented in order to find out the impact of non-hexagonal site locations on the
network performance. Secondly, the impact of irregular antenna directions on the
WCDMA network performance is addressed.

3.2.1 Irregular Site Locations

In a homogenous and totally flat environment, a hexagonal grid planning with equal
site spacings would be the most efficient strategy to deploy a cellular network, and
assuming further that the traffic distribution were homogeneous [27]. Even in a
generally flat environment, local terrain and clutter cause dramatic spatial variations
in the received power [27,32]. This phenomenon is observed as slow fading, in which
the mean level of the received signal tends to have a log-normal distribution [27,
33]. In addition, the regularity of traffic distribution is broken by different building
distributions. Hence, in practice, a hexagonal network is not an optimum network
layout for a cellular network.

The displacement of base station locations from the ideal hexagonal grid has been
found to have a negligible impact on carrier-to-interference (C/I) values in cellular
systems through simulations in a homogenous environment and with uniform traffic
distribution [32, 34–36]. Moreover, in [32] it was shown that especially a CDMA
network is rather robust for moderate base station location changes with respect to
an ideal hexagonal grid. The results are of great importance due to the fact that small
deviations do not affect cellular system performance. Hence, during the site selection
process, most importance could be put on economical constraints. In contrast, in
[37], which concentrated especially on UMTS system, the base station location was
concluded to have a notable impact on downlink and uplink performance with a
relatively large cell range.

Another set of simulation results regarding irregular base station site locations
was considered in [P2]. However, the target was to study the impact of a small
deviation in the base station site location on the top of a digital map on WCDMA
system performance. Irregular network configurations (also called non-hexagonal)
were formed by introducing a random deviation (i.e. an error vector) for each hexag-
onal site location. The maximum allowed deviation of the site location was 1/4 of
the site spacing, and hence, e.g. with 1.5 km site spacing, the maximum deviation
was 375 m. Fig. 3.3 illustrates part of a network with hexagonal and non-hexagonal
site locations. Altogether, five different non-hexagonal grids were formed and sim-
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Figure 3.3 Non-hexagonal site locations together with the hexagonal reference lo-
cations with 1.5 km site spacing. The ring around each hexagonal site location illus-
trates the maximum allowable deviation. [P2]

ulated.
The simulation results in Table 3.1 show selected performance indicators for hexa-

gonal and non-hexagonal network layouts of 1.5 km and 3.0 km site spacings. The
results are rather pessimistic as no optimization of antenna configuration was per-
formed after randomization of the network layout. With 1.5 km site spacing, the
non-hexagonality is hardly seen in any of the performance indicators, and actually
the average service probability is slightly larger for non-hexagonal grids. This small
increase comes from an improvement of network coverage8. However, the network
of 3.0 km site spacing is more coverage-limited, and hence the irregularity starts to
affect the network performance. As a result, the average service probability is 2 per-
cent smaller. However, randomization of site locations does not change the network
capacity as indicated by the results. In this scenario, also the increase of SHO prob-

8Utilization of a digital map creates certain coverage-limited location with the hexagonal grid, and
randomization of the site locations provided some coverage enhancements that could be seen as increased
service probability.
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Table 3.1 Example simulation results with 1.5 km and 3.0 km site spacings. The
performance indicators for the non-hexagonal grids are averaged over all five non-
hexagonal network layouts, and the values in parenthesis are their standard devia-
tions. DL capacity value is estimated based on average TX power of 39 dBm of all
base station sectors. [P2]

Parameter Reference grid Non-hexagonal grids
1.5 km 3.0 km 1.5 km 3.0 km

Service probability [%] 98.1 96.2 98.3 (0.68) 94.0 (1.08)

SHO probability [%] 24.9 17.2 25.0 (0.56) 18.0 (0.5)

SfHO probability [%] 3.9 4.6 3.9 (0.19) 4.9 (0.1)

UL i 0.79 0.58 0.80 (0.02) 0.60 (0.02)

DL capacity [kbps/sector] 360 360 359 (2) 359 (3)

ability is slightly larger. As was shown in [P2], a higher indoor location probability
does not affect the inter-related simulation results of a non-hexagonal grid. More-
over, the deviation does not have an impact on the system capacity with selected
maximum location deviation and site spacings.

Conclusions

A small random deviation of site location (less than 1/4 of the site spacing) from the
hexagonal grid has a negligible impact on the system performance in a real prop-
agation environment (i.e. when the information of the digital map is taken into ac-
count), and when high indoor coverage thresholds are required (1.5 km site spacing).
The robustness of the WCDMA network remained, even if different traffic profiles
were utilized [P2]. However, if high indoor coverage probabilities are not required,
i.e. the cells do not overlap significantly, a random deviation in base station loca-
tion becomes more and more crucial as with 3.0 km site spacing. Hence, in urban
and suburban environments with higher coverage overlap due to required indoor
coverage, the requirements for site location selection can be loosened, since the non-
hexagonality does not lower network performance. This could be valuable informa-
tion for a greenfield operator that possibly does not have any preferences for certain
site locations due to existing cellular network. Thus, in the case of a greenfield oper-
ator, site locations could be selected by using a hexagonal grid layout as a reference.
For each site, antenna configuration has to be optimized according to the new site
location, and hence the results of selected deviation could be pessimistic. In conclu-
sion, more attention should be paid to optimizing the antenna configuration rather
than the site location as it poses more problems also in practice.
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Figure 3.4 Illustrations of irregular antenna directions. [P2]

3.2.2 Irregular Sector Directions

The target of this subsection is to study the impact of errors in the nominal antenna
direction on the network performance. Information on the exact sector orientation is
crucial, e.g. in planning tools. Therefore, the simulation results with irregular sector
directions were compared with the nominal sector directions (i.e. 0◦, 120◦, and 240◦)
of the hexagonal grid in order to solve the impact on system performance [P2].

To provide random antenna directions, to each base station antenna direction an
error was added according to normal distribution. Fig. 3.4 shows an example of a
part of the network with irregular antenna directions at the base stations. The result-
ing average error from the nominal antenna direction was 9.1◦ in the first scenario
and 18.2◦ in the second one. Altogether, five different networks with irregular an-
tenna directions were simulated.

Table 3.2 provides a set of simulation results with 1.5 km site spacing for nomi-
nal antenna directions. Due to increased irregularity of the antenna directions, the
network performance with irregular sector directions is slightly reduced with re-
spect to nominal sector directions. However, with an average deviation smaller than
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Table 3.2 Example simulation results of 1.5 km site spacing. Random directions 1 is
with 9.1◦ and random directions 2 is with 18.2◦ average error in the antenna direc-
tion. [P2]

Parameter Nominal Random Random
directions directions 1 directions 2

Service probability [%] 98.1 98.0 (0.3) 98.0 (0.27)

SHO probability [%] 24.9 25.1 (0.18) 25.0 (0.5)

SfHO probability [%] 3.9 4.1 (0.12) 4.9 (0.37)

UL i 0.79 0.80 (0.01) 0.81 (0.01)

DL capacity [kbps/sector] 360 357 (3) 355 (3)

(a) Nominal antenna directions. (b) Randomized antenna directions.

Figure 3.5 Visualization of SfHO probability from part of the network with (a) nom-
inal antenna directions and (b) random antenna direction (with larger deviation).
Black color indicates 0% SfHO probability and lighter color higher probability.
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20◦, there is not much degradation in the system performance, if sector overlap9 is
around 0.5 (3-sectored sites with 65◦ antennas). According to the simulation results
in Table 3.2, the maximum system capacity degradation is less than 2 percent. As ex-
pected, the most visible impact of direction deviation is seen on the SfHO probability
(see also Fig. 3.5).

Conclusions

The simulation results indicate that WCDMA network performance is robust for
random antenna direction deviation under different traffic scenarios. The effect
of antenna direction deviation was found to have almost negligible impact on the
WCDMA network performance in a 3-sectored case of 65◦ horizontal beamwidth an-
tennas. However, these antennas are quite suitable for 3-sectored sites, and thus the
deviation in the antenna direction could be more crucial, if wider antenna beamwidth
or higher order sectoring is utilized.

3.3 Sectoring and Antenna Beamwidth

Sectoring is generally identified as a convenient method to increase network cov-
erage and system capacity in a cellular network [38–46]. However, especially in
WCDMA, the selection of the antenna beamwidth plays an important and crucial
role in sectoring [47–51], [P3]. The coverage enhancement with sectoring is based
on the improvement of the power budget10, and also on the fact that more antennas
are implemented at the base station site. The capacity enhancement can be logically
observed due to the increasing number of sectors. Ideally, doubling the number of
sectors of a base station site would mean doubling the offered capacity of a particular
site. However, an ideal sectoring efficiency11 can not be normally achieved due to non-
optimal antenna radiation patterns. The capacity gain of a 3-sectored site compared
to a 1-sectored site is around 2.5-2.7 [43–46], and 1.7-1.8 between a 6-sectored site
and a 3-sectored site [47–50, 53], [P3]. However, in [P1] it was shown that a capacity
gain of close to two could be achieved by using correct downtilt angles.

In WCDMA networks, 3-sectored sites probably offer a practical solution in the
beginning of the network evolution. However, along with increasing capacity de-
mands, higher order sectoring (such as 6-sectored sites) could be deployed in order
to provide better network coverage and system capacity [54]. However, there are
several practical limitations in the deployment of 6-sectored sites such as the in-
creasing need of cabling and RF amplifiers [3]. Moreover, the need of capacity has to
exceed a certain threshold before the deployment of a 6-sectored site or upgrading
of an existing 3-sectored site to a 6-sectored site becomes economically viable.

The simulation results for WCDMA networks have indicated that with a so-
called cloverleaf 3-sectored configuration, the optimum antenna beamwidth varies

9See Section 3.3 for definition of sector overlap.
10Utilization of horizontally narrow antenna beamwidth usually increases the gain of an antenna com-

pared to a wider one [52].
11Sectoring efficiency refers to sectoring gain in system capacity.
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Figure 3.6 Illustration of radiation patterns for a 3-sectored base station site with (a)
45◦ and (b) 65◦ antennas.

between 35◦ and 65◦ [47–51], [P3]. However, with a so-called wide-beam 3-sectored
configuration [34], the optimum antenna beamwidth is close to 80◦ [47]. On the
other hand, for 6-sectored sites narrower antenna beamwidth is required (from 33◦

to 40◦) [47–49], [P3]. Naturally, the importance of the selection of correct antenna
beamwidth increases with higher order sectoring.

In this chapter, the impact of antenna beamwidth (or more generally, sector over-
lap) on the WCDMA system capacity is addressed with different degree of coverage
overlap. The presented results here are extended from the ones published in [P3].
Fundamentally, they differ only in the sense that in the results presented here, 19
base station hexagonal grid configuration was used instead of 10 base station config-
uration.

3.3.1 Sector Overlap Index

The sector overlap index (SOI) is defined by the area that is covered by the half-
power beamwidth of all sector antennas belonging to a site:

SOI =
angle covered by θ−3dB

360◦
(3.2)

where angle covered by θ−3dB is the fractional angle of 360◦ covered by θ−3dB an-
tenna horizontal beamwidths. Fig. 3.6 provides an example how different antenna
horizontal beamwidths ’occupy’ a whole circular area if the site is deployed in a
3-sectored manner with 45◦ antennas or 65◦ antennas. As seen from Fig. 3.6, the
’switching point’ between sectors is at the level of 20 dB and 10 dB with respect to
antenna gain in the main beam direction, respectively. As an example, the corre-
sponding SOI for these configurations is 0.375 and 0.54.
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Table 3.3 The number of served users per site with 95% service probability target
in different 3-sectored and 6-sectored configurations.

Site spacing / antenna height Beamwidth
3-sectored 6-sectored

45◦ 65◦ 90◦ 33◦ 45◦ 65◦

1.5 km/25 m 161 164 155 312 290 225

1.5 km/45 m 125 115 107 225 210 165

2.0 km/25 m 160 165 156 320 305 240

2.0 km/45 m 155 155 140 300 245 218

2.5 km/25 m 155 160 150 310 280 225

2.5 km/45 m 155 155 145 305 260 223

3.3.2 Optimum Antenna Beamwidths

Table 3.3 presents the achievable system capacities (served users per site) with a
95% service probability target for different configurations. For the 3-sectored con-
figurations, the observed capacity values are moderately equal within the range of
simulated antenna beamwidths. In most of the cases, the 65◦ antenna results in the
highest capacity, but only with a marginal difference to the 45◦ beamwidth. Actually,
for higher degree of coverage overlap, the capacity with 45◦ beamwidth is the same
(or even higher) than the system capacity with 65◦ beamwidth. Hence, the results
indicate that the importance of the selection of antenna beamwidth becomes more
crucial if coverage overlap is increased. Moreover, the results indicate that coverage
overlap and sector overlap have to be optimized simultaneously.

The system capacity values for different network configurations can be compared
in terms of sector overlap. Fig. 3.7 yields that with 25 m antenna height, SOI be-
tween 0.5 and 0.6 results in the optimum system capacity. However, with 45 m
antenna heights (equal to higher COI), the optimum SOI < 0.5. Moreover, with
1.5 km and 45 m configuration, the optimum does not even exist within the range of
simulated antenna beamwidths. Hence, it seems that if the COI is for some reason
higher, the optimum sector overlap is smaller. Note, however, that these results do
not yet include the impact of downtilting.

For the 6-sectored configurations, the selection of antenna beamwidth is more
crucial in the whole range of selected antenna beamwidths (Table 3.3). The 33◦ an-
tenna results in the highest capacity values irrespective of the network configuration.
Whereas in the 3-sectored configurations, the achieved capacity enhancements vary
from 6% to 17% between the best and the worst antenna beamwidth, the correspond-
ing capacity enhancements of 35% or higher are observed with the 6-sectored con-
figuration. Clearly, the selection of antenna beamwidth becomes more vital among
higher order sectoring. In terms of SOI , it seems that the optimum beamwidth for
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Figure 3.7 Sector overlap for 3-sectored sites with 65◦/6◦ antennas.
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6-sectored sites would be even lower than 33◦ (Fig. 3.8).

Conclusions

Sectoring obviously improves the system capacity. However, the evolution strat-
egy for sectoring plays an important role for the final sectoring efficiency. For in-
stance, maintaining 65◦ beamwidth also in the 6-sectored configuration results in a
capacity gain close to 40% between the 6-sectored and 3-sectored configurations. In
contrast, sectoring efficiency can be increased up to 95% if antennas are changed to
33◦ beamwidth (without downtilt). Thus, the achievable sectoring gain in capac-
ity (between 6-sectored 33◦ and 3-sectored 65◦ configuration) can be around 1.8 and
1.95—slightly depending on the network configuration.

Moreover, an optimum SOI seems to locate around 0.5, and seems to be con-
nected with coverage overlap (index). The sensitivity of system capacity with re-
spect to SOI is naturally higher (approximately twice) in a 6-sectored network due
to double number of overlap sectors. Hence, further analysis should be performed
in order to find an optimum SOI as a function of COI .

3.4 Antenna Downtilt

Antenna downtilt comprises the final optimization method of radio network topol-
ogy. With antenna downtilt, the vertical radiation pattern is directed towards the
ground in order to control the radiation towards other cells. In general, the im-
pact of antenna downtilt on system capacity is widely known for macrocellular
[37, 49, 55–64], [P1], [P5] as well as for microcellular environments [65–67].

With mechanical downtilt (MDT), the antenna element is physically directed to-
wards the ground [59]. Naturally, the areas near the base station experience better
signal level due to the fact that the antenna main lobe is more precisely directed
towards the intended dominance (serving) area. However, the effective downtilt
angle corresponds to the physical one only exactly in the main lobe direction, and
decreases as a function of horizontal direction in such a way that the antenna radi-
ation pattern is not downtilted at all in the side lobe direction [59]. Nevertheless,
interference towards other cells is reduced mostly in the main lobe direction, which
provides capacity enhancements in the downlink in GSM [60] and in WCDMA [56],
[P1]. In the uplink, the capacity enhancement is typically smaller, as observed in
[P5]. Naturally, higher capacity gain in the downlink can be observed with larger
coverage overlap [P1].

Antenna electrical downtilt (EDT) is carried out by adjusting the relative phases
of antenna elements of an antenna array in such a way that the radiation pattern
can be downtilted uniformly in all horizontal directions [68]. Changing the relative
phases of different antenna elements slightly changes the vertical radiation pattern
depending on the chosen EDT angle (i.e. depending on the relative phase differ-
ences between different antenna elements). By using EDT, the achievable downlink
capacity gain is slightly higher than with MDT [P1].

The fundamental differences between MDT and EDT are seen in the horizontal
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(a) Mechanical downtilt.
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(b) Electrical downtilt.

Figure 3.9 The impact of antenna (a) mechanical and (b) electrical downtilt on the
horizontal (azimuthal) radiation pattern in the horizontal plane. Antenna gain is
normalized to zero and the scale is in decibels. The ’uptilt’ of back lobe direction for
mechanical downtilt is not illustrated. [P1]

radiation patterns if antennas are downtilted (Fig. 3.9). The relative widening of
the horizontal radiation pattern is illustrated in Fig. 3.9(a) for a horizontally 65◦ and
vertically 6◦ wide antenna beam as a function of increasing downtilt angle. The
reduction of the antenna gain towards the boresight, e.g. with an 8◦ downtilt angle,
is as large as 25 dB, whereas towards a 60◦ angle the reduction is less than 10 dB. In
contrast, Fig. 3.9(b) illustrates the behavior of the horizontal radiation pattern for 65◦

and vertically 6◦ with EDT. It reduces radiation efficiently also towards the adjacent
sectors, since all directions are downtilted uniformly. However, the coverage in the
side lobe direction reduces rapidly as well, which lowers the network performance
if antennas are downtilted excessively.

As the downtilt angle increases (with MDT and EDT), the soft handover (SHO)
probability in the cell border areas decreases [2, 55]. However, in MDT, the relative
widening of the horizontal radiation pattern increases the overlap between adjacent
sectors, which makes softer handovers (SfHO) more attractive [56], [P1]. This in-
crease of softer handovers as a function of downtilt angle depends on sector overlap
(i.e. sectoring and antenna horizontal beamwidth).

In conclusion, utilization of EDT antennas might become more attractive due to
better ability to change the tilt angle remotely or automatically. This is actually the
idea in remote-controlled electrical tilt (RET) concept, or, continuously adjustable
electrical downtilt (CAEDT). By using a sophisticated control mechanism (or sys-
tem), tilt angles can be changed remotely even without any site visit [62]. Moreover,
the usage of RET facilitates significantly the effort required for antenna downtilt op-
timization. A simple and automatic algorithm could be deployed in order to further
automate the optimization process as in the CAEDT concept [69]. The need for a
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common interface for base station equipment to support RET has also been recog-
nized within the 3GPP specification body, which is currently specifying RET concept
for the Release 6 [70].

The latest research results have indicated the potential capacity gains that could
be achieved by utilizing remote electrical downtilt. In [71], an optimum downtilt an-
gle, which was evaluated based on the minimization of uplink transmit power, was
observed to change even with an homogenous traffic distribution according to traf-
fic load. In [72], the idea was extended to include the impact of non-homogeneous
traffic distribution. Moreover, with simultaneous usage of RET and pilot power ad-
justment, capacity gain was achieved: mainly through traffic load balancing. In [73],
a method for load balancing with tilt angle control was presented. The tilt angle
optimization criterion was based on the minimization of uplink load for a cluster
of three cells. Achieved capacity gains were approximately 20-30% with respect to
constant, network-wide tilt angle.However, as all these methods were based on the
uplink, a downlink assessment would still be required.

In this chapter, the impact of downtilt in WCDMA is covered with system level
simulations [P1] and measurements [P4]. Moreover, a feasibility study is provided
to assess the need for rapid change of the downtilt angle due to change in traffic
conditions [P5].

3.4.1 Antenna Downtilt Simulations

Optimum Downtilt Angles

The simulation parameters and environment for achieving the following results are
described in detail in [P1]. More detailed description of the definition method of
optimum downtilt angle (ODA) can be found from [55]. The massive simulation
campaign was targeted to solve the impact of

• coverage overlap (site spacing and antenna height)

• antenna vertical radiation pattern (beamwidth)

• downtilt scheme (MDT and EDT)

• sectoring (3-sectored and 6-sectored)

• service type (traffic mix)

on the optimum downtilt angle of a WCDMA antenna in macrocellular suburban en-
vironment, and also on the performance of WCDMA network in terms of downlink
capacity. The simulation methodology was that all antennas in the network were
downtilted by the same amount, and the optimum downtilt angle was then derived
as a function of the items listed above. In order to avoid confusion and misunder-
standings, [P1] did not propose utilization of the same downtilt angle for each an-
tenna, but it was targeted to find an optimum downtilt angle through an averaging
process.

Table 3.4 gathers optimum downtilt angles (ODA) for simulated site and antenna
configurations for a macrocellular suburban environment. The variation of optimum
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Table 3.4 Optimum downtilt angles for mechanically and electrically downtilted
antennas for all simulated site and antenna configurations. Evaluation of an op-
timum downtilt angle is based on a simple algorithm that utilizes the simulation
results with two different traffic loads. [P1]

Site Antenna EDT EDT EDT MDT MDT MDT
spacing height 3-sec 6 3-sec 12 6-sec 6 3-sec 6 3-sec 12 6-sec 6

1.5 km 25 m 5.1◦ 7.3◦ 5.4◦ 5.7◦ 5.9◦ 4.9◦

35 m 6.1◦ 9.1◦ 6.3◦ 7.3◦ 8.1◦ 5.9◦

45 m 7.1◦ 10.3◦ 7.1◦ 8.1◦ 9.1◦ 7.0◦

2.0 km 25 m 4.3◦ 5.6◦ 3.8◦ 5.1◦ 4.3◦ 3.8◦

35 m 5.8◦ 7.9◦ 5.1◦ 6.7◦ 7.5◦ 4.8◦

45 m 6.3◦ 9.3◦ 6.1◦ 6.9◦ 8.2◦ 5.9◦

2.5 km 25 m 4.5◦ 5.2◦ 4.6◦ 5.1◦ 3.4◦ 3.7◦

35 m 5.4◦ 7.6◦ 5.3◦ 6.1◦ 4.4◦ 4.5◦

45 m 5.9◦ 8.3◦ 5.7◦ 6.9◦ 6.9◦ 5.8◦

downtilt angles within the simulated configurations is from 3.4◦ up to 10.3◦. The
optimum downtilt angles for the 3-sectored configurations with 6◦ and 12◦ vertical
antenna beamwidth varies between 4.3◦–8.1◦ and 3.5◦–10◦, respectively. One reason
for lower ODAs for 12◦ beamwidth is the interference conditions (i.e. lower coverage
overlap) that differ due to lower antenna gain. Moreover, wider vertical spread of
antenna pattern makes the use of downtilt not so beneficial. For 6-sectored configu-
rations, the observed ODAs (4◦–7◦) are very close to the values of the corresponding
3-sectored configurations.

An Empirical Equation for Selection of Downtilt Angle

Based on the simulated optimum downtilt angles, an empirical equation was de-
rived [P1]:

νopt = 3[ln(hbs) − d0.8
dom]log10(θ

ver
−3 dB) (3.3)

Eq. (3.3) relates the topological factors such as the base station antenna height12

(hbs in meters), the intended length of the sector dominance area (d in kilometers),
and also the half-power vertical beamwidth (θ−3dB in degrees). The equation was
derived with a simple curve fitting method. It provides a zero mean error with 0.5◦

12Note that in an undulating environment, hbs has to be proportioned to the effective base station
antenna height.
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standard deviation with respect to simulated optimum downtilt angles for all sim-
ulated scenarios. As the error of (3.3) is rather small, it could be embedded into
a radio network planning tool. Thereafter, the tool would automatically provide a
suggestion of downtilt angle for a planner based on the information of antenna ver-
tical beamwidth, antenna height (also ground height level could be utilized), and
expected dominance area of a particular sector. Hence, it could provide an initial
downtilt angle setting for each antenna depending on the sector configuration.

Identification of Excessive Downtilt Angles

Another topic addressed in [P1] was the identification of an excessive downtilt an-
gle with two different downtilt schemes. With EDT due to uniform reduction of
the horizontal radiation pattern, a too large EDT angle could be identified by larger
proportion of mobiles with higher uplink TX (transmit) power (or large uplink TX
power before the cell edges). Naturally, depending on the actual power budget and
selected services, it can be either uplink or downlink that limits the coverage. In
contrast, the increase of SfHO connections due to effective widening of horizontal
beamwidth affects most on the downlink capacity degradation with too high MDT
angles.

Expected Capacity Gains

Tables 3.5 and 3.6 provide the capacity gains and the corresponding maximum DL
throughputs with selected network and antenna configurations for EDT and MDT.
The downlink capacity gains vary from 0 % up to 60 %, depending heavily on the
network configuration [P1].

Generally, the capacity gain becomes larger if the coverage overlap increases, i.e.
either the antenna height increases or the site spacing decreases. Considering an
urban macrocellular environment, where the network is typically very dense due
to requirements of higher coverage probabilities and capacity, the utilization of an-
tenna downtilt is mandatory. An interesting observation in [P1] was the increase
of absolute sector capacity as a function of higher antenna position. Geometrically
thinking, it is obvious that the achievable capacity gain is higher with higher an-
tenna position. This is due to better ability to aim the antenna beam towards the in-
tended dominance area. However, a higher antenna position requires more precise
adjustment of the antenna downtilt angle. Hence, from the radio network planning
point of view, placing antennas higher and using larger downtilt angles provides
better system capacity. This planning approach might not be applicable for an ur-
ban network if the antennas are placed on the top of buildings, since the probability
of distant interferers easily increases with higher antenna positions. The achieved
isolation between cells with rooftop antenna installation could be lost, and thus in
practice the net effect could be close to zero.

SHO Probabilities

An example of reduction of soft handover (SHO) probability is shown in Fig. 3.10
for 3-sectored 1.5 km configurations (25 m and 45 m antenna heights) as a function
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Table 3.5 Capacity gains for electrical downtilt. Maximum sector throughput [kbps]
in the downlink with optimum downtilt angles and corresponding capacity gains
with respect to non-tilted scenario for all simulated network configurations. The
maximum capacity values are based on 0.5 average DL load. [P1]

Site Antenna EDT EDT EDT
spacing height 3-sec 6 3-sec 12 6-sec 6

1.5 km 25 m 494 (18.1%) 472 (2.8%) 492 (27.5%)

35 m 510 (33.5%) 484 (12.1%) 504 (43.8%)

45 m 526 (48.4%) 493 (18.7%) 522 (58.1%)

2.0 km 25 m 457 (8.0%) 440 (1.4%) 438 (9.4%)

35 m 496 (17.8%) 457 (4.3%) 468 (22.5%)

45 m 499 (27.7%) 472 (8.0%) 500 (37.5%)

2.5 km 25 m 451 (5.3%) 423 (0.8%) 462 (6.3%)

35 m 480 (9.9%) 433 (2.1%) 482 (16.9%)

45 m 488 (20.4%) 440 (2.6%) 504 (31.3%)

Table 3.6 Capacity gains for mechanical downtilt. [P1]

Site Antenna MDT MDT MDT
spacing height 3-sec 6 3-sec 12 6-sec 6

1.5 km 25 m 489 (17.0%) 466 (1.6%) 458 (18.8%)

35 m 500 (30.8%) 475 (9.9%) 474 (35.3%)

45 m 516 (45.6%) 479 (15.4%) 480 (45.5%)

2.0 km 25 m 459 (8.5%) 440 (1.4%) 438 (9.3%)

35 m 494 (17.4%) 453 (3.3%) 458 (20.0%)

45 m 495 (26.8%) 466 (6.6%) 471 (29.4%)

2.5 km 25 m 451 (5.3%) 424 (1.1%) 456 (5.0%)

35 m 487 (11.5%) 433 (2.0%) 464 (12.5%)

45 m 479 (18.3%) 437 (2.0%) 463 (20.6%)



3.4. ANTENNA DOWNTILT 39

0 2 4 6 8 10
0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

Downtilt angle [°]

S
H

O
 p

ro
ba

bi
lit

y

EDT 1.5km/25m
MDT 1.5km/25m
EDT 1.5km/45m
MDT 1.5km/45m

Figure 3.10 An example of SHO reduction with EDT and MDT downtilt schemes
with different antenna heights of 3-sectored sites and antenna vertical beamwidth of
6◦.

of EDT and MDT angle. Clearly, EDT is able to reduce the SHO probability more
efficiently due to more efficient antenna pattern control. This is partly the reason for
higher capacity gains for EDT. Moreover, it was observed that with optimum down-
tilt angles, SHO probabilities were systematically around 17%, which, on the other
hand, indicates a common optimum coverage overlap index for optimum downtilt
angles. Naturally, the expected SHO probability with optimum downtilt angle de-
pends on the SHO window setting. Nevertheless, the reduction of SHO connections
is one reason for improved system capacity in the downlink due to downtilt.

Conclusions

The simulation results show the importance of downtilt on the downlink capacity in
a WCDMA network. The gain of downtilt is due to the reduction of other-cell inter-
ference and SHO probability. The downlink capacity gains with simulated network
topologies varied between 0% and 60%. The obtained optimum downtilt angles and
the empirical equation provide an initial downtilt angle for suburban WCDMA an-
tennas.

As shown in [P1], the sensitivity of the selection of downtilt angle increases gen-
erally as a function of higher antenna position and shorter site spacing, i.e. the more
coverage overlap, the higher is the sensitivity. As expected, also the required down-
tilt angle for vertically wider antenna beamwidth is higher. However, the relation
seems not to be linear.
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In general, the selection of downtilt angles for EDT and MDT can be the same.
However, larger MDT angles should be avoided due to larger sector overlap that
introduces an increased amount of SfHO overhead. Moreover, the utilization of EDT
provides a slightly better system capacity than MDT, but only with marginal dif-
ferences. Finally, as shown in [P1], the impact on traffic layer (indoor vs. outdoor
users and service type) on the optimum downtilt angle is rather small, and hence its
impact of the downtilt angle does not have to be considered.

As the cell orthogonality factor was a constant in the simulations, the impact of
downtilt on orthogonality was not assessed. This, however, could be another source
of downlink capacity gain. An improvement could be observed due to decreased
delay spread values [28, 74].

3.4.2 Measured Performance of Mechanical Downtilt

This section provides the measurement results of mechanical downtilt [P4]. The mea-
surements were conducted in a network that included different EDT and MDT an-
gles. Afterwards, all MDT angles13 were removed (i.e. antennas were directed to
their boresight), and similar measurements were repeated. The measurements were
firstly conducted by measuring a route with two test mobiles, and estimating the
downlink average cell capacity with the method described in [P7]. Secondly, in ad-
dition to these test mobiles, two static interfering mobiles were placed in order to
increase the impact of other-cell interference.

Capacity Analysis

Tables 3.7 and 3.8 show the averaged measurement results for downlink through-
put and Ec/N0 (per mobile) for both network configurations (denoted as with MDT
and without MDT). The average throughput in the MDT configuration without in-
terferers is 336 kbps over the whole measurement route. The corresponding average
Ec/N0 over the whole measurement route was −5.63 dB. Based on the capacity esti-
mation from the measured Ec/N0 and average throughput values [P7], the average
cell capacity within the measurement route would correspond to 880 kbps14 with
3 dB allowed noise rise (i.e. 0.5 downlink load). Interestingly, without MDT, the
measured throughput was higher (402 kbps). However, the average Ec/N0 level was
correspondingly lower (−6.00 dB). This results in average cell capacity of 820 kbps.
In this particular measurement setup, where basically no other-cell interference was
present (assuming that the test mobiles located in the same car are most of the time
connected to the same cell), the capacity gain from downtilt is not significant (7 %).
Note also that the capacity estimates depend strictly on the selected measurement
route (e.g. average distance to base station, etc.). Therefore, evaluated average cell
capacity is comparable only with exactly the same measurement route. However, as
the measurement route was the same for both configurations, the evaluated average

13The existing MDT angles in the measured part of the network were significant, so that difference
should be observed.

14The capacity analysis was performed by assuming the following parameter values in the downlink
load equation: bit rate (R) = 384 kbps, service activity (v) = 1, and orthogonality factor (α) = 0.7.
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Table 3.7 Measurement results without mechanical downtilt. [P4]

No interferers With interferers

Test mobiles Throughput [kbps] 184/217 174/188
Ec/N0 [dB] −5.91/−6.08 −6.78/−6.64

Interfering mobiles Throughput [kbps] — 201/152
Ec/N0 [dB] — −7.89/−7.71

Total throughput [kbps] 401 722

Table 3.8 Measurement results with mechanical downtilt. [P4]

No interferers With interferers

Test mobiles Throughput [kbps] 201/135 204/154
Ec/N0 [dB] −5.63/−5.63 −5.79/−6.20

Interfering mobiles Throughput [kbps] — 191/199
Ec/N0 [dB] — −7.35/−5.94

Total throughput [kbps] 336 748

cell capacities are comparable to each other.
With the presence of interfering (static) mobiles, the configuration with MDT is

able to provide on average 748 kbps. Conversely, in the configuration without MDT,
the average throughput is 722 kbps. The average Ec/N0 values of all four mobiles
were −6.32 dB and −7.25 dB with and without MDT, respectively. By applying
the capacity evaluation method, the corresponding estimates of cell capacities are
1000 kbps and 830 kbps. This difference turns out to be 20 % in the downlink ca-
pacity. These results clearly indicate how the impact of MDT becomes more crucial
when other-cell interference is present. Moreover, evaluated capacity gain matches
rather accurately to the observed outcomes from the simulations in [P1] and [56].

SHO Probabilities

Table 3.9 shows the mean sizes of active set (AS) and SHO probability within the
measurement route (averaged also for both mobiles) as well as for interfering mo-
biles. Without MDT, the active set size is approximately 1.20 with a SHO probability
(including softer handovers) of nearly 20%. Conversely, the mean size of AS with
MDT is approximately 1.15, and the corresponding SHO probability around 14%.
This implies that over the measurement route, the reduction of SHO probability is
around 25%, which corresponds roughly to the earlier understanding based on sim-
ulations [56], [P1]. The most visible changes in the mean AS size and in the SHO
probabilities due to the removal of MDT angles are observed in the location of inter-
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Table 3.9 Average AS sizes and SHO (including SfHO) probabilities without / with
mechanical downtilt. [P4]

No interferers With interferers

Test mobiles AS size 1.22 / 1.15 1.20 / 1.16
SHO probability [%] 19.9 / 13.5 18.2 / 14.0

Interfering mobiles AS size — 1.50 / 1.22
SHO probability [%] — 44.0 / 22.4

ferers. In this location, the removal of MDT angles nearly doubles the probability of
SHO and more than doubles the mean AS size. Increased coverage overlap due to
inadequate downtilt angles is realized as increased SHO probability that consumes
more downlink capacity.

3.4.3 Possibilities for Utilization of RET

This subsection targets solving the impact of a change in geographical traffic load
distribution on the optimum downtilt angle [P5]. In other words, the aim is to solve
whether there is need for remote electrical tilting (RET) that reacts to changes of
user distribution within a cell by changing the downtilt angle. This approach differs
from load balancing which requires the simultaneous monitoring and controlling
of several cells (i.e. a cluster of cells). In the following, the analysis is based on
simulations where the traffic in each cell was changed similarly. Firstly, the traffic
distribution was changed from being homogenous to concentrating closer to the base
station, and secondly, to concentrate closer to cell edge. With all traffic distributions,
the network was simulated with different downtilt angles from 0◦ to 18◦ with steps
of 2◦.

Figs. 3.11-3.13 represent the attained average service probabilities and average
cell capacities for simulated downtilt angles with different traffic distributions. More-
over, the service probabilities are provided with different traffic loads (i.e. low,
medium and high loads). The simulation results reveal that the range of optimum
downtilt angle in the corresponding network topology (1.5 km site spacing and 25 m
antenna height) changes from 6◦ to 14◦, if the optimum downtilt angle is defined
from service probability (Figs. 3.11(a)-3.13(a)). However, monitoring the situation
from the uplink or downlink capacity point of view, the optimum downtilt angle is
always between 8◦ and 10◦ (Figs. 3.11(b)-3.13(b)). Moreover, the optimum downtilt
angle seems to be almost independent of the traffic load distribution. With the simu-
lated traffic load distributions, the attainable downlink capacity gains vary between
10% and 90%. The corresponding gain in the uplink capacity varies from 5% to 9%.

Using an 8◦ downtilt angle for all simulated traffic distributions would result
in a maximum 1% degradation in service probability (due to coverage constraints),
and an approximately 5% degradation in downlink capacity in the worst scenario
(users close to BS) with respect to optimum downtilt angle. Hence, the simulation
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Figure 3.11 Simulation results with homogenous traffic distribution. (a) Service
probability with different offered traffic loads, and (b) maximum average capacities
in downlink and uplink directions. Uplink noise rise threshold for capacity analysis
was 3 dB. [P5]
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Figure 3.12 Simulation results with a user distribution close to base stations. (a)
Service probability with different offered traffic loads, and (b) maximum average ca-
pacities in downlink and uplink directions. Uplink noise rise threshold for capacity
analysis was 4 dB. [P5]
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Figure 3.13 Simulation results with a user distribution close to cell edge. (a) Service
probability with different offered traffic loads, and (b) maximum average capacities
in downlink and uplink directions. Uplink noise rise threshold for capacity analysis
was 2.5 dB. [P5]

results clearly indicate that geometrical traffic load distribution does not affect the
required downtilt angle. However, it has to be noted that this does not exclude the
usage of RET (or CAEDT), but proposes to use it only for slow rate adjustment to
facilitate changes of tilt angles during network evolution and optimization process,
or for load balancing. From a radio network planning point of view, it is strongly
recommended to use RET, since the downtilt angles are heavily sector configuration
and environment specific. Moreover, by using RET, the final adjustment of tilt an-
gles can be performed on a cell-by-cell basis in order to maximize system capacity
and functionality from network topology point of view. Finally, it has to be noted
that geographical traffic load variations might have a larger impact, if they changed
unequally between adjacent cells.

3.5 Suppression of Pilot Polluted Areas

In the WCDMA system, mobiles in the network are able to identify different base
station sectors according to their primary common pilot channel (P-CPICH) [3]. P-
CPICH is send by all the base station stations; typically with a fixed power. P-CPICH
signal is a predefined symbol sequence and it is used as a phase reference for the
other downlink common physical channels. Moreover, it is considered as a pure
physical channel, since it carries no data. P-CPICH is used for handover decisions,
cell selections and reselections. Moreover, secondary-CPICH (S-CPICH) can be used
to aid in channel estimation in the context of adaptive antenna solutions [75]. In the
following analysis, the impact of S-CPICH is not considered. [2, 3]

Pilot pollution15 is observed in areas in which there are too many P-CPICH signals
(different P-CPICH signals or their multipath components) received at the mobile

15Fundamentally, pilot pollution is a fraction of the total other cell interference, and not any new source
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station’s RAKE receiver than it is capable of processing, or none of the received P-
CPICH signals is dominant enough [2]. Each cell which is heard by the mobile will
practically increase the interference level in the downlink. Thus, hearing unneces-
sary pilot signals will reduce the received energy per chip over the power density
(Ec/N0) from the serving cell; in other words, pilot pollution reduces the quality of
an existing connection. In order to avoid pilot polluted areas, the cell dominance
areas should be as clear as possible and unnecessary P-CPICH signals should not
be heard. However, pilot pollution cannot be totally avoided with traditional radio
network planning methods due to the non-homogeneous propagation environment
and requirement for coverage overlap. [P6]

Reduction of Pilot Pollution

In general, pilot pollution interference can be reduced by optimizing the pilot powers
automatically in such a manner that required coverage thresholds are still exceeded.
By a simple P-CPICH power controlling method, the air interface performance of the
WCDMA network can be slightly enhanced [77, 78]. A simple tuning of P-CPICH
power is not enough to increase the system capacity sufficiently, as the interference
radiation (or, in other words, the other-to-own cell interference ratio) is not reduced
at all, and hence the gain in the system capacity is observed only through different
power allocation strategy, not optimization of radio network topology. Thus, tuning
of P-CPICH should always be connected with the adjustment of downtilt angles
[79]. Implementation of repeaters can also be seen as a method for reducing pilot
pollution interference in CDMA-based networks [80], [P10]. Clear dominance areas
(meaning smaller amounts of pilot pollution) could also make a SHO process more
reliable, as discussed in [81].

There are also different, non-topological methods for reducing pilot pollution.
However, note that the received interference of other P-CPICH signals is only a
fraction of the total received interference, and hence, the potential gains from these
schemes are typically smaller. Ultimately, the best solution would be to use interfer-
ence cancellation (IC) at the mobile station at the expense of increased complexity
and power consumption of the mobile station [9]. In [82], a method is proposed for
detecting pilot polluted areas without considering the impact of antenna configu-
ration. In contrast, the method in [83] relies on the implementation of multicarrier
technology.

This section provides an outlook to the impact of base station antenna config-
uration on the level of pilot pollution. Firstly, 3-sectored configuration and differ-
ent 6-sectored antenna configurations are assessed through simulations [P6], and
secondly, measurement results providing a more practical view are shown for a 3-
sectored network [P4]. More extensive analysis of the impact of pilot pollution on
the SHO algorithm performance is provided in [84].

of interference. Hence, minimization of pilot pollution interference is the same as minimization of other
cell interference. However, pilot signal cancellation (e.g. [76]) can be performed, since the P-CPICH signal
sequences are known, and hence their interference can be mitigated by using interference cancellation
techniques.
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(a) The distribution of dominant P-CPICH Ec/N0.
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(b) The distribution of the fourth strongest Ec/N0.

Figure 3.14 CDFs of (a) the dominant (strongest) and (b) the fourth strongest Ec/N0

signals with 3-sectored configuration and different 6-sectored antenna configura-
tions. [P6]

3.5.1 Assessment through Simulations

The P-CPICH Ec/N0 statistics were gathered from the simulation conducted with
roughly 50 % uplink and downlink loads and without downtilt [P6]. Fig. 3.14(a)
shows the cumulative distribution function (CDF) of the level of the dominant Ec/N0

with 3-sectored/65◦ configuration and different 6-sectored antenna configurations.
The 6-sectored configurations consisted of antenna configurations of 65◦ antennas,
a hybrid solution with an equal amount of 65◦ and 33◦ antennas, one of 33◦ anten-
nas, and the last one with 33◦* of the antennas of the first tier shifted by 30◦. With
the 6-sectored/33◦* configuration, 65% of the simulation area is covered by Ec/N0

level above −10 dB, whereas with the worst configuration (6-sectored/65◦) the cor-
responding value is 25%. Moreover, the results indicate that the selection of antenna
directions slightly improves the reception level of dominant Ec/N0.

The reception level of the fourth highest Ec/N0 increases when higher order sec-
toring is applied (Fig 3.14(b)). However, suitable antenna solution can reduce the
amount of pilot pollution to the level of lower order sectoring. The 6-sectored/65◦

results in 50% of areas (or time) with Ec/N0 higher than −20 dB. In contrast, by using
33◦ antennas, the corresponding percentage can be reduced to 25%.

The simulation results in [P6] clearly indicate the importance of antenna selec-
tion also for reducing the level of pilot pollution in WCDMA networks. However,
even with sufficient downtilt and shifted antenna directions, a certain fraction of
pilot polluted areas is still obtained in the network due to coverage overlap require-
ments. The impact of these areas can be reduced by planning those areas where the
expected customer density is not so high. Moreover, different network layouts could
be utilized in order to reduce the amount of pilot pollution [26, 85].
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Figure 3.15 CDF of the dominant and the fourth strongest P-CPICH Ec/N0 with
and without MDT. [P4]

3.5.2 MDT and Pilot Pollution in Measurements

The amount of pilot pollution in the network was also assessed through measure-
ments [P4]. Fig. 3.15 shows the measured CDF with and without additional MDT
angles. In the MDT configuration, the dominance areas (or simply the dominance)
are clearer, as the level of the dominating (strongest) Ec/N0 is better over the mea-
surement route as without MDT. Moreover, the level of the fourth pilot is lower with
MDT than without it. For example, −20 dB threshold exceeds 35% of the measure-
ment time in the configuration without MDT, whereas the corresponding value for
the MDT configuration is 20%.

A part of the low Ec/N0 values are caused by so called ’late handovers’, where a
mobile does not change to the best cell or maintains a low Ec/N0 sector in the active
set, even though it should have made a handover to a stronger sector. This phe-
nomenon was caused by the fact that four mobiles (with 384 kbps service request in
the downlink) were used in the measurements. These ’late handovers’ are caused by
capacity limitations and by the resulting actions of admission control (AC). Hence,
a part of topology planning also reflects on the functionality of RRM algorithms.
Therefore, in an operational network, the network quality and the functionality of
RRM algorithms are connected, and naturally the decisions of RRM algorithms de-
pend on, e.g., interference levels defined by the quality of the plan.
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Table 3.10 Absolute P-CPICH coverage for two different thresholds and different
deployment strategies for 6-sectored sites. [P2]

Site type Thresholds [dBm]
−75 −84

3-sec/65◦ 46.1 87.9

6-sec/65◦ 61.9 91.5

6-sec/65◦& 33◦ 65.7 91.6

6-sec/33◦ 64.9 90.7

6-sec/33◦* 67.8 91.6

3.6 Topology Planning during Site Evolution

During an evolution from a 3-sectored to a 6-sectored WCDMA site, important topics
to be tackled are changes in the coverage (i.e. RF footprint and dominance areas),
system capacity, and finally, changes in the SHO and SfHO probabilities [P2]. This
section targets providing observations of the changes during site evolution.

Coverage

Absolute coverage can be improved by using sectoring. Coverage improvements can
be explained logically with a higher number of sectors per site. If narrower antennas
are utilized at the base station site, then the coverage improvement is also based on
higher antenna gain in the main beam direction. The individual coverage areas of
sector antennas also define dominance areas of the base station sectors, and hence
also affect the locations of SHO areas.

Table 3.10 provides a comparison of the absolute P-CPICH coverage levels with
different deployment strategies for 6-sectored sites. The reference 3-sectored net-
work provides −75 dBm CPICH coverage for almost half of the network area16. All
6-sectored configurations are able to provide over 60% P-CPICH coverage probabil-
ity. The maximum coverage can be provided with modified 33◦ configuration. Thus,
in addition to the low interference levels required for high throughputs in HSDPA
(high speed downlink packet access), the absolute level of the coverage has to be
high [9]. Therefore, 6-sectored sites might provide a more feasible deployment strat-
egy when HSDPA is enabled.

Capacity

The system capacity values of different 6-sectored site deployment strategies are
shown in Table 3.11 with 98% service probability target. Clearly, the possible ca-

16Note that border effect slightly decreases the coverage probability. Also tilting would improve the
absolute level of P-CPICH coverage probability.
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Table 3.11 System capacities and sectoring gains with different deployment strate-
gies for 6-sectored sites.

Site type System capacity per site [users] Sectoring gain [%]

3-sec/65◦ 98 0

6-sec/65◦ 152 55

6-sec/65◦& 33◦ 173 77

6-sec/33◦ 185 89

6-sec/33◦* 190 94

Table 3.12 SHO and SfHO probabilities with different deployment strategies for
6-sectored sites. SHOADD window 4 dB.

Site type SHO probability [%] SfHO probability [%]

3-sec/65◦ 26.7 4.2

6-sec/65◦ 23.0 22.8

6-sec/65◦& 33◦ 23.5 10.6

6-sec/33◦ 23.8 3.8

6-sec/33◦* 23.8 3.7

pacity gain of sectoring is wasted by using 65◦ antennas (i.e. large sector overlap) at
the base station sites. Moreover, by redirecting 33◦ antennas, an additional capacity
gain of 3% can be achieved. This capacity gain corresponds to that achieved in [86].

SHO and SfHO Probability

SHO and SfHO probability analysis is presented in Table 3.12. The simulations were
run with 4 dB SHOADD window and 33 dBm level of P-CPICH. During site evo-
lution, the SHO probability remains approximately at the same level (or even de-
creases) when a site is updated to a 6-sectored one. Hence, the results indicate,
that in site evolution, no additional capacity on Iub-interface (Node B ↔ RNC) is
needed from a SHO point of view, and only the nominal increase due to higher peak
throughput has to be considered. These results also reveal that with 65◦ antennas in
6-sectored sites (or equivalently, with approximately 1.0 of sector overlap), the ex-
pected SfHO probability is higher than 20%. This is naturally the reason for lower
system capacity values for sites with a higher degree of sector overlap.
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Downtilt Angles

The results presented in Table 3.4 indicate that, regarding EDT, the optimum down-
tilt angles for 3-sectored network (65◦) are mostly the same as for 6-sectored network
(33◦). If sites are deployed with 65◦ antennas, the situation might be different, as
no simulations have been conducted with 6-sectored 65◦ configuration. However,
special attention is needed with mechanical downtilt angles. If 3-sectored sites are
deployed with high downtilt angles (e.g. > 7◦), the resulting SfHO probabilities
in 6-sectored sites would be higher, if higher MDT angles were configured also for
additional sectors. However, the horizontal widening of antenna radiation pattern
is highly dependent on the actual shape of the horizontal beam and also on sector
overlap, and therefore the problem is also highly site-specific.



CHAPTER 4

Verification Methods of
Topology

VERIFICATION of the quality of the radio network topology planning can be per-
formed by using radio interface field measurements or system simulations of the

actual plan1. Measuring the actual radio interface performance provides naturally
the most reliable assessment of the quality of the network and its functionality. How-
ever, the analysis might not be applicable if the quality parameters are not known.
Moreover, achieving statistically reliable measurement results requires several mea-
surement rounds, and even then the achieved measurement results provide the as-
sessment of the network only over the selected measurement route. Hence, the pos-
sibility for general conclusions of the network performance through measurements
could be rather difficult. The radio interface system simulations provide another ex-
tremity of the performance assessment. Simulations are not as time-consuming as
radio interface field measurements, but the selection of the simulation methodology
(static or dynamic), setting up the network configuration, and other factors might
increase the inaccuracy of the simulations.

This chapter provides a quality assessment method for the radio network topol-
ogy that utilizes averaged measurement results over a cell to establish an estimate of
the quality of the cell [P7]. In addition, an example of verification of the reliability of
a static planning tool is provided for an urban environment [P8].

4.1 Topology Verification through Measurements

For cellular networks, verification of the network plan is very crucial in the network
deployment phase. Operators need to be aware of the attainable capacity of the
network prior to the commercial release [3]. In addition, a reliable and applicable
verification of the changes in radio network topology during the optimization phase
is also strongly required. This section introduces a method for mapping the quality
of a cell with the aid of the average measured Ec/N0 of a cell into iDL [P7]. Moreover,
with a certain estimate of the propagation environment (namely in terms of average
orthogonality factor), the average cell throughput can also be estimated with a given
traffic mix.

1The quality of radio network can be also assessed analytically as discussed in Section 2.2.

51
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Figure 4.1 The overall flow of the capacity estimation method. [P7]

4.1.1 Air Interface Capacity Estimation Method

The overall flow of the capacity estimation method is depicted in Fig. 4.1. The idea
is to use the average measured idle mode Ec/N0 over the cell area to establish an
estimate of other-to-own-cell interference ratio (iDL). Estimation of iDL is possible
in the downlink already in an empty network, since downlink interference is present
due to transmission of common channels [3]. The model for mapping Ec/N0 to iDL

in [P7] is rather simple and can be interpret in general form as:

iDL =
1

10 log10(
PP−CP ICH

PP−CP ICH+PCCCH
)
Ec/N0[dB] − 1 (4.1)

where PP−CPICH and PCCCH are the powers allocated for P-CPICH and other com-
mon channels (CCCH). For example, provided that the power allocation in a mea-
sured cell is equal between P-CPICH and other common channel (CCCH), the refer-
ence level Ec/N0 would be −3 dB. This corresponds to a scenario without any other
cell interference (iDL=0) very close to the base station. In contrast, exactly between
two cells, if the power allocation of common channels is the same, the reference
Ec/N0 is −6 dB, and iDL=1, and so on. In practice, the most convenient way to de-
termine the power allocation is to measure it very close to base station antenna so
that the contribution of other-cell interference and noise is minimal. For a reliable
estimation of a cell’s iDL, the common channel power allocation has to be known (or
measured), and during the idle mode measurements, the network has to be empty
(without any traffic). However, the mapping method can also be used for loaded
cells if the average throughput during the Ec/N0 measurements can be determined
[P7]. For certain traffic service parameters and assumption of the orthogonality fac-
tor, the cell quality can be defined in terms of average throughput by using the stan-
dard load equation [9].
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The final cell throughput estimate reflects to an equally loaded scenario and does
not take into account the soft capacity. As the method relies on mapping of a cell
capacity according to its average Ec/N0, there should actually not be any coverage
limitations. In practice, this means that RSCP should preferably be maintained above
the level of −100 dBm in order to keep the contribution of thermal noise at minimum
level. This way, the capacity estimation does not suffer from reductions of Ec/N0 due
to coverage restrictions.

4.1.2 Performance of Capacity Evaluation Method

Measurement results assessing the performance of idle mode Ec/N0 mapping method
are presented here. The presented figures in [P7] were partly erroneous2, and hence
the updated versions of the corresponding figures are presented here.

Figs 4.2-4.5 provide graphs of average Ec/N0 as a function of downlink average
throughput for four different cells. In each figure, the first dot (marked as circle),
represents the measured average Ec/N0 over the measurement route of a cell in idle
mode and in an empty network. Based on this value, iDL is estimated by using the
method presented in [P7]. Other parameters used for the load equation are: Eb/N0

= 4 dB, bit rate (R) = 384 kbps, chip rate (C) = 3.84 Mcps, and activity factor (v) = 1.
The average orthogonality factor was evaluated for each cell separately depending
on the average distance from the base station3. The second (square) and the third
dot (diamond) represent the measurement results over the very same measurement
route, but with one DCH (dedicated channel) connection (384 kbps) and two DCH
connections (2 x 384 kbps), respectively.

As seen from Figs 4.2-4.5, all the capacity estimate lines are under the correspond-
ing measured points with load in a cell. This is due to soft capacity. As the initial
Ec/N0 measurement was based on constant P-CPICH power from all sectors, for the
measurements with one and two DCH connections, some additional power was re-
quired from the measured cell. Therefore, the actual iDL was lower in the measured
cell, and the measurement points are located over the estimated load. The curves in
Figs 4.2-4.5 represent the achievable capacity in an equally loaded scenario and the
dots in an unequally loaded one. However, it seems that with lower value of iDL

(Cells 1 and 4), the difference between the estimated load curve and measured (bi-
ased) points is lower. This makes sense as the potential reduction of iDL is possibly
higher for Cells 2 and 3. Without this bias in the ’verification’ load points, the cell
capacity estimates that are based merely on the idle mode measurements could be
rather accurate.

These ’verification’ measurements (square and diamond marks) might also be
erroneous, and hence contort the assessment. The impact of the selection of bit rate
and corresponding activity factor on the error should be rather small as the ’veri-
fication’ points were based on the actual recorded throughput. However, the two

2The average orthogonality over each cell was evaluated based on the average distance of the measure-
ment route, but the orthogonality was calculated as the distance would have been the maximum distance
from the base station. This resulted in too high estimates of the orthogonality factor.

3The distance information was retrieved from base station coordinates and position of the measure-
ment mobile through a GPS receiver.
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Figure 4.2 Capacity estimation curves and measurement results for Cell 1.
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Figure 4.3 Capacity estimation curves and measurement results for Cell 2.
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Figure 4.4 Capacity estimation curves and measurement results for Cell 3.
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Figure 4.5 Capacity estimation curves and measurement results for Cell 4.
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most crucial estimates concern Eb/N0 and average orthogonality factor. The selec-
tion of Eb/N0=4 dB was based on the existing understanding from the literature for
384 kbps service in the downlink (e.g., [9]), and also, on the observation that the mea-
sured average SIR target4 for this particular service was around 4 dB (even though
SIR �= Eb/N0). On top of this, the estimates of the average orthogonality factor were
based only on a simple model, the accuracy of which was not assessed here.

Conclusions

This section provided an assessment method for radio network quality based on
radio interface Ec/N0 measurements. For mapping the quality of the cell, Ec/N0 dis-
tribution provides this information: the lower the average Ec/N0 is, the better the
quality of a cell (given the same power allocation). For providing cell throughput
values, the method requires estimates of the parameters of the load equation, which
on the contrary might add offset with respect to absolute cell capacity with a given
traffic mix. Moreover, the method is not able to capture the impact of soft capac-
ity. Regarding the verification measurements, there are few possible error sources.
Hence, possible improvements for the method could consist of:

• more sophisticated Ec/N0-to-iDL mapping function

• simultaneous measurement of the downlink orthogonality factor

• utilization of scanner measurements (rather than mobile measurements)

• mitigation of the impact of soft capacity

Nevertheless, continuously monitoring the average Ec/N0 levels in the cells pro-
vides valuable information regarding the radio network topology. Moreover, the
monitoring process itself could be a suitable approach, e.g. for radio network topol-
ogy optimization based on RET or CAEDT [P7].

4.2 Topology Verification through Simulations

This section provides the results of an assessment of the performance of the static
planning tool with two different propagation models in an urban WCDMA network
[P8]. The capacity analysis is performed for downlink direction.

The importance of coverage predictions of the system capacity estimation has
been outlined already in [87]. The simulation results showed mostly the limited
dynamics of the COST-231-Hata propagation model against the ray tracing model
in a dense urban environment. With the COST-231-Hata model, the capacity was
observed to be 15% larger than with the ray tracing model due to underestimation
of cell overlap. On the other hand, the performance of the static tool is expected to
be similar to the dynamic one, as a static simulator has been observed to provide
sufficiently accurate results compared to a dynamic simulator [88].

4The average measured SIR target over the measurement route should correspond to actual average
SIR, if the downlink power control has been working within its dynamic range.
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The performance of the static radio network planning tool [20] was evaluated
by using two different propagation models—namely, the extended COST-231-Hata
model5 and a 2D ray tracing model (vertical plane model) [90]. Due to lack of 3D
building information, a full 3D ray tracing model was not utilized. Both models
were tuned roughly with total number of 3000 samples over distances from 0.3 km
to 1.5 km with a dedicated transmission system using CW (continuous wave) mea-
surements. The dynamic range of the measured signal varied from −60 dBm down
to −115 dBm. Both models were tuned in order to provide a standard deviation
(STD) less than 7 dB between predicted and measured samples [P8].

The network used in the measurements and simulations could be characterized
as an urban environment with an average roof top level at 25 m and the base sta-
tion antennas at the same level. The proportion of LOS connections (visual LOS)
was rather significant over the measurement route. Moreover, the longest distance
from/to a base station antenna within the measurement route was roughly 500 m.

Performance Comparison

The summary of simulated and measured results together with estimations of the
average cell capacity over the measurement route is provided in Tables 4.1 and 4.2
for network configurations without and with MDT6. The average cell capacities were
evaluated by the method presented in [P7] and in Section 4.1.

The errors in the average downlink cell capacity estimates (based on simulations)
are significant for the COST-231-Hata model, but rather moderate for ray tracing.
The resulting errors (overestimation) with and without MDT for the COST-231-Hata
are almost 70% and around 50%, respectively. Whereas for the ray tracing model, the
simulations with and without MDT show errors at the level of 9% and and 15% with
respect to measurements. Note that with the selected simulation parameters, the
resulting capacities overestimate the measurement-based capacity estimation with
both propagation models.

In addition to regular inaccuracies of the static simulator (e.g. selection of sim-
ulation parameters) and description of the simulation environment (e.g. accuracy
of digital map), there are several possible errors in these capacity estimates. First
of all, the selected Eb/N0 is possibly the most important factor. In the simulations,
Eb/N0=7 dB7 was used only for the mobile station having 768 kbps service require-
ment in the downlink. Already an underestimation of a few decibels the average
Eb/N0 could result in high changes in the simulated results. The second simulation
parameter -related overestimation could have been caused by selection of the aver-
age orthogonality factor. The selected α=0.7 might have been overestimated, even
through the average distance from the base station was 250 m, and the propagation

5See [89] for a description of the extended COST-231-Hata model.
6The mechanical downtilt measurements referred to are described in Section 3.4.2 and in [P4]. The dif-

ference between Ec/N0 values from the same measurements comes from the fact that here it is averaged
from the highest possible Ec/N0 value as it is done in the static simulator rather than from the highest
serving Ec/N0.

7The selection was based on the literature and also on the fact that the average SIR target over the
measurement route was close to 5 dB. From this value, it was estimated that Eb/N0 ≈4 dB, which is 7 dB
for two similar connections.
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Table 4.1 The measurement and simulation results for the capacity analysis of static
planning tool without MDT over the measurement route.

Parameter Unit Measurements COST-231-Hata Ray tracing

Ec/N0 [dB] −5.50 −5.48 −6.69

Observed throughput [kbps] 402 768 768

DL 3 dB capacity [kbps] 830 1260 950

RSSI [dBm] −69.8 −58.3 −51.3

UL TX power [dBm] −20.4 −24.0 −29.6

Handover probability [%] 19.9 17.2 29.4

Table 4.2 The measurement and simulation results for the capacity analysis of static
planning tool with MDT over the measurement route.

Parameter Unit Measurements COST-231-Hata Ray tracing

Ec/N0 [dB] −5.30 −4.98 −6.66

Observed throughput [kbps] 336 768 768

DL 3 dB capacity [kbps] 880 1475 960

RSSI [dBm] −63.3 −60.1 −51.7

UL TX power [dBm] −27.3 −22.0 −29.2

SHO probability [%] 13.5 12.8 29.2
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environment was a combination of macro- and microcellular environment. Possible
errors in the service activity factor are compensated by the Ec/N0 capacity estima-
tion method that takes into account only the actual throughput. Moreover, the errors
produced by the capacity estimation method itself (and related parameters for the
load equation) only produce offset for the absolute capacity estimates as they were
the same for simulated and measured values.

Coverage-related indicators, such as RSSI (received signal strength indicator) and
UL TX power, are clearly more sensitive for errors in the simulation parameters and
environment description. This was expected, since the simulation did not include
any link level -related compensation factor of Eb/N0 (as SHO/SfHO gains or im-
pact of speed). Moreover, for example, different UL antenna diversities were mod-
eled simply with 3 dB gain, as in practice these gains are at higher level already at
1800 MHz frequency [91]. Therefore, relatively high errors in the absolute coverage
levels were expected. As seen from the results (Table 4.1 and 4.2), the level of RSSI is
clearly overestimated in both cases. The RSSI values with the COST-231-Hata are in
general overestimated very close to the base station, and in contrast, underestimated
at and beyond the SHO area (i.e. low coverage overlap and the resulting high cell ca-
pacity). This indicates the unsuitability of the COST-231-Hata propagation model in
an urban environment. In contrast, the overestimation with the ray tracing model is
even higher. Hence, as a result, the overlap between cells is overestimated, which is
indicated by high predicted handover (both SHO and SfHO) probability. In contrast,
the estimated handover probability with COST-231-Hata was rather accurate.

Conclusions

The complexity and sensitivity of errors in a comparison process of real radio inter-
face field measurements and static simulations can be performed most easily from
relative measures (as Ec/N0). However, the results and conclusions presented in this
section provide only an initial assessment of the functionality of the static planning
tool, and leaves open questions and topics for future research. Nevertheless, the
results clearly indicate the inaccuracy of the empirical COST-231-Hata model in an
urban environment. With the selected simulation parameters and in this particular
measurement setup, the resulting error of the COST-231-Hata model in the down-
link capacity was of the order of 50%-70%. Hence, the utilization of deterministic or
more accurate physical models is mandatory for WCDMA (and other interference-
limited) networks in urban environments, even though the prediction calculation
time clearly exceeds the one of simpler empirical models. However, deterministic
models also suffer from inaccuracy in the selection of simulation parameters, and
also from inadequate description of the propagation environment (i.e. accuracy of
the digital map). The static nature of a radio network planning tool affects at a certain
level on the absolute level of cell capacities. Hence, a successful modeling of cover-
age and capacity of a network is a combination of a careful and successful selection
of all these parameters.





CHAPTER 5

Supplementary Radio Network
Concepts

THIS chapter introduces two supplementary radio network concepts that affect
radio network topology planning: repeaters and network-based mobile position-

ing techniques. In general, repeaters improve the signal levels in the network, and
hence affect not only the coverage, but also interference conditions in the network.
Therefore, they have to be considered as part of radio network topology planning.
The second concept that might affect the deployment of radio network topology is
network-based location techniques. They have a tendency to utilize a fraction of ra-
dio resources for estimating user positions. Hence, optimization of the availability
and also accuracy of a network-based location technique might also require modifi-
cations in the radio network topology.

5.1 Repeaters

One of the most obvious additional network elements which affect radio network
topology, are repeaters. In the context of this thesis, a repeater is treated as an analog
device that filters and amplifies all signals within its frequency band. In contrast
to a digital repeater (decode and amplify), an analog repeater is a simple and easy-
to-implement device, since it does not include any intelligence. On the contrary,
the most significant drawback of an analog repeater is that it amplifies all signal
components at its operational frequency (including noise) [92].

The utilization of repeaters can be divided generally into two parts: usage for
coverage extensions (e.g. [93–98]) and for capacity enhancements [99,100], [P9], [P10].
Most of the references consider repeaters for coverage enhancements. Moreover, in
a power controlled CDMA network, they have a tendency to decrease the required
link power. Thus, they will also contribute to interference levels, and finally, on the
system capacity as well. This subsection addresses the impact of repeater deploy-
ment in urban, capacity-limited WCDMA network through simulations [P9] and
measurements [P10].

61
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Figure 5.1 Repeater configuration. [P9]

5.1.1 Repeater Configuration

The repeater gain parameter1 (Gt) defines unambiguously the repeater configuration
from base station to the repeater serving antenna:

Gt = Gbs − L + Gdonor + Grep [dB] (5.1)

where Gbs is the base station antenna gain, L is the path loss (also denoted as cou-
pling loss) between the base station antenna and the repeater donor antenna, Gdonor

is the donor antenna gain, and Grep is the repeater gain (amplification) (Fig. 5.1).
The repeater gain parameter provides information on how much the repeater is con-
tributing to the noise increase of the base station [92]. The selection of the location of
the repeater, the resulting link loss between base station antenna and repeater donor
antenna is thus already defined when a repeater is deployed. Moreover, as the se-
lected donor and serving antennas have typically certain gains, the only tunable
parameter remaining is the repeater gain.

5.1.2 Assessment through Simulations

The target of the simulations in [P9] was to observe the impact of

• repeater gain (or Gt)

• traffic distribution within a repeater cell

• traffic mix

1The term repeater loss was originally adopted from [99]. However, here repeater gain parameter is
used instead.
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Figure 5.2 Service probability for different traffic distributions in repeater cells. [P9]

on the service probability, interference levels, and capacity gains with repeaters in
a capacity-limited environment. The impact of traffic distribution within a repeater
cell is modeled by emphasizing the traffic density in hotspots. Hot spot density
factor (HSDF) defines the density of users in a hotspot with respect to user density
in all other locations than hotspots [100]. The higher the HSDF, the larger is the
proportion of users under the hotspots. Moreover, as the repeaters are located near
the hotspots, the gain of the repeater configuration should be higher with higher
HSDF.

According to the selected simulation parameters, the conversion between re-
peater gain and repeater gain parameter is:

Gt = Grep − 66 [dB] (5.2)

Fig. 5.2 provides the simulation results from a network with 6 repeaters in a 19
base station hexagonal grid for different HSDF values [P9]. The service probability
values without repeaters are given in the legend for different HSDF values. The
impact of repeater on average service probability increases as more users are located
in hotspots. Moreover, optimum repeater gain setting that maximizes the service
probability over the network is around 65-70 dB (i.e. in terms of Gt between −1
and 4 dB). At larger gain settings (such as 75 dB), the average service probability
decreases rapidly due to degradation of uplink performance.

Fig. 5.3 provides the achievable capacity gains separately for downlink and up-
link directions as a function of repeater gain. Both the downlink and uplink capacity
values were based on 0.5 average load of all sectors. As indicated by Fig. 5.3(a),
the downlink capacity gain increases with repeater gain. The capacity gain in the
downlink is based on the reduction of required BS TX power in mother cells, which
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Figure 5.3 The system capacity gains in a) downlink and b) uplink for a repeater
configured network with respect to configuration without repeaters. [P9]

on the contrary, decrease other-cell interference towards neighboring cells, and so
on. However, in the uplink, only a marginal capacity gain can be achieved with the
traffic distribution concentrating on the hotspot (Fig. 5.3(b)). Clearly, the inherent in-
crease of the total base station noise figure limits the achievable capacity gain in the
uplink. Only with a traffic distribution concentrating on the hotspots is the reduction
of uplink path loss (and following reduction of other-cell interference) able to pro-
vide a small capacity gain. In other cases, the noise level increase at the mother cells
due to repeater deployment overruling the positive impact of repeaters. Moreover,
if the repeater gain exceeds 70 dB, the repeater configuration produces only capacity
loss in the uplink.

The optimum repeater gain depends on the definition. The optimum repeater
gain according to service probability is between 65 dB and 70 dB for the given sce-
nario. However, if some capacity degradation is allowed in the uplink capacity (such
as 5%), the optimum repeater gain is between 72 dB and 73 dB, which corresponds
to Gt of 6 dB or 7 dB. With these repeater gain settings, the achievable downlink
capacity gains are between 7% and 45%. Moreover, as shown in [100], the optimum
repeater gain parameter does not depend on the path losses (or equally on the dis-
tance) between mother cell antenna and donor antenna. Moreover, the optimum
repeater gain parameter does not change remarkably with respect to traffic distribu-
tion in mother cells [P9], [100].

Conclusions

According to the simulations, optimum Gt locates around 5 dB and depends only
slightly on the traffic distribution under the repeater cell. Thus, an optimum re-
peater configuration can be defined by setting Gt close to 5 dB. With this setting, a
certain amount of uplink capacity loss has to be tolerated and the attainable down-
link capacity gains are around 7% (HSDF 0.001) and 45% (HSDF 20). However, if any
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uplink capacity degradation is not allowed, then Gt should be 0 dB, and the resulting
downlink capacity gains would be moderately smaller. However, it is highly possi-
ble that the optimum Gt depends also on the direction and position of the donor and
serving antennas, which makes the repeater deployment case-dependent. Finally, it
seems clear that the uplink is the limiting direction in the repeater deployment, and
within the simulated repeater gain values, the capacity gain only increases in the
downlink.

5.1.3 Assessment through Measurements

The performance of repeaters was also assessed through actual field measurements
[P10]. In the measurement scenario, a hotspot was generated close to the dominance
area edge, and the repeater was placed in a favorable location with respect to the
hotspot.

The analysis was performed in the downlink, and it was based on the measured
average noise rises (i.e. in practise observed with decrease of Ec/N0) and recorded
average throughput. Fig. 5.4 shows the estimated load curves2 for the mother cell.
The reference points, circle and square, represent the measurement results without
repeater with a single DCH (dedicated channel) connection and with two DCHs,
respectively. The other DCH connection recorded the statistics while moving and
the other while staying still close to the dominance area edge. The estimated load
curve tries to provide an average cell throughput as it passes the measurement points
from the middle. The estimated 3 dB noise rise capacity for the downlink without
repeater is 940 kbps.

The reference points, diamond and triangle, represent the measurement results
with repeater with a single DCH connection and with two DCHs, respectively. In
this scenario, the load curve estimation provides a slightly pessimistic capacity es-
timate, as it leaves the latter measurement point (2 times DCH) on the right side.
Nevertheless, the estimated 3 dB noise rise capacity for the downlink with repeater
is 1230 kbps, resulting in a downlink capacity gain of 30% for the mother cell. These
capacity estimates reflect a scenario where the additional load for the cell is not con-
centrating on the dominance area edge.

With a linear estimate of the downlink load curve, the resulting 3 dB noise rise
capacity would have been 700 kbps and 1800 kbps without and with a repeater, re-
spectively. Note that these capacity estimates reflect a scenario where the additional
traffic load would be placed on the same location as the hotspot mobile (i.e. on the
cell edge). Hence, the capacity gain would have been over 150%. As the capacity gain
produced by the repeater depends heavily on the location of the additional mobile
(i.e. the second DCH connection), it can be expected that in the measurements, the
achievable capacity gain in the mother cell varies between 30% and 150% depending
on the location of traffic.

2The load curves are based on standard downlink load equation with the following parameters: Eb/N0

= 4 dB, bit rate (R) = 384 kbps, chip rate (C) = 3.84 Mcps, activity factor (v) = 1, and orthogonality (α) =
0.7.
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Figure 5.4 Capacity analysis from measurements. [P10]

Conclusions

The measurement results related to repeaters in a capacity-limited environment re-
vealed their positive impact on the downlink capacity. However, the corresponding
assessment should be fully applied with several different repeater gain settings in
order to compare simulation and measurements directly. Although the capacity es-
timates provided here are not any absolute values, the direction of the measurement
results and analysis strongly verifies the direction that was observed with the sim-
ulations. However, these measurements were only scratch of the surface, and thus,
a deeper analysis and more comprehensive measurements should be conducted in
order to fully understand the impact of repeaters in a WCDMA network. For exam-
ple, the impact of the direction of serving and donor antennas as well as location of
repeater should be more comprehensively analyzed.

5.2 Mobile Positioning Techniques

The applications and services for mobile positioning are still waiting for their break-
through. However, the research in the area starts to be mature, and most of the
research has concentrated or is concentrating on inexpensive solutions, which pro-
vide high accuracy with minimized complexity. In general, the methods intended
for mobile positioning can be either mobile-based, radio network -based, satellite-
based, or a combination of these. The influence of purely mobile- and satellite-based
methods on the radio network functionality is extremely minor. However, radio net-
work -based mobile positioning methods affect at a certain level the radio network
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functionality because they require usage of radio resources for performing position-
ing estimates. All technical solutions for mobile positioning naturally differ in the
sense of providing complexity, availability, and accuracy. The complexity of a posi-
tioning method can be implemented either on the mobile (mobile-based methods)
or on the network (network-based methods), or it can be a combination of these (hy-
brid). Naturally, as the power consumption of the mobile station is one of the top
concerns of mobile communications, network-based methods have become more at-
tractive during the past decade. The complexity logically increases the availability
and the accuracy of positioning methods. The availability and estimated accuracy
level of certain positioning methods is partly defined by the radio network topology.
For example, the accuracy of a simple cell identification (cell ID) method is based
on a fixed geographical mapping point, and is therefore mostly defined by applied
sectoring and site density.

Three location methods have been included in the Third Generation Partnership
Project (3GPP) for the nearest releases of UMTS network: cell ID, Observed Time
Difference of Arrival (OTDOA) with Idle Period Downlink (IPDL) enhancement,
and Assisted Global Positioning System (AGPS) [101]. On top of this, many mobile
positioning methods have been designed and proposed for future releases, which
mainly consists of availability enhancements to OTDOA (time alignment IPDL (TA-
IPDL) [102], positioning elements IPDL (PE-IPDL) [103,104], and Cumulative Virtual
Blanking (CVB) [105]). Other radio network -based approaches for position estima-
tion include angle of arrival (AOA) [104, 106, 107], Cell ID + round trip time (RTT)
[P11], Enhanced cell global ID (E-CGI), AOA+RTT [108], and OTDOA+AOA [109].
Satellite-based methods utilizing GALILEO data (Assisted GALILEO) or a combina-
tion of GPS and GALILEO data (AGPS + Assisted GALILEO) are also under investi-
gation [110].

The target in this chapter is to ascertain the impact of radio network topology
on the accuracy and availability of simple cell ID positioning and with its possible
enhancements. These enhancements consist of a standardized time-based round trip
time (RTT) measurement, which increases the accuracy of simple cell ID, and of a
forced soft handover (FSHO) algorithm, which tends to improve the availability of
cell ID+RTT.

5.2.1 Theoretical Accuracy of cell ID+RTT

The simplest mobile positioning method included in the 3GPP, cell ID, is typically
implemented as a network-based method, and thus it does not require any changes
to the terminals. The accuracy of cell ID positioning depends mostly on the site
density and sectoring scheme. However, since the accuracy of simple cell ID can be
increased if a mobile is either in SfHO or SHO, the impact of SHO-related parameters
(such as P-CPICH power setting and SHO window sizes3) should be known as well
[P11].

RTT consists of the time difference between beginning of the transmission of a
downlink dedicated physical channel (DPCH) frame and the beginning of the recep-

3SHO window here means generally the sizes of add, drop, and replace thresholds in a SHO algorithm
[111].
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Table 5.1 Theoretical inaccuracies (in meters) of cell ID+RTT for different areas with
different radio network topologies. [P11]

Scenario Type of area Site spacing
0.75 km 1.0 km 1.5 km

3-sectored/65◦
Single 240 320 480
SfHO 22 29 44
SHO 16-99 16-99 16-99

6-sectored/65◦
Single 65 87 131
SfHO 32 44 65
SHO 16-99 16-99 16-99

6-sectored/33◦
Single 90 120 180
SfHO 8 11 16
SHO 16-99 16-99 16-99

tion of the corresponding uplink frame. Therefore, it is sufficient to establish only a
radio bearer signalling connection (i.e. dedicated physical control channel (DPCCH)
in uplink and DPCH in downlink) with a 3.4 kbps bit rate for performing an RTT
measurement. On top on this, the accuracy of time-based RTT measurement (as
any time-based measurement) can be significantly improved by performing multi-
ple RTT measurements from geometrically different locations [112].

The derivation of the accuracy under a single cell area, in SfHO, and in a two-way
SHO is provided in [P11]. The accuracy under a single cell area naturally depends on
the sectoring scheme and site density. The accuracy in SfHO area is typically better
due to smaller outspread angle. However, typically the highest accuracy is achieved
in SHO. Table 5.1 provides theoretical accuracies of cell ID+RTT for 3-sectored sites
with 65◦ horizontal antenna beamwidth and for 6-sectored sites with 65◦ and 33◦

antennas. The accuracies are calculated presuming that the mobile is located in the
middle of the cell range4, and that the geographical mapping point of the cell ID
locates in the middle of the sector. Moreover, the precision of RTT measurement
is assumed to be 5 m (1/16 oversampling), and without any multipath errors. The
outspread angles of SfHO were 10◦, 20◦, and 5◦ for 3-sectored/65◦, 6-sectored/65◦,
and 6-sectored/33◦ configurations, respectively [113, 114].

The accuracies are considerably smaller in a single cell area for 6-sectored sites
than for 3-sectored sites. Moreover, by using larger antenna beamwidth, the result-
ing outspread angle of single cell ID is smaller at the cost of slightly poorer accuracy
at the SfHO (softer handover) area. These theoretical accuracies clearly illustrate
that radio network topology (sectoring and antenna beamwidth) clearly have an im-
pact on the expected accuracy of the cell ID+RTT. However, these accuracies do not
include the harmful impact of multipath propagation on time-based RTT measure-

4Assuming hexagonal cell structure, cell range corresponds to 2/3 of the site spacing with 3-sectored
sites and 1/2 of the site spacing with 6-sectored sites.
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Table 5.2 Availability (in percentages) of different accuracy areas for different SHO
window sizes and with different radio network topologies with 1.0 km site spac-
ing. [P11]

Scenario SHO window Type of area
Single SfHO SHO

3-sectored/65◦
3 dB 75.9 3.1 21.0
4 dB 68.3 4.7 27.0
5 dB 62.6 5.2 32.2

6-sectored/65◦
3 dB 46.5 28.4 25.1
4 dB 31.0 36.6 32.4
5 dB 19.1 42.9 38.0

6-sectored/33◦
3 dB 73.3 2.1 24.6
4 dB 66.6 2.7 30.7
5 dB 60.1 6.4 36.5

ment, which occurs in practice. Moreover, the oversampling factor 1/16 is an op-
timistic assumption, and for example without any oversampling, the resolution of
RTT measurement would be roughly 80 m. Nevertheless, the differences between
different radio network topologies should stay the same. In practice, also the accu-
racy in SHO is expected to be higher than in SfHO due to geometry.

Because the resulting single cell, SfHO and SHO areas are different with differ-
ent radio network topologies, so the availability of these accuracies also changes.
Table 5.2 shows an example of the expected availabilities of different accuracy ar-
eas with different SHO window sizes. These availability values are based on sys-
tem level simulations with 19 sites. Clearly, the best availability of better accuracy
SfHO and SHO areas is achieved with 6-sectored/65◦ configuration as the percentual
amount of these areas exceeds 80%. The corresponding value with 3-sectored/65◦

and 6-sectored/33◦ is around 40%. However, the cost of wider antenna beamwidth
and larger (possibly too large) SHO window size is reduced downlink capacity. Fur-
thermore, the availability of SfHO and SHO areas can be slightly increased with
higher P-CPICH power, which, however, reduces the available capacity for DCH
channels.

The final accuracy values for different topologies are derived based on simu-
lations. Fig. 5.5 shows the CDF of the expected accuracies for different network
topologies. The results are based on SHO window of 5 dB and site spacing of 1.0 km.
The better single cell ID accuracy with higher order sectoring and the higher avail-
ability of SfHO areas with wider antenna beamwidth can be clearly seen in the final
accuracy values.
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Figure 5.5 Theoretical maximum inaccuracies for different radio network topolo-
gies. [P11]

5.2.2 Forced SHO algorithm

Performing a time-based measurement from several different geographical locations
simultaneously increases the accuracy of the position estimate considerably [112].
In a cellular mobile communication system, this can be performed by conducting
corresponding time-based range measurements from several different base stations.

For GSM, the so-called forced handovers that support the cell ID+timing advance
(TA) location method were analyzed in [115–118]. However, in GSM, the funda-
mental problem is the lack of SHO and poorer resolution of TA. In WCDMA, the
availability of SHO can be increased by the so-called forced SHO (FSHO) algorithm
[P12]. The FSHO algorithm increases temporally the SHO window for a mobile be-
ing located (i.e. for the duration of RTT measurements). Then, by performing RTT
measurement from base station sectors in the active set, the reliability of the posi-
tioning estimate can be increased. On top of this, multiple RTT measurements can
be performed for a single sector to minimize the impact of multipath propagation.

Fig. 5.6 shows the visibility of the third strongest P-CPICH Ec/N0. The distribu-
tions are based on simulations of 19 base station hexagonal grids with two different
site spacings: 1.0 km and 1.5 km. As the RTT measurement requires only a control
channel connection (i.e. 3.4 kbps), the required Ec/N0 for sufficient BER can be rather
low, and values as low as −23 dB could still be enough for sufficient quality [9]. As
indicated by the results, with 6-sectored/65◦ configuration, the resulting visibility
of the third pilot is around 90%, whereas with the other simulated configuration is
it at the level of 70%. Hence, the availability of FSHO algorithm is also expected to
be higher with 6-sectored/65◦. Note that these distributions do not separate pilot
signals from different sites, but only from different sectors. Hence, in practice, the
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Figure 5.6 Visibility of the 3rd strongest P-CPICH Ec/N0. [P12]

visibility of three pilots from different sites is lower. On the other hand, the prob-
ability of observing three pilots from the same site is rather low, and moreover, it
could happen most certainly close to the base station, where the accuracy of RTT is
expected always to be rather sufficient.

The most significant drawback of the FSHO algorithm is interference peaks pro-
duced by the mobiles being forced to SHO. However, as there should not be more
than one simultaneous FSHO attempt per cell, the interference peaks are averaged
over time. Thus, their impact on system capacity should be rather small as shown
in [119].

5.2.3 Trade-off between Optimum Topology and Availability of Cell
ID+RTT

The results yield for a compromise if we want radio network topology and the per-
formance of cell ID+RTT should be optimized. Naturally, higher order sectoring
increases the accuracy of cell ID+RTT. Moreover, the availability of SfHO areas is
on a higher level with 6-sectored/65◦ configuration. This also affects the expectable
accuracy, which is obviously better with 65◦ antennas. The drawback of 65◦ anten-
nas deployment is approximately 30-35% poorer radio network capacity compared
to 33◦ antennas. On top of this, the proportion of pilot polluted areas is higher with
wider antenna beamwidths. Note also that availability and the resulting accuracies
have been evaluated with non-optimized radio network topology being used (e.g.
without downtilt).

To increase the accuracy of cell ID+RTT, all mobiles in the network should be in
SHO. However, this would lead to very poor downlink performance in WCDMA
as it would require large SHO windows. Thus, the idea of forced soft handover was
introduced in which SHO parameters are changed only for the mobile that is located.
Moreover, the FSHO algorithm requires that at least three P-CPICH signals from
different base station sectors have to be heard. Clearly, in an interference-limited
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WCDMA network, the visibility of at least three P-CPICH signals simultaneously
all over the network is not possible. However, 65◦ antennas provide better visibility
for the third P-CPICH signal than 33◦ antennas. Visibility of the fourth P-CPICH
signals is an unwanted situation, since it causes pilot pollution. Therefore, also the
amount of pilot pollution areas can be minimized through antenna configuration
by using narrow antennas. However, the visibility results were also derived based
on non-optimized radio network topology, and hence, in an optimized network, the
availability of FSHO would be at a lower level. It is up to an operator’s deployment
strategy as to which one of these approaches – enhanced radio network capacity or
availability of cell ID+RTT mobile positioning method – it is willing to satisfy.



CHAPTER 6

Conclusions

6.1 Concluding Summary

Detailed optimization of radio network topology planning for WCDMA is clearly
needed to be able to provide high system capacity with minimum network deploy-
ment costs.

In the first part of the thesis, different radio network topologies and their impact
on network coverage and system capacity were addressed. An empirical approach
for estimating an optimum coverage overlap index was presented. According to
evaluations, the maximum sector throughput was achieved typically with COI≈0.5,
which can be realized only by antenna downtilt. From an academic point of view, the
results indicate that the network topology optimization should be as follows: max-
imize the antenna height and use correspondingly higher downtilt angles. From a
more practical point of view, the site density for a planning area should be mini-
mized according to coverage or capacity requirements in order to minimize the net-
work deployment costs and the required number of base stations. For a capacity-
limited network, deployment of new sites is allowed only if coverage overlap can be
maintained at a reasonable level. Otherwise, the system capacity will degrade.

A small random deviation of site location (less than 1/4 of the site spacing) from
the hexagonal grid was shown to have a negligible impact on the system perfor-
mance in a real propagation environment (i.e. when the information of the digital
map is taken into account), and when high indoor coverage thresholds are required
(1.5 km site spacing). However, if high indoor coverage probabilities are not re-
quired, i.e. the cells are not overlap significantly, a random deviation in base station
location becomes more and more crucial as with 3.0 km site spacing. Hence, in ur-
ban and suburban environments with higher coverage overlap due to the required
indoor coverage, the requirements for site location selection can be loosened, as non-
hexagonality does not deteriorate network performance. In addition, the simulation
results indicate that WCDMA network performance is robust for random antenna
direction deviation under different traffic scenarios.

Regarding sector overlap with different sectoring schemes, it was found that
SOI≈0.5 provides the optimum with moderate coverage overlap schemes. How-
ever, for high overlap schemes (as in very dense networks), narrower antennas should
be used in order to avoid high other cell interference levels. The sensitivity of system
capacity with respect to SOI is naturally higher (approximately twice) in 6-sectored
network due to the double number of overlapping sectors. However, further analy-
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sis should be performed in order to find an optimum SOI as a function of COI .
For different antenna downtilt schemes, the downlink capacity gains with sim-

ulated network topologies varied between 0% and 60% with optimum downtilt an-
gles between 3.4◦ and 10.3◦. For uplink direction, capacity gains are typically sig-
nificantly lower. The obtained optimum downtilt angles and the derived empirical
equation provide an initial downtilt angle for suburban WCDMA antennas. More-
over, the impact of antenna downtilt was also verified with radio interface measure-
ments. The measurements indicated also the reduction of pilot polluted areas due to
antenna downtilt. In addition, it was shown that utilization of an algorithm that ad-
justs antenna downtilt angles based on the traffic distribution in a cell seems not to
be worth deploying. Finally, regarding site evolution, it was concluded that downtilt
angles in 6-sectored sites can be almost the same as in 3-sectored sites.

In the second part of the thesis, two different assessment methods for radio net-
work topology were shown. A method based on radio interface measurements was
introduced and partly verified. On the other hand, the performance of a static radio
network planning tool was evaluated for urban WCDMA networks. A comparison
between simulations and measurements showed the limited accuracy of the COST-
231-Hata propagation model, as the inaccuracy of the downlink capacity estimate
exceeded 50%. Therefore, it was suggested that ray tracing models should be used
for urban radio network planning.

The third part covered an analysis of repeater deployment and a network-based
mobile positioning technique called cell ID+RTT. The results clearly indicate that re-
peater deployment should be considered as a part of the topology planning as it
heavily affects network coverage and system capacity. Moreover, it clearly seems
that there is a tradeoff between maximization of radio network capacity and accu-
racy and availability of cell ID+RTT positioning (without or with FSHO algorithm)
method.

6.2 Future Work

The ideas related to coverage and sector overlap modeling are at the moment quite
immature, and would hence require more attention. These parameters could be
optimized and possibly implemented in planning or optimization tools to provide
suggestions of the optimum overlap between cells. However, for that purpose, the
model should be more general and not only applicable for WCDMA networks.

Regarding site location deviations, the ultimate target would be to have a plan-
ning guideline between the coverage overlap and the maximum allowable site loca-
tion deviation. Again, this information would be useful during the planning process.

Most of the simulation results in this thesis concentrated for a suburban or light
urban macrocellular environment, and hence, an interesting question is: what hap-
pens in dense urban or in microcellular environment? For example, how the an-
tenna downtilt angles should be set in case of roof-top installations when the most
strongest signal component in non-LOS situations becomes typically from over roof-
top diffraction. In general, the impact of practical and different site locations for
antenna deployment as roof-top, mast, and pole installations should be studied to
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find optimum solutions from the coverage and capacity point of view per site basis.
Moreover, the studies related to evaluation of the applicability of CAEDT with prac-
tical user distributions, not only with moving hot-spots, would be needed in a real
network.

Related to verification techniques of the radio network topology, different mod-
els and methods could be developed, and furthermore, their utilization during the
radio network optimization should be considered. In addition, the example study
performed for the planning tool verification should be also extended to cover more
suburban environments and also rural environments for possible implementation
of lower frequency CDMA technologies as CDMA450 [120] or WCDMA900 [121].
Moreover, the possible utilization of the COST-231-Walfisch-Ikegami to model the
propagation in urban environment should be considered also.

Part of the work introduced here of the repeaters and mobile positioning tech-
niques have already been continued within the Radio Network Group. However,
especially repeaters seem to create an attractive approach to cover the so-called cov-
erage dead-spots in otherwise capacity-limited environment by taking advantage,
e.g. from indoor distributed antenna (DAS) implementations. Moreover, the ten-
dency of using even higher frequencies for cellular systems (e.g. [122]) will make the
absolute coverage area from a single antenna smaller and smaller, and hence creating
a need for intelligent repeater solutions.

The above mentioned points are mostly related to current evolution and direction
of cellular networks. However, the evolution of cellular networks is continuous and
hence the attention regarding the radio network topology should be also directed to-
wards the future systems. For example, the next system released by the 3GPP will be
based on orthogonal frequency division multiple access (OFDMA) technique [123],
and hence, the impact of this new radio interface technology on the radio network
topology planning should be studied. Another aspect related directly to different
antenna configurations is multiple input multiple output (MIMO) systems where
several antennas are used for transmission and reception. Hence, from the radio net-
work topology point of view, one interesting question is that how much antenna po-
sitions or configurations affect the correlation of different antenna elements, which
heavily impacts the achievable capacity, in a MIMO system.





CHAPTER 7

Summary of Publications

7.1 Overview of Publications and Thesis Results

Basic radio network topology studies were conducted in [P1]-[P6]. The reference
simulations of coverage overlap were provided in [P1]. However, all the required
analyses were performed in this thesis only, and have not been published elsewhere.
The approach for modeling coverage overlap with a single parameter seems to be
valid, even though more research is needed on that topic. Nevertheless, the results
showed the importance of optimum coverage overlap a from system capacity point
of view.

The impact of non-hexagonal site locations and non-uniform antenna directions
on the system level performance was assessed in [P2]. The results indicate that the
performance of WCDMA network is rather robust for moderate changes on hexago-
nal site locations, and also on small changes of nominal antenna directions. In [P2],
some site evolution strategies were also presented, but the analysis was slightly ex-
tended in the frame of the thesis.

The importance of the selection of antenna beamwidth for different sectoring
schemes was studied in [P3]. For this thesis, the number of simulation scenarios
was increased to cover also different degrees of overlap. As a result, it was observed
that optimum sector overlap depends on coverage overlap.

Publication [P1] presented the results of simulation campaign regarding opti-
mum downtilt angles for a suburban WCDMA network. The results indicated that
downtilt is of great importance, and especially in dense networks. The measure-
ments of the impact of the mechanical antenna downtilt were provided in [P4], which
verified the capacity gain of downtilt also in practice. Moreover, [P5] emphasized the
impact of different geographical user distributions on the optimum downtilt angle.
The results indicated that usage of rapidly changing downtilt angle is not worth de-
ploying in a cellular WCDMA network.

Verification studies on the radio network topology were provided in [P7]-[P8].
A method for verifying the quality of a network plan was introduced in [P7]. Al-
though a simple model, the Ec/N0 mapping method seems to be rather accurate
for verifying the quality of the radio plan, and, moreover, extremely applicable for
immediate use. Publication [P8] provided an initial assessment of the functionality
and reliability of the static WCDMA radio network planning tool with two different
propagation models. The results clearly indicate insufficient accuracy of the COST-
231-Hata propagation model, whereas certain problems might also be observed with
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ray tracing models. However, the performance assessment was only performed only
in an urban environment.

The impact of repeaters was simulated and measured in [P9] and [P10]. The
assessment was carried out in a capacity-limited network, not in a coverage-limited
one as is typical in the context of repeaters. The results clearly indicate the potential
capacity gain of a repeater deployment.

Finally, [P11] and [P12] provide an accuracy assessment of cell ID+RTT with and
without forced SHO for a WCDMA network. Clearly, the radio network topology
partly defines the availability and attainable accuracy. Moreover, both of these per-
formance indicators can be maximized with an non-optimum radio network topol-
ogy configuration from the capacity point of view.

7.2 Author’s Contribution to the Publications

All the research work for this thesis was performed at the Institute of Communi-
cations Engineering, Tampere University of Technology, as part of larger research
project, ”Advanced Techniques for Mobile Positioning”.

The performance assessments and the analyzes of [P1]-[P10] were carried out by
the author. For [P11]-[P12], Jakub Borkowski (M.Sc.) carried out all the analyses, and
the author’s contribution was in the radio network performance analysis. Naturally,
all publications were supported and guided by the thesis supervisor Prof. Jukka
Lempiäinen. Moreover, it goes without saying that numerous informal discussions
between the author, supervisor, and all co-authors have contributed considerably to
the reported results as well as to the general research directions.

The initial idea for coverage overlap index was originally introduced by the au-
thor. Furthermore, the analysis for coverage overlap index in this thesis was solely
carried out by the author. Regarding the simulations in [P1], they were performed
together with Tero Isotalo (Tech. Stud.). Moreover, Tero Isotalo helped significantly
with the tools required for the result analysis. However, the majority of the perfor-
mance analyzes and the writing work was performed by the author.

In [P3], all the system level simulations and performance analyses were per-
formed by the author. The writing was done together by the author and Prof. Jukka
Lempiäinen.

The measurements and simulations in [P4] and [P8] were conducted together
with Jakub Borkowski. However, the analysis tool of the measurement results, the
performance analyzes, and the writing were done solely by the author.

For [P5], [P2], and [P6], the simulation methodology was realized by the author.
Moreover, all the simulations, performance analyzes, and writing were performed
by the author. However, in [P6], Tero Isotalo carried out most of the work required
for the analysis tool.

The author came up with the idea of the Ec/N0 mapping method in [P7]. Jakub
Borkowski initiated the writing work, but all the measurements, analyzes and also
most of the writing was carried out by the author.

For [P9], the author performed part of the system analyzes and most of the writ-
ing work. The simulator development was performed by Panu Lähdekorpi (M. Sc.),
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who also carried out all the simulations. The repeater measurements in [P10] were
carried out by the author and Jakub Borkowski. The author also contributed to the
results analyzes and to the final appearance of the paper.

For [P11] and [P12], the authors’ contribution was significantly smaller as the
majority of the work was carried out by Jakub Borkowski. Most of the contribution
of the author was in the simulations and simulation analyzes. Moreover, numerous
informal discussions took place between Jakub Borkowski and the author.





APPENDIX A

Statistical Analysis of the
Simulation Results

The statistical reliability of any experimental results means that the probability of
a pure chance should be extremely small, and that in the considered physical phe-
nomenon no such result exists. For constant system parameters, the capacity of the
system, as classified by the simulator via simulating a number of different realiza-
tions of the user distributions (snapshots), will vary for different sets of analyzed
snapshots. In this thesis, the system capacity is defined as the number of served
users over the total number of users in the system (i.e. the number of served users
with a given service probability target) when averaged over Y snapshots. If the sys-
tem does not provide an acceptable service to a requesting user, this user will be
considered to be in outage (i.e. service probability = 1−outage).

Let x be the random variable that counts the total number of users that incur
outage from the overall set of users requesting service (N ). Under the previous as-
sumptions, it can be stated that x follows a binomial probability density function
whose mean is [124]

µx = E{x} = N · p (A.1)

where p is the outage probability. Moreover, the variance of x equals

σ2
x = N · p · (1 − p) (A.2)

The standard deviation (relative to the mean) of the variable that counts the total
number of users that incur outage during one snapshot equals to

σx

µx

=

√
1 − p

N · p (A.3)

On the other hand, from statistics it is known that the estimator

X̂Y =
1

Y
(X1 + ... + XY ) (A.4)

for the mean of the normal distributed random variables X1 to XY with mean µ and
variance σ2 has the same mean value µ and variance [124]

σ2
Y =

σ2

Y
(A.5)
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Therefore, the standard deviation over all snapshots σY decreases with
√

Y and can
be given as

σY =

√
1 − p

N · p · 1√
Y

(A.6)

The simulations carried out in this thesis considered service probability targets of
95% or 98%. For example, for the results in Table 3.3 (3-sectored/65◦ with 1.5 km/25 m
and 3-sectored/90◦ with 1.5 km/45 m), the standard deviation over all snapshots
(Y=10000) relative to the mean is 0.078% and 0.097% with a 95% service probabil-
ity target. On the other hand, for different simulations in Table 3.11, the service
probability target was 98%. Given the number of snapshots of 2000 and the system
capacity of 98 users per site (altogether 19 sites), the standard deviation relative to
the mean is 0.36%. Hence, the statistical reliability of the Monte Carlo simulations
with several thousands of snapshot can be considered statistically reliable. Note that
this analysis takes into account only the statistical reliability of the snapshots, and
does not anyhow address the amount of systematic error in the simulations caused
by the propagation model, digital map, or the algorithms of the static planning tool.
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mon pilot power control for load and coverage balancing,” in Proc. 13th IEEE
Int. Symp. Personal, Indoor, and Mobile Radio Communications, vol. 3, 2002, pp.
1412–1416.

[78] R. T. Love, K. A. Beshir, D. Schaeffer, and R. S. Nikides, “A pilot optimization
technique for CDMA cellular systems,” in Proc. IEEE 50th Vehicular Technology
Conference, vol. 4, May 1999, pp. 2238–2242.

[79] I. Siomina, “P-CPICH power and antenna tilt optimization in UMTS net-
works,” in Proc. Advanced Industrial Conference on Telecommunications / Ser-
vice Assurance with Partial and Intermittent Resources Conference / E-Learning on
Telecommunications Workshop, 2005, pp. 268–273.



BIBLIOGRAPHY 89

[80] F. Sapienza and S. Kim, “Dominant pilot recovery in IS-95 CDMA systems
using repeaters,” IEICE Trans. Communications, vol. 82, no. 1, pp. 34–42, Jan.
1999.

[81] J. Leino, M. Kolehmainen, and T. Ristaniemi, “On the effect of pilot cancella-
tion in WCDMA network,” in Proc. IEEE 55th Vehicular Technology Conference,
vol. 2, May 2002, pp. 611–614.

[82] M. M. El-Said, A. Kumar, and A. S. Elmaghraby, “Pilot pollution interference
reduction using multi-carrier interferometry,” in Proc. 8th IEEE International
Symposium on Computers and Communication, June 2003, pp. 919–1328.

[83] ——, “Sensory system for early detection of pilot pollution interference in
UMTS networks,” in Proc. 10th International Conference on Telecommunicatios,
vol. 2, June 2003, pp. 1323–1328.
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