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Abstract

The main purpose of this thesis was to study the interference dependence in UMTS-FDD with the
buildings height. For this, an interference model was developed and implemented in a simulator. This
model calculates intra- and inter-cell interferences independently in DL and UL. Some simulations
results are compared with measurements performed in a live network in order to assess the simulator.
With the purpose of knowing how interference behaves, several simulations were performed, changing
some parameters, such as the distance between MT and BS, centre building height, street widths,
antennas tilts and number of BSs. The simulations results show that the interference has its higher
value in the case of rooms directly facing the outside, and it also shows an increase trend of 2.5dB per
floor, and a difference of 2.8dB between each penetrated wall situation. This result is different when
the analysis is performed in terms of NLoS and LoS. In the case of NLoS, the interference has a rise
of 1.3dB per floor, and 3.3dB in the case of LoS, i.e., when the MT is in LoS the slope increases
almost two times faster than when it is in NLoS. The principal conclusion was: the higher the MT is in

the building, and the less penetrated wall it has, the higher the interference will be.
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Resumo

O principal objectivo da presente tese foi o estudo da dependéncia da interferéncia com a altura dos
edificios no sistema UMTS-FDD. Para tal, foram desenvolvidos alguns modelos de interferéncia e
implementados num simulador. Este simulador foi criado de raiz. O modelo desenvolvido calcula
separadamente a interferéncia intra- e inter-celular para DL e UL. Foram efectuadas medicdes, e
comparadas com os resultados de simulagdo, de forma a certificar o correcto funcionamento do
simulador. Para compreender como a interferéncia se comporta, foram efectuas varias simulagoes,
variando alguns parametros, um a um, dos quais a distancia entre o terminal mével e a estacao base,
a altura do edificio do centro, largura das ruas, a inclinagdo das antenas e o numero de estagbes
base. Os resultados de simulagdo mostraram que a interferéncia € mais acentuada nos casos em que
as divisorias se encontram perto do exterior. A medida que o terminal mével vai subindo no edificio, a
interferéncia sobe a 2.5dB por piso e tem uma diferencga entre cada situacado de atenuagéo de 2.8dB.
Estes sdo resultados de um ponto de vista geral, mas quando a analise foi divida em linha de vista e
sem linha de vista, entre o terminal mével e a estagao base, revelou-se que quando o terminal movel
se encontra em linha de vista a interferéncia cresce a 1.28dB por andar, e 3.27dB para o outro caso.
Concluindo-se entédo, que quando o terminal mével se encontra em linha de vista com a estagao
base, a interferéncia cresce quase duas vezes. No final, a principal conclusdo a que se chegou foi
que, a interferéncia cresce com a subida do terminal mdvel no edificio, isto €, quanto mais alto e mais

préximo da janela o terminal mével estiver maior ira ser a interferéncia.

Palavras-chave

Dependéncia com Altura, UMTS, Interferéncia, Medigbes, Modelagao.
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Chapter 1

Introduction

This chapter presents a brief overview of the work. Before establishing work targets and original
contributions, the scope and motivations are presented. A brief state of the art on mobile

communications systems is also presented. At the end of the chapter, the work structure is provided.




1.1 Overview

Nowadays, mobile communications systems have become an important infrastructure in our society.
Over the last decade, it has undergone significant changes and experienced gigantic growth, from
analogue to digital technology, from a simple voice call to the data service with higher data rates. The

evolution of mobile systems is shown in Figure 1.1.

=006
Transmission speed
1G

Super3G

HSPA

DL:7.2~14.4M UL5.7M

N For a seamless NW

Figure 1.1. Evolution of mobile systems (extracted from [NTTDO08]).

The massive success of 2G technologies is pushing mobile networks to grow extremely fast as ever-
growing mobile traffic puts a lot of pressure on network capacity. In addition, the current strong drive
towards new applications, such as wireless Internet access and video telephony, has generated a
need for a universal standard at higher user bitrates: third-generation (3G). In 1999, the 3rd
Generation Partnership Project (3GPP) launched Universal Mobile Telecommunications System
(UMTS), a Third Generation (3G) first release. UMTS uses Wideband Code Division Multiple Access
(WCDMA) as access technique, and was designed from the beginning to offer multi-service
applications [HoTo04]. In UMTS, there are two different modes of operation possible: Time Division
Duplex (TDD) and Frequency Division Duplex (FDD). The former never came into commercial

deployment.

Mobile communications evolution does not stop. New studies have been leading to news
technologies, improving the system. In March 2002, High Speed Downlink Packet Access (HSDPA)
was set as a standard in 3GPP Release 5. In 2005, networks with HSDPA became available providing
1.8 Mbps, increasing to 3.6 Mbps in 2006, and achieving 7.2 Mbps during 2007, with the maximum
peak data rate of 14.4 Mbps in a near future, starting the mobile IP revolution, [HoTo06]. In December
2004, High Speed Uplink Packet Access (HSUPA) was launched by 3GPP in Release 6 with the




Enhanced Dedicated Channel (E-DCH). HSDPA and HSUPA are commonly known as High Speed
Packet Access (HSPA). Further HSPA evolution is specified in 3GPP Release 7, and its commercial
deployment is expected by 2009. HSPA evolution is also known as HSPA+. 3GPP is also working to
specify a new radio system called Long-Term Evolution (LTE) [NTTDO08]. Release 7 and 8, solutions
for HSPA evolution, will be worked in parallel with LTE development, and some aspects of LTE work
are also expected to reflect on HSPA evolution. Now the challenge is UMTS deployment on the lower
frequency band, UMTS 900. In UMTS 900, for the same service as HSDPA, results shows a better
coverage, both in terms of extended coverage in rural areas and improved indoor coverage, at much

lower cost.

When working in the world of radio waves, which has no arbitrary boundaries and no geographic
licensing, interference issues always will pop up. Interference is a physical phenomenon which exists
and will always exist in different ways on mobile communications. Since the last decade, studies on
interference have been growing because the capacity of a Base Station (BS) in UMTS is limited by
interference. Thus, its evaluation is one of the fundamental procedures for analysing UMTS. On the
Uplink (UL), the multiple access interference (MAI) at a BS is caused by all Mobile Terminals (MTs)
whether they belong to this BS or not. On the Downlink (DL), the capacity is limited by the transmit
power of the BS or by the interference it causes, respectively. The power control mechanisms in both
links provide that the signals are transmitted with such powers that for each service they are received
with nearly equal strength. A detailed examination of the interference on UL is no simple task. Due to
the universal frequency reuse in UMTS, all users both in the considered cell and in the neighbouring
ones contribute to the total interference, thus, influencing the link quality in terms of received bit-
energy-to-noise ratio (E,/Ny) [MaSt03].

The planning of UMTS networks consists of two aspects: coverage and capacity planning, and a trade
off between the two exist. The more users are active at a BS, the larger is the MAI at the BS, and the
higher are the transmit powers required by the MTs to fulfil their E,/N, requirements. Additionally, due
to the restriction of the MTs transmit power, the coverage area shrinks with an increasing number of
users. Attaining a certain coverage area for a BS demands a limitation of the MAI, which is done by
admission control. The MAI level used as threshold for the acceptance of new calls determines not
only the coverage area but also the capacity of the BS. Capacity here means the maximum possible

offered load for a BS with a particular service mix, while meeting predetermined blocking probabilities.

In UMTS operating in FDD, interference happens only between MT and BS and between BS and MT,
due to its nature. The total interference experienced by an MT is composed of two parts: intra- and
inter-cells, Figure 1.2. The intra-cell is created within one cell, caused by MTs or BS of the cell. The

inter-cell is caused by MTs or BSs that are out of the cell under consideration.

Interference, among other factors, changes with the MTs locations. Mobile phones are used
everywhere, not only outdoor, but also more and more indoor. In these environments, customers
demand a good coverage and quality of service. Nevertheless, these systems were not deployed to
satisfy specifically these requirements. Operator deployment requirements typically guarantee

coverage, with certain quality requirements, of a minimum percent of the geographical area and
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Figure 1.2. Interference representation.

population. Planning tools, key elements for the efficient dimensioning of a network, usually provide
only outdoor coverage predictions. They estimate the path loss from the BS to the centre of the street
where MTs are assumed to be. Therefore, an exira signal attenuation associated to building
penetration is required in the planning of the network. A specific attenuation value for building

penetration can improve the indoor coverage for a certain percentage of indoor environments.

The estimation of an extra signal attenuation associated to building penetration can be obtained via
propagation models, or to predictions extracted from measurement campaigns. Nevertheless, building
construction characteristics and city morphology have a strong impact on propagation characteristics,
which makes the correct adaptation of these models and predictions a difficult task. Some concern
must be taken when the median level outside is determined. If a Line of Sight (LoS) exists between
the BS antenna and one or several external walls a considerable variation, tens of dB, of the path loss
around the perimeter of the building may occur. Thus, the corresponding penetration loss will vary

considerably depending on which reference level is used [FKRCO06].

The penetration loss can be divided into four major categories: wall loss, room loss, floor loss and
building loss, each one relative the median path loss level outside the building. The wall loss, which is
angle dependent, is the penetration loss through the wall. The penetration loss of the external wall can
be different at Non Line of Sight (NLoS) conditions compared to a perpendicular LoS situation. Thus,
one single external wall can have considerable different penetration losses, depending on the
environmental conditions. The room loss is the median loss determined from measurements taken in
the whole room about 1-2 m above the floor. The floor loss is the median loss in all of the rooms on
the same floor in a building. In some cases, the penetration loss decreases with increasing floor level,
which is called floor height gain. Since, the heights of the storeys vary between different buildings, it is
sometimes better to describe the dependence as a function of the physical height. The height gain
effect ceases to be applicable at floor levels that are considerable above the average height of the
neighbouring buildings. The sum of the outside reference loss and the height gain loss, which is

negative, must not be less than the free space propagation loss [DaCo99].




1.2 Motivation and Organisation of the Thesis

Despite UMTS being well known, and already employed throughout the world, there are not enough
studies and conclusions about interference on it, so it is important to have a more detailed study. The
main scope of this thesis is to study the interference dependence in UMTS with the buildings height.
These objectives will be accomplished through the development of a model and its implementation in
a simulator. The interference is obtained by intra- and inter-cell interferences combination, in each link,
DL and UL.

This thesis was made in collaboration with Celfinet, a Portuguese consulting company. Several
technical details were discussed with the company, and one used the suggested values for several
parameters throughout this thesis. All measurements were performed with Celfinet support, and all the

equipment was supplied by them.

The main contribution of this thesis is the analysis of the UMTS interference dependence with the
buildings height, and a model that calculates the interference in DL and UL. A new simulator is
created, that enables the interference analysis, being capable to produce results according to several

parameters defined by the user.
This work is composed by 5 Chapters, including the present one, followed by a set of annexes.

Chapter 2 mainly introduces UMTS, propagation models and interference. UMTS basic concepts are
explained, the services and the architecture are shown, and then the radio interface. Afterwards, a
brief overview of propagations models is given, for outdoor models and indoors. Later on, the

interference basic aspects are shown, following by the interference models.

Chapter 3 presents all issues related to the implementation of the models in the simulator. At the
beginning, all models used and decisions made are presented. Then, a simulator overview is given,
concerning architecture and functionality. Afterwards, detailed descriptions of the interference and
propagation models algorithms are performed, and output files are detailed. At the end of the chapter,

the simulator assessment is presented.

Chapter 4 begins with the description of the default scenario. Then, a measurements overview is
highlighted, following by its results. After that, a comparison between measurements and simulations
is presented. This chapter finishes with the presentation of the results obtain for each case in study

and its analysis.
Chapter 5 summarises the work in this thesis, draws the conclusions, and also discusses future work.

A set of annexes with auxiliary information and results is also included. In Annex A, the extrapolation
of the Gaussian Approach model is shown. In Annex B, the detailed link budget used throughout this
thesis is presented. In Annex C, one presents the flowcharts of some used algorithms. In Annex D,
one presents the antennas properties. In Annex E, one presents the simulator and auxiliary programs
user's manual. In Annex F, one presents auxiliary results regarding the simulator assessment. In

Annex G and H, one shows additional results of measurements and simulations, respectively.







Chapter 2

Basic Aspects

This chapter outlines the basic concepts of UMTS and presents the required background information
necessary for a clear understanding of this system. Afterwards, the models that characterise the

propagation phenomena and the interference in mobile radio environments are described.




2.1 Services and Architecture

UMTS came from the inevitable evolution of GSM, therefore, this technology has the same services
and much more. Moreover, it has bearer services that give the subscriber the capacity required to
transmit appropriate signals between certain access points [UMTS07]. Among those services it offers

Point-to-Point and Point-to-Multipoint communications.

Bearer services offer a maximal data rate and highest user velocity according to each hierarchy cell
[UMTSO07], [Moli05]. Consequently the data rate offers are: 144 kbps for rural outdoor, macro-cell, at
speeds up to 500 km/h; 384 kbps urban outdoor, micro-cell, at maximal speeds 120 km/h; and
2048 kbps indoor and low range outdoor, pico-cell, for a maximal user speed up to 10 km/h. However,
these data rates became obsolete when HSDPA began to be used [HoTo06]. With this breakthrough,
DL speeds may reach 1.8, 3.6, 7.2 or even 14.4 Mbps. Nevertheless the biggest difference between
the HSDPA and the conventional UMTS is the lack of two basic features of the channels: variable
spreading factor and fast power control. Furthermore, there are other differences such as: improved
DL performance, for instance using Adaptive Modulation and Coding (AMC), fast packet scheduling at

the BS, and fast retransmissions from the BS, known as Hybrid Automatic Repeat-request (HARQ).

UMTS services have different Quality of Service (QoS) out of four kinds of traffic. Each class shows a
maximal Bit Error Ratio (BER) and a transmission delay characteristic of the target user choice.
Therefore, the user may choose among the Conversational, Streaming, Interactive or Background
classes. The Conversational class is mainly chosen for services like voice, video telephone and video
game. It is rather similar to GSM, so the delay should be within the rate of 100 ms or less, and BERs
around 10 or less, because the user does not allow any interruption. The Streaming class is used for
multimedia, video on demand, webcast, thus, a large delay can be tolerated, as the receiver typically
buffers several seconds of streaming material. BERs are usually smaller, since the noise in the audio
signal (music) is more irritating than voice conversation. Interactive class contemplates all applications
where the user requests data from a remote appliance, such as web browsing, network gaming, and
database access. The delay should never exceed a few seconds and BERs have to be lower, within
10® or less. The last group, the so-called Background class, figures the email service, SMS,

downloading, where transmission delays are not critical.

As it can be seen in Figure 2.1, the UMTS network is composed by three main groups: Core Network
(CN), UMTS Terrestrial Radio Access Network (UTRAN) and User Equipment (UE). In this scheme,
the CN is rather similar to the GSM one with GPRS, but all equipment has to be modified [UMTSO07],
[Bodi03].

The CN includes the databases and the management functions, so the main task is to provide
switching, routing and transit for user traffic, therefore, CN is mainly divided in circuit and packet
switched domains. Figure 2.1 shows MSC, VLR and GMSC which constitute the circuit switched
elements, while SGSN and GGSN represent the packet switched ones. However, there are some

elements that share both domains, such as the HLR and VLR.
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Figure 2.1. UMTS architecture (extracted from [HoTo04]).

UTRAN is the key element in the UMTS network. Composed by Nodes B (the BS) and Radio Network
Controllers (RNCs), it makes the bridge between UEs and CN. This transmission is established via the
air interface. The Node B interconnects with the RNC via the lub interface. The RNC controls the

resources in the system and interfaces with the CN.

UE is normally known as MT. This terminal usually appears as a form of a handset and it is composed
of a Mobile Equipment (ME) and an UMTS Subscriber Identify Module (USIM). The radio transceiver,
the display and the digital signal processors are also part of the ME. The USIM is a 3G application
running in a Universal Integrated Circuit Card (UICC), i.e., a mere logical entity on the physical card,
which contains the subscriber identity, authentication information and also provides storage space for

text messages and phone book contacts.

The UE is able to communicate with the legacy system, such as GSM and GPRS. Furthermore, 3GPP
developed the multi-mode that UEs support, which can be divided into four different categories
[UMTSO07]:

e Type 1: user equipment operates in one single mode at a time, GSM or UTRA. While operating in a
given mode, the user equipment does not scan for or monitor any other mode. Switching from one

mode to another is done manually by the subscriber.

e Type 2: user equipment can scan for and monitor another mode of operation. The user equipment
reports to the subscriber on the status of another mode by using the current mode of operation. In
this type the user equipment does not support simultaneous reception or transmission through

different modes. Switching from one mode to another is performed automatically.

e Type 3:itis fairly similar to type 2. However, in this one the UE can receive in more than one mode
at a time. But, type 3 cannot transmit simultaneously in more than one mode. As in type 2,

switching from one mode to another is performed automatically.

e Type 4: user equipment can receive and transmit simultaneously in more than one mode. As in the

previous two types, switching from one mode to another is performed automatically.




2.2 Radio Interface

According to the World Administrative Radio Conference - 92 (WARC-92) frequencies resolution for
International Mobile Telecommunications-2000 (IMT-2000), the bands 1885-2025 MHz and 2110-2200
MHz are intended for using on a worldwide basis, by administrations wishing to implement IMT-2000.
Such use does not preclude the use of these bands by other services to which they are allocated
[UMTSO07]. Nonetheless, WARC-2000 made some arrangements in the frequencies spectrum.
Therefore, in Europe UMTS works in the range from 1900 MHz to 2025 MHz and from 2110 MHz to
2200MHz. The main bands are 1920-1980MHz and 2110-2170MHz used for UMTS UL and DL,
respectively [Moli05].

Figure 2.2 illustrates some of the UTRA features. Using a variable spreading factor and multi-code
links, it supports bit rates up to 2 Mbps. It has a chip rate of 3.84 Mcps within 5 MHz carrier spacing,
although the actual carrier spacing can be selected on a 200 kHz grid between approximately 4.4 and
5 MHz, depending on the interference situation between the carriers Erro! A origem da referéncia

nao foi encontrada..
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Figure 2.2. FDD mode characteristics (extracted from Erro! A origem da referéncia nao foi

encontrada.).

Spreading operation in UMTS, also known as channelisation, is the multiplication of each user data bit
by a sequence of code bits called chips, resulting in a spread data with the same random appearance
as the spreading code. The channelisation codes increase the transmission bandwidth and use the
Orthogonal Variable Spreading Factor (OVSF) technique, which allows the Spreading Factor (SF) to
be changed, while maintaining orthogonality among codes with different lengths. The scrambling
operation is used over spreading, but it does not modify the signal bandwidth. In DL, it differentiates
the sectors of the cell, and in UL, it separates MTs from each other. The scrambling code (SC) can be
either a short or a long one, the latter being a 10 ms code based on the Gold family, and the former
being based on the extended S(2) family. UL scrambling uses both short and long codes, while DL

employs only long codes. Codes characteristics are summarised in Table 2.1.

The signal resulting from the multiplication of the user’'s data by the channelisation code is again
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multiplied by the scrambling code, which gives the final chip rate that will be transmitted, Figure 2.3.

Table 2.1. Functionality of the channelisation and scrambling codes, [Corr07].

Channelisation Scrambling
Use DL: MT separation DL: Sector separation
UL: Channel separation UL: MT separation
DL: 4 — 512 chip
Durati 38 400 chi
vration UL: 4 — 256 chip cnip
DL: 512
N ing Fact
umber Spreading Factor UL: several millions
Family OVSF Gold or S(2)
Spreading Yes No

Channelisation
cole Scrambling code

! L
DaTA H:g} -‘--@CI *

Bit rats Chip rate Chip rats

Figure 2.3. Relationship between spreading and chip rate (extracted from [HoTo04]).

UMTS has a self timing point of reference through the operation of asynchronous BSs. It uses
coherent detection in the UL and DL, based on the use of pilot reference symbols. Its architecture
allows the introduction of advanced capacity and coverage enhancing CDMA receiver techniques. It

may seamlessly co-exist with GSM networks through its inter-system handover functions UMTS.

In UMTS, the capacity of each cell is essentiality given by the number of users and the services they
use [HoTo04]. The maximum number of users per cell depends on noise and interference levels,
which results in an admissible QoS, for a different date rate. The interference results from the
existence and proximity of users in the cell, therefore, to get a good management and to assure a
minimum admissible QoS, it is necessary to measure the load factor in order to limit the maximum
noise. The noise rise is defined as the interference margin:

M) =-10log(1-n) 2.1)

where:
e 7 load factor.

The higher the system load is, the higher the interference margin will be. When n approaches 1, the

system reach its pole capacity and the noise rises to infinity.

The global load factor of the cell is shown in (2.2) and (2.3), in order to get a good estimation of BS
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coverage, for UL and DL.

My = (1+1)), R 2.2)

:
N, NO .
1’]DL=ZVj = ! -[(1—aj)+ij] (2.3)
= Re
R

where:
e | ratio of inter-cell to intra-cell interferences;
e N, number of users per cell;
e R; WCDMA chip rate (always 3.84 Mcps).
o E,: energy per user bit;
e Ny noise power density;
e Ry bit rate of user j;
e v activity factor of user j (typically 0.5 for speech and 1.0 for data);

¢ a; DL channel orthogonality factor of user j (between 0.4 and 0.9 in multipath channels);

. ratio of inter-cell to intra-cell interferences for user j.

Coverage in DL is more dependent on the load than in UL, since the BS has a maximum transmission

power, despite the number of users in the cell. Table 2.2 shows the maximum transmission power.

Table 2.2. Typical values of the transmitter output power (extract from [CorrQ07]).

BS
[dBm] L
[dBm]
Macro Micro Pico

[40, 43] (30, 33] [20, 23] [10, 33]

A very important key feature of WCDMA is power control, since without it an MT could block a whole
cell, giving rise to the so-called near-far problem of CDMA. In UMTS, MTs adaptively adjust their
power level so as not to swamp all the others in the network. The power control mechanisms in both
links provide that the signals are transmitted with such powers that for each service they are received
with nearly equal strength, i.e., the transmitted power for an MT at different locations is adjusted

according to the power control law; with knowledge on the locations of MTs, it is possible to minimise
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the total transmitted power by transmitting high power level for far-end users and low power level for
near-in users. There are different types of power control, the two main are: Open loop and Fast closed

loop power control.

Open loop power control is only used to provide a coarse initial power setting of the MT at the
beginning of a connection. In closed loop power control in the UL, the BS performs frequent estimates
of the received Signal-to-Interference Ratio (SIR) and compares it to a target. If the measured SIR is
higher than the target, the BS will command the MT to lower the power; if it is too low it will command
the MT to increase its power. Thus, closed loop power control will prevent any power imbalance
among all the UL signals received at the BS. The same technique is also used on the DL, though here
the motivation is different: on the DL there is no near—far problem due to the one-to-many scenario. All
the signals within one cell originate from one BS to all MTs. It is, however, desirable to provide a
marginal amount of additional power to MTs at the cell edge, as they suffer from increased inter-cell
interference [HoTo04].

WCDMA employs orthogonal codes in the DL, a; to separate users. Moreover, without any multipath
propagation the orthogonality remains the same when the BS signal is received by the MT. However,
if there is enough delay spread in the radio channel, the MT will handle part of the BS signal as
multiple access interference. The orthogonality of 1 corresponds to perfectly orthogonal codes. The
coverage in rural areas depends on the UL load factor and on the limited MT transmission power.
Otherwise in urban ones, micro- or pico-cells, intended for high data rates, are used, whose capacity
is limited by the DL load factor.

The number of available codes in a certain cell depends on the number of users and on the bit rate
required by the type of service each user is accessing. The number of channelisation codes is given
by the Spreading Factor (SF). The higher the bit rate is, the smaller the SF will be. So, when the
number of users increases, the bit rate of the bearer service will also increase, leading to a decrease

of the available SF, and hence of the number of codes. The number of available scrambling codes
may be a limitative factor only in DL, as there are only 512 available codes, Table 2.1. Although this is

the least important factor of the three that are listed, it must be taken into account.

2.3 Propagation Models

2.3.1 Basic Aspects

In mobile communications, the transmission medium depends a lot on the surrounding environment. In
fact, it can be affected by an “infinite” number of parameters describing the environment. Anyway, the
phenomena that influence radio waves propagation may generally be described by four basic

mechanisms: reflection, penetration, diffraction and scattering [DaCo099].

Scattering can be caused by multiple reflections, resulting in an increase of the multipath. Multipath

depends on the objects because multipath can change the time delay, and the delay may spread the
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propagated signal. So, multipath is one point to take into account for signal degradation. However, the

main cause of a lower performance in a mobile radio system is fading [Yaco93].

Fading can be split in to slow and fast. This is done according to the rate at which the magnitude and
phase change. Due to the randomness of these phenomena, the mobile radio signal is normally
treated on a statistical basis, using some probability distributions. The best distribution that fits slow
fading is the Log-Normal distribution with standard deviation in the range 4-10 dB. On the other hand,
fast fading is not so simple, i.e., for a good approximation it is required to know if MT and BS are in
LoS or in NLoS. Therefore, fast fading is due to multipath propagation and it has a Rayleigh
distribution for NLoS. Within buildings, where both multipath and LoS waves may be found, fast fading
follows a Ricean distribution. For a good design of a communication network, it is necessary to keep

the fading boundaries near average values.

In a mobile radio system, wave propagation models are extremely important to determine propagation
characteristics in order to get a good coverage and capacity planning. The propagation models can be
divided into two main groups: theoretical and empirical ones. The theoretical models provide an
approximation of the reality based on assumptions that simplify the problem and allow for an easy
change in parameters. However, these models have low versatility when the scenario change and do
not take into account the environment that influences directly the signal. The empirical models are
based on measurements, leading to best fit equations, taking into account many parameters.
Consequently, the models are usually very complex. The disadvantage of these models is their
limitation of boundaries, since any kind of extrapolation needs to be checked in environments different
from those in which they were measured. Sometimes the combination of these groups of models gives
rise to a simplified prediction model with excellent results where high accuracy is not required
[Yaco93], [Corr07].

The model usage requires an environment classification, which takes into account some parameters
like terrain undulation, vegetation density, building density and height, open areas density and water
areas density. Consequently, the environments are usually divided into three types: rural, suburban
and urban. In order to distinguish these categories, some authors proposed calculations and others
only made some assumptions respecting this matter. Thus, the rural environment is the one with the
largest open area, which normally consists of a flat terrain without any obstacles. Suburban type is
characterised by the existence of a few obstacles, as for instance small cities and residential areas.
The last one, the urban type, is a highly dense environment, consisting of buildings higher than 4

floors, such as large cities, commercial and industrial areas.

It is also important to point out the classification of the service type. Therefore, the cells used in these
environments are usually classified according to their radius range and to the relative position of the
BS antennas. So, the cell type can be divided into four different types [DaCo099]: large macro-cell,
small macro-cell, micro-cell and pico-cell. Small macro-cells are built above the medium roof-top level,
and therefore the heights of some surrounding buildings are above BS antenna height. They are used

for outdoor and its coverage radius range is between 0.5 and 3km (urban scenarios).

Indoor models are very important as a means of predicting the propagation characteristics of the
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indoor environment. This is because measuring radio propagation in every building in order to reduce

the interference would be unthinkable, since the cost would be very high.

In the indoor environment, the characteristics that degrade the performance of communication
systems are quite different from the outdoor. The variation of building size, shape, and structure, the
rooms layouts and, above all, the construction materials, make the electromagnetic-wave propagation
inside a building a highly complex multipath structure, much more than the one of terrestrial mobile
radio channels. The variation of materials used in internal partitions, outside walls, ceilings and floors,
the size and percentage of windows, age of building, people density and activity are factors that make

indoor electromagnetic-wave propagation fairly complex [TaTr95].

Consequently propagation models have been developed as a suitable low-cost alternative. The
existing indoor models can be classified into two classes: statistical models and semi-deterministic
models. In statistical models the additional attenuation is taken as a function of the percentage of
indoor locations to be covered, accounting for the general characteristics of the building, that is to say,
it relies on measurement data. In site-specific propagation models, since they are based on the
electromagnetic-wave propagation theory, it is required to take into account a considerable detail of

the indoor environment.

After viewing the basic knowledge of the aspects taken into account for a correct choice of
propagation models, a detailed description follows. Since there are many models in this field, it is
necessary to select models that work in UMTS frequencies, such as small macro-cells and urban
sceneries (outdoor and indoor). So, the chosen models are COST231 — Walfish-lkegami [DaCo99]
and 3GPP [3GPP98], COST231 — Multi-Wall [DaCo99] and a Gaussian Approach [Corr07], for

outdoor and indoor, respectively.

Before a description of the models, it is necessary to characterise the maximum loss which
propagation tolerates in order to get a good dimensioning of a cell, and to take into account the
coverage, capacity and optimisation. In Annex B, this characterisation is shown in further detail.

Nevertheless, generically the path loss can be given by [CorrQ7]:

L =P, +G P_ +G (2.4)

p[dB] t[dBm] t[dBi] ~ ' fdBm] rldBi]

where:
e [, path loss attenuation;
e Py power fed to the transmitting antenna;
e Gy gain of the transmitting antenna;
e P, power available at the receiving antenna;
e G, gain of the receiving antenna.

With the combination of the outdoor and indoor losses the total path loss can be achieved:
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L

pTotal[dB] —

Lp outd[dB] + Lp ind[dB] (25)

where:
o L,1o total path loss attenuation;
e L, .u4 path loss attenuation gives by outdoor model;

e L, path loss attenuation gives by indoor model.

2.3.2 Outdoor Models

For outdoors [Corr07] two models are suggested, COST 231 — Okumura-Hata and COST 231 —
Walfish-lkegami. The Okumura-Hata is based on Hata [Hata80] and Okumura [OkOh68] models, and
Walfish-lkegami is the result of the combination of Walfish-Bertoni [WaBe88] with lkegami [IkYo84].
They were developed for urban, suburban and rural environments. Okumura-Hata is for large
distances, usually more than 5 km. Walfish-lkegami is used for cases where the distances are less
than 5 km in both urban and suburban environments. The parameters for this model for path loss
prediction are: buildings height (hr.of), roads width (ws), building separation (w,) and road orientation

with respect to the direct radio path (¢), as shown in Figures 2.4 and 2.5.

This model has one particularity, it distinguishes LoS from NLoS. For LoS propagation (¢ = 0) the loss
is calculated by (2.6). For NLoS propagation the loss is composed by three terms: free space loss (L),
multiple screen diffraction loss (Lsq), and roof-top-to-street diffraction and scatter loss (Ls). So, in the
NLoS the prediction is calculated by (2.7).

Base Station Mobile

Ah Bage
Y
A N pyobile
V— h Roof
h Mobile

Figure 2.4. Definition of the parameters used in the COST 231 WI model (extracted from [DaCo99]).
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Figure 2.5. Definition of the street orientation angle ¢ (extracted from [DaCo099]).

Liap) = 42.6 +26log(dyq, ) + 20l0g(fy,,,) for d > 0.02 km (2.6)
Lyagy + Lisrany + L for L,+L, >0
Lp[dB] _ 0[dB] rts[dB] ts[dB] Tt t (2.7)
LO[dB] for Ln‘s + Lmts < O
The free-space loss is given by
Los; = 32.4 + 20109(dyr ) + 20109 (fiyriyg) (2.8)

The term L, basically describes the loss between last roof-top and MT. This parameter is mainly
based on Ikegami’s model (accounting street orientation and its width). However, rather than lkegami,
COST 231 applies a different street-orientation function.

Ln‘s[dB] = _1 69 - 10 Iog(Ws[m] ) + 10 Iog(fiMHz] ) + 20 IOg(AhMobile[m] ) + LOri[dB] (29)
where:

o Ahyopie: difference between the roof height and the mobile height (2.10);

Ah

Mobile[m] = hRoof[m] - hMobile[m] (2 1 0)
e L, street orientation loss (2.11).

~10+0.354¢,,, for 0° <¢<35°
Loyas =125+ 0.075(¢p,y, —35) for 35 < ¢ <55° (2.11)
4.0-0.114(ey ~55) for 55 < <90’

The L,,sq parameter basically describes the loss between BS antennas and the last roof-top and MT. It
appears as an extension of the Walfish and Bertoni original model by COST 231 for BS antennas

height bellow the roof-top levels, using an empirical function based on measurements.

Lsaros) = Loshrasy + Ka + Ky 109(dyny) + K; 109 () — 9109 (W) (2.12)
where:

o [, losses due to the fact that BS antennas are above or below the roof-top level (2.13);
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—18log(1+ Ah, o) TOr Hee > Py,
bsh[dB] :{ pasetm ’ Froof (2.13)

0 for h_._<h

base Roof
with
o Ahgse: difference between the BS antenna height and the roof-top height (2.14).

AhBase[m] = hBase[m] - hRoof[m] (214)

e Kk, represents the increase of the path loss for BS antennas below the roof tops of the
adjacent buildings;

54 for h,, > Neoor
k, =154 -0.8Ah,,,, for d>0.5Km and h,,, < hg, (2.15)
54 —1.6Ahg, . A for d<0.5Km and h,, <hg,

e Ky control the dependence of the multi-screen diffraction loss versus distance;

18 for  hg,e > Pgoor
k, = 2.16
47118 —15% for hg,, < Hhgoo ( )
Roof
e kg control the dependence of the multi-screen diffraction loss versus frequency;
4407 f[MHz] 1l # m.edium s.ized city and .suburban centres
925 with medium tree density

K, = (2.17)

f
-4 +1.5(%—1) for metropolitan centres (dense urban)

If the structure environment data is unknown the following values are recommended:

Proorim = 3% {number of floors} + roof-height
3 for pitched

[m]

roof-height,,, = {

0 for flat
Woim = 20...50
Wb[m]
Ws[m] = T
o =90°

As Table 2.3 shows, the COST — WI model has restrictions. One of them, already mentioned, is the
short distance of estimation. Other is the limitation for UMTS frequencies, that is to say, the system

frequency spectrum does not cover it thoroughly.

In this model, the standard deviation takes values around [4, 7] dB and the error increases when hg,se
decreases relatively to the hgyor[Corr07].
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Table 2.3. Restrictions of the COST 231 - WI (extracted from [DaCo099]).

Frequency [800, 2000] MHz
BS Height [4,50] m
MT Height [1,3]m
Distance between BS and MT [0.02, 5] Km

Sometimes when the BS is on the building top and the building is adjacent to the MT, the path loss
calculation can be done according to (2.18). The extra attenuation is based on [WaACO03] and
represents the attenuation due to diffraction from the roof to the MT. This can be calculated using
(2.19).

Lo = Logsy + Lpex,,a[dB] (2.18)

where:

o L, exrat €xtra attenuation given by:

1 1 1
Pextra [B] 9 [ \/”Tr[m] [ e[rad] 27— ‘9[rad] ]:l ( )

with

e ©O:angle between MT and Roof-Top corner defined by (2.20) and as shown in Figure 2.6;

_ |Ah obile[m |
Oy = taN [X—” (2.20)
[m]

e k: propagation constant that is given by (2.21);

e r: distance between roof-top and the MT as shown Figure 2.6 and given by (2.22).

k = e (2.21)
300
2
Nm = \/(AhMobile[m]) + X[m]2 (2.22)

with
o Ahyopie: difference between the roof height and the MT height, (2.10);

e x: horizontal distance between the MT and diffracting edges.
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Figure 2.6. lllustration of the extra attenuation parameters (extract from [Corr07]).

For outdoors, there is another model proposed by 3GPP, [3GPP98]. This model is based on [WaBe88]
with some measures adjustments in urban environments [XiBe94]. So the loss predicted for this model
is given by:

2 2
L e = —10l0g [ﬂJ ~10log 42"‘1 [ L ]
47d,; 27y \ Gy 27 + oy
- _ (2.23)

18
2.352 Whim
—10log 2(1-0.04 Mgagatmy) Ahggeim) =
d Base[m] AIm]

L ]

where:
e 1. wavelength;

This model, as in COST 231 — WI can be divided into three parts. The first part of (2.23) represents L,,

the second represents L;s and the last part represents the L.

This model has limitations. It considers the BS antenna height above roof-top level, L, shall not be less
than L, in any circumstances, the Ahg,s. has to be between 0 and 50 m, and applicable for the test
scenarios in urban and suburban areas outside the high rise core where the buildings are of nearly
uniform height [3GPP98].

2.3.3 Indoor Models

For indoor models [CorrQ7], it is suggested a statistic model that was developed by IST based on
measurements made in Lisbon. This model, Gaussian Approach, gives the penetration attenuation,
Leing, for a given overall indoor coverage probability and follows a Log-Normal distribution with an
average of 11.6 dB and a standard deviation of 13.8 dB. These values are an extrapolation of the
GSM1800 Band and all the calculations are shown in Annex A. This approximation can be done
because the frequency band of UMTS is very close to the GSM1800 one.

This model is a good approach, because it gives the average loss of urban scenarios for indoors
environments. Another positive point is the city where the measurements were made, since this work

has the same city as scenario.
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Another model that can be considered is one of the three models investigated by COST 231
[DaCo99]. The first one, One-Slope model (1SM) assumes a linear dependence between the path loss
and the logarithmic distance. The second, Multi-Wall model (MWM) takes into account the free space
loss plus other losses, as well as the walls and floors penetration loss by the direct path between the
transmitter and the receiver. The particularity of MWM is the empirical factor b [T6Be93], which makes
the total floor loss a non-linear function of the number of penetrated floors. The last model, Linear

Attenuation model (LAM) gives the path loss as a linearly dependence with the distance plus free

space loss.

BS

(][]
L1 L]
L1 L]
L[]
(][]

Ood
Oo0d

'p outd

0
0o

0 O

Outdoor models

Figure 2.7. Interpretation of the Gaussian Approach.

The MWM can be given by:

where:

1l

Penetration models

Lp ind[dB] LO[dB] + lglass +kL, + kaf[dB]

®  ky: number of penetrated walls of type j;

e ki number of penetrated floors;

e [, loss attenuation of wall type i, Table 2.4;

e [¢ floor loss attenuation;

*  lyass: glass loss attenuation.

(2.24)

Table 2.4. Wall types for the multi-wall model and weighted average loss (based on [OICa02]).

- walls with large numbers of holes (e.g. windows)

Loss category Description Factor [dB]
Typical floor structures (i.e. offices)
- hollow pot tiles 5
Ls - reinforced concrete
- thickness type. < 30 cm
Light internal walls (<10cm)
L1 - plasterboard 10

Iglass

Typical glass
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2.4 Interference

2.4.1 Basic Aspects

Interference is a phenomenon that operators do not like and its levels have increased by the fast
growth of communications system. Tall antennas with a higher transmitted power to provide coverage
were changed to smaller size cells as a way to combat the overcapacity. This way, providers can
reuse the channels or frequencies repeatedly and consequently operate with less power. However,

the overcapacity problem was more or less solved, but the interference was increased.

Interference can be expressed in many different ways, as Figure 2.8 suggests. Intermodulation
interference is generated in any nonlinear circuit when the products of two or more signals result into
another signal, having a frequency that is equal or almost equal to the wanted signal. Intersymbol
interference is intrinsic to digital networks and it is usually caused by echoes or non-linear frequency
response of the channel. Ways to fight against intersymbol interference include adaptive equalisation
or error correcting codes. These two types of interference are well-known phenomena that have
already been extensively explored in the literature. So the main interference in mobile radio systems is

adjacent-channel and co-channel interference [Yaco93].

Adjacent channel interference occurs as a collateral effect by keeping the channels very close to each
other in the frequency spectrum for obtaining maximum spectrum efficiency. Co-channel interference
is basically caused by another signal operating on the same channel. In UMTS, the channels have 5
MHz of separation and 4.4 MHz of bandwidth. In spite of this, adjacent channel interference can
happen, but this kind of interference has more relevance on GSM because the frequency channel of
separation and bandwidth are the same. This work is about UMTS, so co-channel is the interference

that really matters.

[ Interference

v v v v v v

Intercell Intracell Intercell Intracell Intermodulation Intersymbol

Figure 2.8. Interference Type

Co-channel interference is divided into two parts: intra- and inter-cells, and it happens in two ways: UL
(caused by MTs on BSs) and DL (caused by BSs on MTs).
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In UL, the intra-cell interference is caused by MTs within the cell and inter-cell interference is
composed of all the signals received from the MTs in adjacent cells, as shown in Figure 2.9 (a). So, in
UL, the interference is related to the load distribution within the network, but not related to the MTs

own location [Chen03].

In DL, as shown in Figure 2.9 (b), the intra-cell interference occurs when one BS causes interference
into the MT that it serves, which can be caused by the partial loss of orthogonality between the
different codes used for all users in the same cell. The inter-cell interference is the power received by
the MT from the adjacent BSs. Since BSs are not synchronised, the inter-cell interference does not get
benefits from the orthogonality as happens with the intra-cell interference [Chen03]. So, in DL, the

main factor is the loss of orthogonality factor between user codes due to the multipath.

Other kinds of interference scenarios do not exist in FDD, i.e., interference among BSs or MTs.
Interference among BSs cannot exist because in UMTS-FDD the UL and DL use different frequency
bands. Interference among MTs cannot exist because in the commutation to the BS each MT has a

unique identifying code and the UL and DL use different frequency bands.

Desired signal

Desired signal

= |ntra-cell interference ======= |nfra-cell interference
Inter-cell interference Inter-cell interference
(a) UL. (b) DL.

Figure 2.9. Different cases of interference (based on [Chen03]).
Handover is the essential component for dealing with the mobility of users, since it guarantees the
continuity of the communication when the MT moves across cellular boundaries. But, DL interference
is affected by soft/softer handover, as shown in Figure 2.10 (a) e (b). Soft handover occurs when the
MT goes from one cell to another and simultaneously communicates with both cells. Softer handover
does not occur when the MT goes from one cell to another, but when the MT moves from one sector
to another within the cell, as shown in Figure 2.10 (c). In Figure 2.10, if MT1 is in soft handover, it
communicates with BS1 and BS2 simultaneously. Two DL dedicated channels are set up to support
the soft handover, Figure 2.10 (b). Let P1 and P2 represent the power allocated to channels from BS1
and BS2 separately. P1 acts as intra-cell interference to MT2 and inter-cell interference to MT3 and

P2 acts as inter-cell interference to MT2 and intra-cell interference to MT 3.

Comparing the two cases, when the MT is not in soft handover, MT1 contributes power P to the total
DL interference and when it is in soft handover, the total contribution is the sum of P1 and P2. The
increment of the interference due to MT 1 has influence on all other active MTs within the network,

therefore, all these MTs need to adjust their channel power to meet the change in the interference.
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This, in return, changes the total interference received by MT 1, resulting the alteration of P or P1 and
P2. This circulation repeats until the system reaches a new balance. In the case of softer handover,
the problems are the same as in soft handover, the only difference is the situation that occurs. The big

problem is when the MT is in soft and softer handover, but this is unusual.

| soft handover |

|
J TS . = S
.
. AN ’
SoU o
AN [ SR | S
- N ) .
)
’ .
»
-

............

---------- : \ sote hndover |
(a) Situation without handover (b) Soft handover effects on the (c) Soft/Softer handover
DL interference
Figure 2.10. Handover interpretation (extracted from [Chen03])
established. So, the interference problems motivated by this mechanism do not have an important
impact in the system.

2.4.2 Interference Models

In the last years, interference has gained importance in the mobile telecommunication world since it
has become a limitation for the cellular networks. So, many works have been, and are being,
developed in this area, studying ways to avoid or minimise interference. Therefore, in this section

different points of view are shown, starting with intra-cell interference and then inter-cell one.

In [ZhLi0O0], the model is for the intra-cell interference UL case, using the service and the number of
users using that service. This model obtains the maximum number of users in each service within the
system. However, perfect power control is assumed (the signals power arrived at BS are equal) and it
does not take slow fading effects into account.

In [MaSt03], the power of MTs and number of users are used to calculate the intra-cell interference in
UL. Perfect power control is assumed, and inter-cell interference is taken as known a priori. This
model depends on the inter-cell interference, the number of users, the service used, and the target
equivalent Signal-to-Noise Ratio (SNR), E,/N, ratio. In [MaSt04], UL intra-cell interference is
calculated by another algorithm but with the same idea, i.e., the intra-cell interference depends on the
inter-cell one. The difference is in the calculation of the mutual generated load among all cells in the

network as a way to obtain the inter-cell interference, and then the intra-cell one.

In [NaSh03], UL intra-cell interference is calculated by taking the user load factor into account, and
number of users in soft handover. However, for the calculation it is necessary to know the total
interference a priori, i.e., the sum of the intra- and inter-cell interferences and noise received by the
user. This model was studied for UMTS multi-services.

In [Nguy05], the model is for the intra-cell interference UL case, using the power received by BS,

activity factor of the service and number of users using that service. Perfect power control is assumed
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as well as uniform distribution by users.

In [SKYMO3], a model for the case of intra-cell interference in DL is shown. For hard handover this
model takes into account: orthogonality factor, path loss, total power transmitted of BS to MTs within
the cell and log-normal distribution for the slow fading. For soft handover the model is the same, but

with one additional parameter, i.e., number of users of adjacent cells in handover situation.

In [NaSh03], UL intra-cell interference is not the only model described, presenting one way to
calculate the DL intra-cell interference too. DL intra-cell uses the following parameters: total average
received power of MT, path loss, orthogonality loss between codes, power of the synchronise channel.

However, this model does not take slow fading into account.

In [Chen03], DL inter-cell interference is explored, so for its calculation the following are taken into
account: the total transmitted power of BS, the path loss, slow fading with a uniform distribution,
distance from the MT to BS and the angle that MT does with BS, as shown Figure 2.9. However, this
model does not allow multi-service. So [EPCCO06], as a way to allow the multi-service, they add the

orthogonality factor parameter in this model.

In [ZhLi00], UL inter-cell interference is calculated taking into account the following parameters of
adjacent cells: the service, number of users using that service, path loss. Perfect power control is

assumed but slow fading is not.

In [WaACO03], the model is for the case of inter-cell interference in UL, with the parameters: received
power by BS, distances of MTs to BSs, path loss, slow fading with log-normal distribution and the
multi-path fading with Rayleigh distribution. Multi-service is assumed, where each user has a use
probability and they are uniformly distributed.

In [YYZMO3], a model for the case of inter-cell interference in UL is shown, taking into account the
transmitted power of MT, distance of MTs to BSs, slow fading with log-normal distribution. The signals

are mutually independent among each others and users are uniformly distributed in the cell.

In [Nguy05], a model for UL inter-cell interference is also presented. It takes power received by BS,
service, number of users using that service, activity factor and the distribution of users into account.
Perfect power control is assumed and multi-services are supported. However, this model gives the
inter-cell interference average per cell in all its area. In [EPCCO06], the previously described model is
the same with a difference, they do not consider a non-uniform user distribution statistical function in
the cell area, i.e., instead of integrating the user distribution function in the cell area, a sum of all

users’ distance to their serving BSs is taken into account.

In [AKPNO6], they calculate the actual per-user interference and analyse the effect of user-distribution
on the capacity of a CDMA network. The authors calculate the inter-cell interference taking into
account the distance of MTs to BSs, number of users in adjacent cells, path loss, slow fading with log-
normal distribution. However, the total relative average inter-cell interference experienced by one cell i
is simply the sum of the product of number of users in other cell j and their respective per-user

interference factor f;.
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Chapter 3

Model Development and

Implementation

In this chapter, a functional description of the simulator platform is provided on which the models used
and developed within the scope of this thesis were implemented. After giving an overview of the
simulator, the description of the interference and path loss algorithms are presented. The last section
shows the simulator assessment.
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3.1 Models

Some theoretical assumptions are required to understand what is done, such as the study cases,

models and algorithm used and the description of some decisions that were made.

The scenario in study is a neighbourhood with N x M buildings. To simplify, a Cartesian coordinates
system is considered: N buildings are distributed on x-axis and M buildings on y-axis. All buildings
have the same characteristics, i.e., width, length, height and 3m of height floor. However, the centre
building has one exception, i.e., its height can be different from the others. All streets in each axis, x

and y, have the same width.

Although the system has two frequencies bands, DL and UL, for the purpose of this work the only
frequency considered is 2000 MHz.

The interference is calculated using (3.1), (3.3), (3.4), (3.5). After the analysis in Section 2.4.2, it has
been concluded that all models are very similar. So, the models chosen are the same as [EPCCO06].
This choice was made because the work developed in [EPCCO06] has the same purpose as the
present work, and they have got good results. Thus, the interference model for DL intra-cell
interference, in MT |, is calculated by (3.1), [SKYMO3]. It depends the total BS transmitted power for
other MT within the cell, the orthogonality factor and path loss.

l/gtLra,i = (PTota/,BS - PBSaMﬂ )X ax Lp (W] (3.1)

where
o Prowps: total transmitted power from BS to MTs within the cell;
e Pgs .y7 transmitted power from BS to MTs i (MT where is calculated the interference);
e a: DL Orthogonality Factor.
NU
Protal gs — BS—>MT, = z PBS»MTJ- (3.2)
j=1ji
with
e Pgs 7 Transmitted power from BS to other MT j within the cell;
e N, Number of users within the cell.
For intra-cell interference in UL on cell j the calculation is done according to (3.3), [Nguy05]. This

model takes into account the MT transmitted power, the service activity factor, the number of users

using the same service as MT in study, and the path loss.

NSE/’V

uL

lintra,jowy = z PMT»BS, xL,xnyxN;g (3.3)
g=1

where
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e  Pyr_gsi: transmitted power from MT to BS j;

e 14 activity factor of the used service g;

e N;g: number of MTs using the service g within the cell of BS j;
e N, total number of services.

For inter-cell interference in DL, the interference in one MT / using the service g is calculated
according to (3.4), [EPCCO06]. It takes into account the total transmitter power of BSs that are causing

interference, orthogonality factor and the path loss.
DL NBS
linter jpwy = ZPTotal,BSj xaxL, (34)
j=2
where
*  Prowass; total transmitted power of BS j (including antennas gain);

e Ngs: number of interfering BSs.

In case of inter-cell interference calculation in UL, on BS j is given by (3.5), [EPCCO06]. This depends
on the transmitter power of the MTs outside the cell, the path loss, service activity factor and one

distance relation between to the cell that MT is causing interference and the cell that is serving it.
NBS Nserv Nk
Illrj11t_er,j[W] = z Z ZPMTK—>BS]- XL, xany xA (3.5)
k=1k=j g=1 k=1
where

*  Puncssi MT k power transmitted to BS j in an adjacent cell;

e Nig number of users using service g in interfering cell k.
A = _j,n (3'6)

with
e rn: distance from MT n using service g to BSs k;
e 1, distance from MT n using service g to BSs j.

For path loss calculation, the propagation models outdoors and indoor were combined. All models
used were previously described in Sections 2.3.2 and 2.3.3. The algorithm behind is explained further

in Section 3.3. In the meanwhile, the different situations of path loss are presented.

In the case of outdoor models, Okumura-Hata can not be used in this thesis because the cells used
are small macro-cells, and the distance between MT and BS is less than 5 Km. Walfish-lkegami is
used for cases where the distances are less than 5 Km in both urban and suburban environments.
Thus, the better choice is the COST 231 - Walfish-lkegami because it allows better path-loss
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prediction since it considers more parameters to describe the environment, namely buildings height,

roads width, building separation and road orientation with respect to the direct radio path.

In Section 2.3.3, four indoor models are described, however, only MWM indoor model is used. This
choice was made not because the Gaussian approach is a “bad” model, but because this model
explores the problem from a statistical point of view, i.e., this model gives attenuation according to a
percentage of building penetration independently from the MT location. Concerning COST 231, the
better choice when small cells are used it is the second model, the MWM, because it gives the path
loss as the free space loss added with losses introduced by the walls and floors penetrated by the

direct path between the transmitter and the receiver.

The MWM model given by (2.24) is the general case. But two variations of this model were used. The
first is when the MT is served by one BS on the building top, Figure 3.1, case 1. The calculation is
done according to (3.7). In this particular case, the attenuation does not depend on the MT position on
the floor, i.e., the loss only depends on the floor numbers between MT and BS, plus the free space.
The other one is the most common case, when the BS is not in the same building as the MT, Figure
3.1, other cases, and the calculation is done according to (3.8). Notice this k;is equal to 0 when BS is
in LoS with the MT.

Lp ind[dB] LO[dB] + kf x Lf[dB] (3.7)

ki XLW1[dB] _kf x Lf[dB] + IglaSS[dB] for NLoS
0 ind[dB] — (3:8)

k; XLW1[dB] + Iglass[dB] for LoS
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Figure 3.1. Different cases of path loss.

Concerning path loss, there are 5 others situations that can be identified. When the distance between
BS and MT is less than 20 m and there is LoS, Figure 3.1, case 2, free space model (2.8) plus MWM
in LoS (3.8) are the propagation models used to obtain the total loss. Which the BS is located on the
top of an adjacent building, the distance between BS and MT is less than 20 m and BS is in NLoS with
MT, the path loss is calculated by free space plus extra attenuation (2.18) added to (3.8) in NLoS,

Figure 3.1, case 3. When one BS is in the adjacent building fagade the loss is calculated according to




(2.8) if the distance is less than 20 m, and (2.6) if it is more than 20m, plus (3.8) in LoS, Figure 3.1,
case 4. When the BS is in LoS and more than 20 m far away to the MT, COST 231 - Walfish-lkegami

(2.6) plus (3.8) in LoS are the models applied, Figure 3.1, case 5. For last situation, Figure 3.1, case 6,

when the BS is in NLoS and more than 20 m far away to the MT, the calculation is done according to
(2.7) plus (3.8) in NLoS. All these are summarised in Table 3.1.

Table 3.1. Different cases of path loss, its characteristics and propagation models.

Cases of Path Characteristics Propagation Models
Loss LoS Description Description Equation

BS on the top of the same

! No | puilding as MT MWM (3.7)
Distance between BS and MT

2 Yes is less than 20m Free Space+MWM (2.8)+(3.8)
BS on adjacent building top, Free Space plus extra

3 No | distance between BS and MT pace p (2.18)+(3.8)
) attenuation+MWM
is less than 20m
BS on adjacent building
facade, distance between BS Free SpacetMWM (2.8)+(3.8)

4 Yes and MT is less than 20m
BS on adjacent building
facade, distance between BS Walfish-lkegami+MWM (2.6)+(3.8)
and MT is more than 20m

5 Yes | Distance betweenBS andMT 1\ i |egami+mwM | (2.6)+(3.8)
is more than 20m

6 No | Distance betweenBS and MT | \yiig jkegamisMWM | (2.7)+(3.8)

is more than 20m

In order to decide if there is LoS between BS and MT, the first Fresnel zone principle criterion is used,
[RMSP87], Figure 3.2.

R[U AW

d

Figure 3.2. First Fresnel zone.

The direct ray between BS and MT is calculated, then, it is verified through (3.9) if the first Fresnel
zone is obstructed by the top of the last building before the MT. If it is, the MT is in NLoS, if it is not,
the MT is in LoS with BS.

R Fresnel __

[m] d

d(d -d)

(3.9)
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where
e (. distance between BS and MT.
e d; distance between BS and building top

The received power is calculated according to its sensitivity plus a margin, (3.10). This power variation
is the fading margins sum according to a percentage chosen by the user and this is done to try

offsetting the fading losses, (3.11).

'Dr[dBm] = 'Drxmin[dBm] + A'D[dB] (3.10)
where:
o Pymin: sensitivity;
e AP: margin, given by
A'D[dB] = MSF[dB](%) + MFF[dB](%) (3.11)

with
o Mse: slow fading margin;
o Mgf: fast fading margin.

In a study like this the BS antenna gain can not be neglected. Therefore, a model to calculate the BS
three-dimensional antenna gain. The interpolation method is based on the assumption that both the
horizontal and the vertical radiation patterns of the antenna are available, Gy(¢) and G(6) [GCFP99],
Figure 3.3. As usual, Gy(¢) is assumed to be known for a range of 2z, with ¢ € [0,2x], as is G(6) for 6
€ [0,n]. Calculating the directional gain of the BS, Ggs(6,¢), in any direction P(6,¢) can then be viewed
as an interpolation problem, i.e., one wants to obtain the value of a function at a general point from the
knowledge of its value at specific points the interval of which contains the interval for the general point.
This is clearly a two-dimensional problem, since one is dealing with two coordinates, 6 and¢. The
basic idea of the method is to obtain the directional gain in any direction P(6,$) from the values of Gy,
G2, G¢; and G¢y,. This is done by weighting them with the relative angular distances between the
direction of interest and the horizontal (6,) and vertical (64, ¢;, ¢.) planes, i.e., the four points on the
surface of sphere closest to the point of interest. The weight by which the value of the directional gain
on a given radiation plane is taken is inversely proportional to the angular distance. Thus, the closer
the direction of interest is to the given radiation plane, the higher the weight. Summarising, the
calculation is done according to:

(Hfre;z )2 +[6,G,, + 4926@1]7@51 ¢i1r¢;2)2

00, . +[6, +¢92]7¢1¢2

(6,+6,) (4,+8,)

[#G,. + .G, |
(3.12)

GBS[dB] =

[4,+¢,]
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In the calculation of antenna gain, the situation of LoS is taken into account, i.e., if the BS is in LoS
with the MT, the gain is calculated in the MT direction. If the BS is in NLoS, the gain is calculated in
the higher building direction that is in the direct path between MT and BS.

G O0°
gl YF
; #
G b1 1807
Py —
&
ao° -
Ge
L] .
Horizontal Plane
g=0F, d=
itL_h_""‘u"ertic;al Plane
o

Figure 3.3. Three-dimensional pattern used for the interpolation of the antenna gain (extract from
[GCFP99])).

3.2 Simulator Overview

In order to implement the models, an entirely new simulator was made: “UMInS”. The simulator was
developed in C++ using the Borland C++ Builder software [CODEOQS].

The main objective of this application is to calculate the indoor interference in a UMTS network. It
calculates the interference for a user located in the centre building of a scenario. The simulation type

adopted for the simulator was the statistical approach (snapshot).

The simulator can be split into three main blocks, Figure 3.4: configuration, simulation and results.

4 Configuration 4 Simulation R Results
Scenario
-~ Uap Inter-cell
BT » Distribution Interference
Users Users Distribution
Characteristics in BSs
BS(s) ? |
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Characteristics _| _ BS . Interference
*| Distribution Calculation
Overall
Parameters
|
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Figure 3.4. Simulator Structure

33



In the configuration block, all the initial system planning and parameterisation is done. It is in this point
that the tool user chooses what kind of scenario he/she wants: dense urban, urban, suburban, or a
different scenario created by him/her. One also chooses the characteristics of the centre building
(height and number of floors), users (number of users, percentage of voice and data service,
percentage of mobility), BSs (number of BSs, position and radiation pattern), and overall parameters,

like frequency and standard deviation for fading distributions and BSs antennas tilt.

In the simulation block, BSs are distributed according to their coordinates. Users are distributed
uniformly around the scenario. After placing the users, the network is deployed. A first network
analysis is performed, the cell radius for a single user is calculated for each service, according to the
COST231 — WI NLoS model. All the users within the coverage area are candidates to be served. After
knowing the users in the coverage area, they need to go through three phases, in which priority is
given to users nearer to the BS. The first test is the load factor that cannot be more than 75% in DL
and 50% in UL, (2.1) and (2.2). The second test is the transmitter power sum, which cannot be more
than the BS maximum transmitter power, Table 2.2. For the last test, the codes for each service
cannot be more than the limit, as shown in Table B.1. The link budget used in this analysis is
presented in Annex B. After all the configurations and parameters are filled in, the interference is

calculated, the algorithm behind this calculation is explained further in the following section.

In the last block, results, as the name suggests, the results of the simulation, interference values of

inter- and intra-cells in DL/UL are saved in files.

3.3 Interference and Path Loss Algorithm

For the calculation of the interference, the algorithm that calculates the inter- and intra-cells

interferences in DL and UL was developed separately, as shown in Figure 3.5.

The algorithm starts with the operative mode choice: auto or manual. The difference between both
modes is the number of penetrated walls, i.e., in manual mode the user specifies the penetrated
situation that the MT will be, while auto mode does the calculation for all cases of penetrated walls

(glass, one wall and two walls).

After the choice of calculation mode, the tool user chooses the service that will be analysed. Then, the
interference calculation per floor starts, with intra-cell interference in DL and UL followed by the inter-
cell interference in DL and UL. In the first step, the received power is calculated according to (3.10),
the power control not being used. This calculation is done taking the received power based only on the
noise (B.7) plus one set margin (3.11) into account. Afterwards, the recalculation of the interference is
performed and power control is activated, i.e., the power received is calculated taking the interference
level previously calculated (B.10) into account and the margin is not used. These two steps are
repeated in each floor n,. times. The MT that started in the bottom floor starts going up in the

building, and when it arrives to upper floor the simulation ends.

All interference calculations are done for the same service of the MT in test. As mentioned before, the

simulator starts with the intra-cell interference calculation in DL, the algorithm behind the calculation
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being shown in Figure 3.6. It starts with the search for the BS that serves the MT under analysis. After
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Figure 3.5. Interference Calculation Model

it has found the BS, it chooses the MT sector. If the MT is the only MT in the sector, the interference

will be equal to zero, when it is not, it is calculated according to (3.3). When the receiver requires a
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transmitter power above the limit, the power receiver decision algorithm reduces the power to the
minimum, taking only the sensitivity power into account, ensuring the minimum service, Figure C.1.
The algorithm of Figure C.1 also decides if the user is served or not. It starts calculating the transmitter
power required for the received power (3.10), and then compares the transmitter power with the
maximum power that the BS can supply. If it is above the limit, the margin is removed and the
comparison is done again. If this new value is above the limit, the MT is not served, if not, the MT is
served with the minimum power. The orthogonality factor is randomly generated according to a
uniform distribution, assuming different values for each scenario, 0.05 to 0.2 for indoor, 0.4 to 0.6 for
pedestrian and 0.6 to 0.8 for vehicular. It is considered 0 for perfect orthogonal codes. The path loss

can assume different models according to different situations.
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Figure 3.6. Intra-cell interference in DL algorithm

The intra-cell interference in UL is the next interference to be calculated. As in the previous case, the
interference is calculated for the same BS and the same sector. The required MT transmitter power is
calculated. If this power is higher than the limit, the interference is equal to zero, because the MT is

not served. But when it is below the limit, the interference for the MT service is calculated according to
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(3.5). The MT transmitter power is calculated according to (B.1). As well as in DL, the UL uses a
power receiver decision algorithm. The only difference between these two links is the device maximum
power, Figure C.2. The service activity factor assumes 0.5 for voice and 1 for data. The algorithm is

represented in detail in Figure 3.7.
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Figure 3.7. Intra-Cell interference in UL algorithm

The next interference to be calculated is the inter-cell interference in DL. Theoretically, in DL, inter-cell
interference is the interference caused by all BSs around the BS that is providing service. But
according to [EPCCO06], based on [Chen03], the BSs in the first and second tiers around the BS of the
MT are the only ones considered, because the received power from the BSs outside the second tier is
negligible. Thus, if the BSs are more than four times the maximum coverage radius, the BSs will be
out of the interference range and are not taken into account. The algorithm begins by picking the MT,
and then it starts to run all BSs. If a BS is outside the second tier, it automatically skips to another.
This loop runs over and over again, until no more BSs exist. When a BS is found inside the limit, it
runs all sectors. If the sector is the same as the MT, the program skips to another sector. However, if
the sector is different, the distance between MT and BS is tested. If the distance between MT and BS
is less than BS maximum coverage range, the MT is covered by that BS and it will be interfered by it.

Therefore the interference is calculated according to (3.6). These values are added when the
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interference is being calculated. The inter-cell interference in DL algorithm is represented in Figure

3.8.
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Figure 3.8. Inter-cell interference in DL algorithm

Then the inter-cell interference in UL is calculated,. The algorithm is represented in Figure 3.9. The
calculation starts with the search of the BS of the MT, then it picks the sector and after that, as in the
DL, it runs all BSs and does the test of the second tier. In case it passes the test, it starts the sector
selection. If the sector is the same as the MT, the program skips to another sector. However, if the
sector is different, an MTx is chosen. If it is performing the same service as the reference MT and the
distance between it and the BS that serves the MT is lower then the UL maximum range, the program
goes to the next step, the MTx transmitter power calculation. If the power is within the boundary, the
interference is calculated according to (3.5) and added to the other values of interference. This
process ends when all MTxs of all sectors of all BSs are analysed. As in the other interferences, the
power receiver algorithm is used. In this particular case, the power control is not perfect because the

interferering BS does not control the MTs that are connected to another BS.
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Figure 3.9. Inter-cell interference in UL algorithm
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After these interference calculations a second cycle is performed. The difference between first and
second steps is the power control activation, the calculation procedure maintains equal. All results

obtained through simulations are saved in files on the simulator directory.

The path loss is an important parameter for interference calculation. So, in order to obtain a good
interference estimation, an algorithm that combines different propagation models was created, Figure
3.10.

The algorithm starts by verifying the BS and MT location. If they are in the same building the path loss
calculation is done according to (3.7). If not, the algorithm begins with the search of the outdoor model
that best fulfils the situation. So, in the first step, the distance between BS and MT is calculated. If it is
more than 20 m far away from each other, Wasfish-lkegami is the model applied. Walfish-lkegami
presents two ways, i.e., when they are in LoS the calculation is performed by (2.6), when they are in
NLoS the calculation is done according to (2.7). When they are less than 20 m, the BS location is
evaluated. If it is not on a building roof, the free space model (2.8) is the one used. If it is, free space
(2.8) is applied in case of LoS and free space plus extra attenuation (2.18) in case of NLoS. All LoS

conditions are verified through first Fresnel zone principle (3.9).

Once the outdoor model is selected, it is combined with the indoor model MWM (3.8). With this, the
total path loss is achieved and the algorithm ends.
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Figure 3.10. Path loss decision algorithm.
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3.4 Inputs and Output Files

In order to run the simulator, it is not necessary to insert any input file in the UMInS application. The
only file that can be loaded is the radiation pattern. All parameters required for simulation are filled in

the program by the tool user. In the user's manual in Annex E, all these are detailed.

In the end of each interference calculation all parameters/results are downloaded for files*.xls that the
simulator creates. These files contain all information necessary to perform the analysis. Therefore, the

files that are created by the program are the following ones:

¢ Buildings.xls: this file contains the buildings information as the ID and the centre buildings

coordinates x and y.

o Users.xls: this file gives the user information such as the ID, coordinates x, y, z and the
mobility. The mobility parameter assumes three different values 0 for indoor, 1

for pedestrian and 2 for vehicular.

e Bsuxls: this file contains the information about the BS ID and location (x, y and z).
e Bs u.xls: this file presents the user distribution for each sector of each BS.
e Interf.xls: this file has all simulation results, such as the information of BS and MT that

was analysed (IDs and coordination x, y and z); the number of floors where the
MT is, the number of penetration walls (0 for penetration through the glass, 1 for
penetration through the glass plus one wall and 2 for penetration through the
glass plus 2 walls); the service that the MT is doing (1 for voice CS 12.2 kbps, 2
for data CS 64 kbps, 3 for data PS 64 kbps, 4 for data PS 128 kbps and 5 for
data PS 384 kbps); the fading margin value, the path loss value; the number of
MTs performed service in the MT sector; the MT orthogonality factor; the total
noise value; the sensitivity receiver in DL and UL; the interference values, intra-
cell in DL and UL, inter-cell in DL and UL; the carrier-noise ratio (C/N) values in
DL and UL; the carrier-interference ratio (C//) values in DL and UL; the carrier-

noise plus interference ratio (C/(N+l)) values in DL and UL.

e Interf new.xls: this file contains the recalculation values. The file structure is equal to the

Interf.xls.

3.5 Simulator Assessment

This section addresses the assessment made to validate the simulator results, which allows
simulations with a certain degree of confidence. So the interference models, path loss model, antenna
gain model, BSs type, fading margins and number of simulations are all different parameters that will
be assessed. In the evaluation, all kinds of random parameters are turned off and the MT

characteristics are chosen carefully.
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For this work, different types of BSs are used, as shown in Table D.1. The maximum power is the only
characteristic that distinguishes them. So, for the first test, different types of BS were chosen and then

it was checked if its maximum power corresponds to the type. In fact, the simulator passed the test.

For the path loss assessment, six different tests were required to ensure the correct functioning of
path loss algorithm, Figure 3.10. These six tests correspond to the six cases of Figure 3.1. In the first
case, the BS was put in the top of the MT building, assuring that the model (3.7) is called. For case 2,
one BS was placed a little less than 20 m to the MT in LoS, on the top of an adjacent building, to
guarantee the model (2.8) usage. The case 3 is similar to case 2 but now the MT is in NLoS, therefore
the model to be confirmed is (2.18), free space plus extra attenuation. The case 4 is equal to the case
2, but the BS is in the adjacent building fagade, not on the top. In case 5, the BS is more than 20 m
away from the MT, on a building top and the MT is in LoS, model to be confirmed WI — LoS. The case
6 is similar to case 2 but now the MT is in NLoS, model to be confirmed WI-NLoS. It is also assuring in
each test the correct indoor model functionality. After performing all these tests the conclusion was

that all path loss models are working properly.

To ensure the correct calculation of the radiation pattern gain model (3.12), a test was done. Two MTs
were fitted strategically, as shown in Figure 3.11. Then, the algorithm gain was run and the gain was
calculated manually. After that, the comparison between both values was made and concluded they

were equal.

02 7 E
i g
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(a) Horizontal Plane (b) Vertical Plane

Figure 3.11. Radiation pattern gain illustration test.

The next assessment study is the interference model. The objective is to check the correct operation
of this model. Starting with the intra-cell DL assessment, then intra-cell UL, inter-cell DL and, in the

end, inter-cell UL.

For the intra-cell DL interference test, two MTs with different distances and all other equal
characteristics were picked, i.e., same frequency, service, mobility, orthogonality factor, number of
penetrated walls and radiation pattern gain, as Figure 3.12 shows. After that, the intra-cell DL
interference was calculated. The interference in MT1 is higher than in MT2, as expected. This

happens because the path loss attenuation gets higher the farther the MTs are, so, consequently
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interference decreases.

Figure 3.12. Pattern to test the intra-cell interference.

For the intra-cell UL interference test, the procedure was the same as before, only the service was
changed. So MT3 and MT4 of Figure 3.12 were picked. They have the same frequency, mobility,
number of penetrated walls, radiation pattern gain, orthogonality factor, and distance. The results were
the expected. When a MT is performing a data service the interference is higher than when it is doing
voice one. Another test that was done in the UL case to confirm the power control. Putting all MTs with

the same service, it was concluded that the interference caused by all MTs was equal.

For the inter-cell interference test, two BSs with some MTs within the cells were chosen, Figure 3.13.
As previously, MTs have all the same characteristics with one exception. In the case of DL, the
position was changed. Analysing the results, it was concluded that the interference in MTs closer to
the BS is higher than in the others far away. For example, when MT5 and MT6 were picked, these
MTs were interfered by BS1, but MT6 is more interfered because it is closer to BS1 than MT5. For UL,
the tests were similar, MTs with different positions and then different services were analysed. MTs
closer to BS interfere more than MTs far away. And MTs with data services interfere more than MTs

with voice service.

i MT7 . ) MT3 )
% Sy Vi r’%
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% 7 Q g )
MTS MT4

Figure 3.13. Pattern to test the inter-cell interference.

In order to make a good analysis the fading margins were removed, as mentioned before. However, it
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is required to guarantee their correct calculation. The theoretical and simulated CDFs for the Rayleigh
and Gauss distribution results are very similar, with the average mean error being below 0.8% and
1.1% for the Rayleigh and Gauss distribution, respectively. The error for the Rayleigh distribution is
mainly due to computational approximations, while for the Gaussian distribution it also has to do with
the numerical approximation that has to be performed for the inverse of the error function. Note that
what is really implemented in the simulator is the inverse of the distributions, since what is needed is
the value of the distribution and not the probability of occurence. Random generated values, described
by a uniform distribution which takes values between 0 and 1, are used as inputs of these inverse

distributions.

After all these tests, to ensure the correct interference calculation, several simulations were done to
know how many simulations, in each floor, are required to achieve a statistic valid value. The C// (that
is obtain through (B.11)), receiver power and interference are the values that have relevance for this
work. Therefore, simulations for the extreme cases were performed, i.e., simulations for a far BS and a
BS in a building top with the user at the bottom and last floor, Figure 3.1 case 1, 5 and 6. Some
parameters were used, namely average, relative mean error and standard deviation, (3.13), (3.14) and

(3.15), respectively.

z = 3.13
N, (3.13)
where:
e z:sample i
e Ng: number of samples;
P (3.14)
Zr
where:
e 7. reference value;
1 Ns _\2
c= —Z(z,—z) (3.15)
N, =

The number of 100 simulations was considered for maximum. In order to get the minimum number of
required simulation, the ratio of the standard deviation over average must be evaluated. The results of
this ratio are presented in Figure 3.14 for C/I, in Figure F.1 for interference and in Figure F.2 for

receiver power. These results show a small variation for a number of simulations greater than 30.

First of all, as reference value for the relative mean error, the average of 100 simulations is
considered. The relative mean error results of C/, interference and receiver power is presented in
Figure 3.15, F.3 and F.4 respectively. The parameter C/I has a relative mean error below 5% for
simulations equal to or greater than 30. For interference and receiver power in all simulations the

relative mean error is below 5%. This means that, increasing the number of simulations would have
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minimal impact on the results.
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Figure 3.14. C/I standard deviation over average ratio for 100 simulations of case 6.
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Figure 3.15. C/l Relative mean error evolution for 100 simulations as reference of case 6.

The decision of the number of simulations has as major objective, to minimise the simulation time.
Time is a limited resource, which can not be neglected. So, considering all the results, it can be
concluded that 30 simulations seem to be the most suitable number, reducing the simulation time to
1h20 on average, and still having statistical relevant results. It should be pointed out that this analysis
has been performed for the other considered situations, and the output results have been confirmed
by the same parameters. However, these analyses are not presented here, since it seemed
unnecessary, though they confirm the results, namely in what regards the most suitable number of

simulations.

Once, the minimum number of simulation with statistical relevant results per floor is achieved, the
minimum number of simulation for each scenario was assessed. In order to get this number 15

simulation was performed. Than the relative mean error for 5 and 10 simulation were done considering
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15 as the maximum number of simulations. Looking for the results of Tables F.1 and F.2, it can be
concluded that 5 are enough simulations to obtain valid results with maximum relative mean error of
5%.
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Chapter 4

Results Analysis

One important step in this thesis is the data collection to asses the theoretical developed model.
Therefore, in this chapter, the results of the measurements done are shown. First, one describes how
the data was collected. Then the results assessments and interpretation are done, as well as the
simulation results are shown. The comparison between reality and simulation is carried on. With the
objective to study the impact in interference behaviour some parameters were changed. At first the
reference scenario is simulated, and then, the parameters are changed one by one, and the results of

each case are analysed.
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4.1 Reference Scenario

In order to obtain a coherent analysis and consistent conclusions, it is important to have a reference
scenario, since it is from that scenario that the parameters are changed one by one. All characteristics

of reference scenario are summarised in Table 4.1.

Table 4.1. Reference scenario characteristics.

Type Dense Urban
Building Heights [m] 21
. (Wpx, Wpy) [M] (40, 40)
Scenario
(Wsx, Wey) [M] (12, 12)
Number of Buildings in x-axis 20
Number of Buildings in y-axis 20
_ Number of Floors 11
Centre Build
S BT Building Height [m] 33
Number 100
Indoor 50
Mobility [Y%] Pedestrian 25
Users Vehicular 25
. Voice 70
S 0,
ervice [%] Data 30
Frequency [MHZz] 2000
OFf [dB] 7
Ose [dB] 7.5
. BS 40
0,
Margin [%] MT 40
Tilt [°] 0
System Radiation Pattern P7755.00
MT 21
P/ [dBm] Macro-Cell 41.75
Micro-Cell 31.75
DL 75
Load Fact %
oad Factor max [%] UL 50
MT Characteristics Servpe 12.2kbps (cs) Voice
Location Random

For the reference scenario, the values that fit better the city of Lisbon were taken into account.
Therefore, the scenario type is a dense urban with 21 m of buildings height, 40 m of buildings
separation and 12 m of streets width. A scenario of 20 by 20 buildings, was taken the minimum
distance among BSs in dense urban into account, which is 400 m; this window allows at least 3 BSs,
which seemed enough for the thesis purpose. The centre building has 11 floors with 3 m height per
floor and 33 m of building height. The environment has 100 users, being 50, 25 and 25 for indoor,
pedestrian and vehicular mobility, respectively (the difference between pedestrian and vehicular it is
not taken into account). So half users are indoor and the other half are outdoor, with 30% of the users
performing data and 70% voice. The service is split this way with the objective of having more voice
users than data ones. The standard deviations for the fast and slow fading are 7 and 7.5 dB,

respectively, because these are the usually values for these margins. For MTs and BSs, the
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probability is 40%, providing a margin of 8.8 dB.

This scenario uses only one BS placed on different locations, always at the buildings top, 3 m above
the roof. The antenna is the P7755.00, [POWEOQ8], with 0° of tilt, as it is shown in Figure D.1. The
maximum transmitter powers are 41.75 dBm and 31.75 dBm for macro- and micro-cells, respectively,
since 25% of the total power is for control and signalling. MT has 21 dBm as maximum transmission
power. The system maximum load factors are 75% and 50% to DL and UL, respectively. For the MT in

central building (MT in study), voice was the service chosen, and its location is random on each floor.

4.2 Measurements

4.2.1 Overview

At the beginning, the idea was to collect various measures in different scenarios, but unfortunately this
was not possible, since it is very difficult to get places to perform indoor measurements. The
availability of the measure device was another reason, though the main one was the time issue. So
the possible scenario for the measurements was the north tower of Instituto Superior Técnico
(Technical University of Lisbon), Figure 4.1. This choice fits in the scenario represented in Figure 3.1

case 5, when the BS is in LoS with the MT, because this building is higher than other neighbour

buildings.

(a) Side View (b) Top View
Figure 4.1. North tower of Instituto Superior Técnico view (extract from [MAPS08]).

Figure 4.2 shows all equipment used in the measurements. The measurements set are composed by
one MT (Nokia N80), one USB cable, one laptop and a cart. This cart has a vertical variable stick with

a basket at the top. To avoid undesired attenuation the basket is in plastic and the stick in wood.

The software used was the NEMO Outdoor V4.24 [ANITO8]. This software is an extremely versatile
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and portable engineering tool for measuring and monitoring the air interface of mobile networks.
Despite its name, NEMO Outdoor also performs indoor measurements. More information, such as

equipment specifications can be found in [ANITOS].

Figure 4.2. Measurements Set.

All measurements made were for the voice service, because the desired results are for this service.

The measurements were performed on one of the Portuguese operators.

Some steps were required to perform the measurements. In order to save time in manually
configurations, the automatic device detection functionality in NEMO Outdoor was chosen. In each
floor, the floor blueprint, to be used as a map, was imported to the NEMO Outdoor. The
measurements were taken at all corner rooms, hall, elevator room and male’s restroom from the 4° to
the 11° floor of the IST north tower. The measurements were done in these places in order to
represent the case when the MT is attenuated by only glass (0 walls), glass plus one wall (1wall), and
glass plus two walls (2walls). The measurements began with one voice call. In the course of the call,
the marker function of the NEMO was selected. Markers were placing on the loaded map performing
some kind of cross path in the rooms and a straight path in the hall, like the blue lines that are

presented in Figure 4.3. In each marking the results, were saved in a file.
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Figure 4.3. Example of one floor blueprint.

50



The file with the results had an extensive number of parameters, so in order to reduce these
parameter numbers, two programs were implemented: the UMInLocation and the UMInFilter, Annex E.
UMiInLocation has as main objective to filter the necessary information to locate the BSs that are
providing service to the MT. The aim of UMInFilter is to filter the information required for this thesis. In
spite of the *.xIs files created by UMinFilter to have information about all cells, only active set cells are

used for the results analysis because the other categories do not fit in the purpose of this work.

4.2.2 Measurements Results

In this section, the measurements results are discussed. Measurement files show that connection was
established with 5 BSs, i.e., 15 sectors. But only 3 sectors served the MT in all floors, the sectors with
the SC 126, 232 and 217. So, the analysis is focused on these sectors. In Table 4.2, one presents the

total point markers uploaded from the measurement files.

Table 4.2. Number of measurements points for each sector.

Owalls | 1wall |2walls Owalls | 1wall |2walls Owalls | 1wall |2walls
4 185 62 104 9 3 2 111 48 36
5 320 99 77 220 65 36 278 83 67
6 157 53 54 32 28 16 142 55 50
7 146 74 52 67 26 39 124 37 31
8 185 36 53 75 51 39 98 34 33
9 189 67 39 167 47 56 89 25 24
10 129 58 58 74 29 38 59 26 52
11 188 67 74 93 23 18 52 12 55
1499 516 511 737 272 244 953 320 348
2526 1253 1621
5400

To understand the results, it was required to have some additional information about these BSs, such
as the location, azimuth of each sector, and antennas tilt and height, Table 4.3. With this information,
each BS was drawn on a map on the real position with the real azimuths. Google Earth was used to
do this, Figure 4.4. The antennas tilts are -10°, -8° and -6° for sector 126, 232 and 217, respectively.
The BS with the sector 126 has a 40 m height, while the BS with sectors 232 and 217 has a 25 m
height. Due to the irregularity of the terrain, it was required to know the terrain elevation of the sectors.
So, using Google Earth and a map with terrain elevations to confirm the values, the elevations are 85
m for sector 126, 98 m for sectors 232 and 217, and 95 m for the IST north tower.

Sector 126 is at 30 m and sectors 232 and 217 are at 28 m above the IST north tower ground level.
With these heights and knowing the tilts of each sector, the distance where the antenna has its
maximum vertical gain were calculated. So, sectors 126, 232 and 217 have their maximum vertical
gain at 170, 200 and 266 m away. Knowing that sector 126 is at 240 m and sectors 232 and 217 are

51



Table 4.3. Information of BS sector.

126 -10 40 85 240
217 -6 25 95 335
232 -8 25 95 335

at 335 m from the IST north tower, it can be concluded that the sectors are radiating the tower with the
upper half of their vertical radiation pattern. In what concerns the horizontal pattern, sector 126 is
radiating with the main lobe, sector 232 with the front side and sector 217 with the side profile.

Figure 4.4. Detected BSs with sectors (extract from Google Earth).

After filtering and using Excel, the results were drawn, as shown in Annex G. According to these
figures, E,/N, shows a trend to become lower with the MT ascending in the building. Only sector 217
shows a positive slope, but it is so lower that can be said that E,/N, has a constant behaviour around
11 dB. The cause for this can be its azimuth. But more interesting than an individual analysis for each
sector is a global view. So, for each case (0, 1 and 2 walls) an average over all sectors results was
performed and the standard deviation quadratic mean was calculated. In case of 2 walls the trend line
is given by first line of (4.1); for 1 wall by second line of (4.1); and for 0 walls by third line of (4.1).
Figure 4.5 shows the trend lines of the measurements results and Table 4.4 the standard deviation.

- 0.45xF, +16.08, 2w
(E, /Ny )gey=1- 0.23x F,, +14.39, 1w (4.1)
-0.27xF, +15.43, 0w
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where

e  Fy: Number of the floor.
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Figure 4.5. Average of the combination of the three sectors measured values trend lines.

Table 4.4. Measurements trend lines standard deviation.

Standard Deviation
[dB]
Ow 1w 2w
3.63 3.85 3.75

For 0 and 1 walls the trend is more or less the same, i.e., -0.25 dB per floor with 0.8 dB of difference

on average. In the case of 2 walls, measurements reveal -0.45dB per floor. The radiation pattern has
an influence in these negatives slopes because the BSs are radiating the tower with their upper half
profile. Therefore, as higher the user is, the less gain the antenna has. The lower difference between
adjacent floors in the different cases is due to the propagation that is nearly always in LoS. The
behaviour for the 2 walls is not the expected one, i.e. the slope is two times the others. This could
happen due to the different number of measure markers points took, Table G.2, but it is not the case.
The problem could be the measurements gap for this case. In Figure 4.3, it is possible to see the gap,
in the two walls case only two sides of the tower are covered while in the other cases all sides are

covered.

In conclusion, when the MT is on the upper floor the interference is higher than on the lower floor. This

conclusion can be taken because, in R99, E,/N, is proportional to the SINR.

4.3 Measurements vs. Simulation

4.3.1 Overview

In order to evaluate the simulator, a scenario based on the measurements environment was created.
All characteristics of this simulated scenario are described in Table 4.5. All parameters that are

omitted in this section are the default values of the reference scenario.

53



Table 4.5. Simulation parameters for real scenario.

Type Dense Urban

Building Heights [m] 25

(Whx, Wpy) [M] (180, 180)
Scenario

(Wsy, Wsy) [M] (159.5, 159.5)

Number of Buildings in x-axis 7

Number of Buildings in y-axis 7

Number of Floors 12
Centre Building

Building Height [m] 36

BS1 coordinates (x, y, z) [m]

(-170, 170, 30)

BS2 coordinates (x, y, z) [m]

(-190, -190, 28)

System
Tilt [°] -10
Radiation Pattern K742212
Service 12.2kbps (cs) Voice

MT Characteristics
Location Random

The first step is to evaluate how approximated the real scenario is to the simulated environment. One
wants a scenario that contains a central building with IST north tower characteristics, 2 BSs with same
requirements as BSs with sectors 126, 217 and 232, and an environment with the same

characteristics as the reality.

the dense urban was chosen, since this site is located in the Lisbon city, Figure 4.6 (a). The average
of buildings height in the neighbourhood is 25 m, 3m per floor and 1 m for the roof. The centre building
has 20.5 m of width and 20.5 m of length, and all buildings on simulator have the same length and
width. To get w, and w; values, the distance in LoS to sector 126 and the buildings dimensions are
taken into account. The buildings separation has 180m and the street width has 159.5 m, Figure 4.6
(b), w, and ws in x-axis has the same length as w, and wg in y-axis. The simulator window size is a
square with 1 km side, so 7 buildings for x-axis and y-axis are chosen. The central building has 12

floors with 3 m of height each, and the ground floor being also considered.

In Figure 4.6 (b), BS1 represents the BS with sector 126 and BS2 the BS with sectors 217 and 232.
IST north tower is in the centre, BS1 is 230 m west and 70 m north, while BS2 is 250 m west and
250m south. On the simulator, these are not the coordinates used, because with these locations the
BSs are either in LoS condition or on the roof top. So, BS1 is located on -170 m for x, 170 m for y and
30 m for z. With this location BS1 is on the roof top at 240 m in LoS to the centre building. BS2 is
located on -190 m for x, -190 m for y and 28 m for z. Despite the distance in LoS to the IST north
tower being less than 335 m, the BS is on the roof top and in situation of LoS with extra attenuation.
The antenna used is shown in Figure D.4. The simulator puts all antennas with the same tilt, which is
a limitation. So, despite the fact that real antennas have different tilts, for simulation all antennas have

10° of down tilt. The service used by the MT located in the centre building is voice service.
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Figure 4.6. Reality vs. Simulation.

4 3.2 Results

In this section, the results of the simulation performed for the real scenario are presented. Since the
measurements results obtained are for DL, and the idea is to compare the real scenario with the

simulation values, only DL simulation results are shown.

Figure 4.7 shows the trend lines of the simulations results. The trend lines is given by (4.2), i.e., in the
case of 0 walls (one glass of attenuation only) is given by first line, for 1 wall by second line, and for 2

walls is given by third line. The standard deviation of these trend lines is presented in Table 4.6.

-0.11xF, + 12.05, Ow
(C/I) =:-0.09xF, + 11.55, 1w (4.2)
[dB] N
-0.10xF, + 11.03, 2w
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Figure 4.7. Results of reality vs. simulation.
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Table 4.6. Trend lines standard deviation for Real case.

Standard Deviation
[dB]
Ow 1w 2w
2.92 2.93 2.99

Analysing Figure 4.7, both real and simulated results present the same trend. Despite the different in
the inference level for each case, 2 dB on average, they are within the standard deviation limits. In the
simulated case, C/I has its best values when the MT is only attenuated by 1 glass, followed by 1 wall
and then 2 walls. They present a slope that is almost half of the measurements, i.e., it decreases on
average 0.1dB per floor and a difference between each case of penetrated walls is 0.5 dB.
Simulations show that the measurements results for the 2 walls situation do not have the right
behaviour. Although, these results reinforce the idea that the interference is higher as higher the MT
is.

The main reason for the difference between real and simulated results is due to the attempt to
approximate the virtual scenario to reality; which is an irregular scenario, while in the simulator the
environment is regular. Other reasons can be pointed out, like the unknown of total users served,
while measurements were performed, and the fact that only two BSs are considered in the
simulations, while in reality there are more than two interfering BSs. With this second reason one
question can be arisen: if in simulation the number of BSs are less than the real case, C/I should be
higher? The answer for this is: the power control in the simulator reacts to the interference level in
order to compensate it, allowing for the MT to communicate. So, if the interference level is low the
power required to compensate is not too much, being the reason for the simulation results to present
on average 2 dB of difference, Figure 4.8. Despite all these difference, it can be said that the simulator

is a good tool for interference analysis.
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Figure 4.8. Difference between reality and simulation results.
4.4 Simulation Results

After 110 hour of simulations, its results are presented. First, the results of the default scenario, in

Section 4.4.1, are examined. Afterwards, simulation results of the parameters variation are studied in
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the following subsection.

4.4 1 Reference Scenario

In the reference scenario, a depth analysis is performed, i.e., noise, interference, received power and

C/lI results are shown in order to understand the phenomenon.

Noise, among other parameters, depends on the load factor, (A.9). Figure 4.8 shows that while the MT
is going up in the building, for different cases of penetrated walls, noise is approximately constant,
Figure H.1 to H.2. Consequently the load factor is also approximately constant too. The load factor is
the cause for the higher noise values in DL compared to UL, because the maximum value in DL is
75% and in UL it is only 50%. One can notice a difference between the first and the second cycle
values, one more time the load factor is the cause for that. The received power in the second cycle is
higher, Figure 4.11 and H.9, so MT/BS require a higher power transmitter, therefore, some users are
rejected and others do not have enough power to communicate, consequently the load factor in DL

and UL become lower, as well as the noise.
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Figure 4.9. Reference scenario noise results in DL for the second cycle.
Analysing Figures 4.10 and H.4 to H.6, interference is almost equal in the two cycles, as expected.
This happens because the only difference between them is the power control in the second cycle. The
interference in DL is higher than in UL. The main cause is the power transmitted by the BS being
higher than the MT one. In DL, interference shows a trend to become higher as higher the MT s,
because while the MT is going up in the building the path loss attenuation decreases and the MT
becomes visible by the BS. It can be also noticed a bigger step from the 7™ floor, which occurs
because the model for path loss calculation is changed to a LoS model, free space or WI LoS. The
number of penetration walls shows to have an impact on interference, i.e., it becomes 2.9 dB lower
when MT goes from the 0 walls situation to the of 1 wall one, and when MT goes to the 2 walls
situation it becomes 2.8 dB lower in relation to the 1 wall one. In UL, the interference shows a constant
behaviour, independently of the number of penetrated walls, because the number of users is almost

equal in all simulations.
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Figure 4.10. Reference scenario Interference results in DL for the second cycle.

The received power has an increase from the first cycle to the second one, Figures 4.11, H.7 to H.9. In
the first cycle the received power only depends on noise, (B.7), so, power is approximately constant
for different floors and walls scenarios. In the second cycle, power control is activated, i.e., the
received power depends on noise plus interference, (B.10), therefore, the received power has a

different behaviour.

-50

-65
'E' O0w
g B1w
[ D2W
o

g0 AT 1T HE EE gEy i

-95 m ‘ ' \ L

0 1 2 3 4 5 6 7 8 9 10
Floors

Figure 4.11. Reference scenario received power results in DL for the second cycle.

At the first cycle, the C/I that is obtain through (B.11), in DL and UL, tends to become lower as higher
the MT is, and it is better as more walls the MT has around, Figures H.10 and H.11, because the
received power is more or less constant in the entire building and the interference increases. As
known, if C/l is less than 0, the MT will not establish connection, therefore, in this point the MT is not
enabled to perform the service. So, in the second cycle with power control implementation, the
received power leaves the constant trend to become upward, C/I becomes positive with an increase

trend, allowing the MT to get service, Figures 4.12 and H.12.
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Figure 4.12. Reference scenario C/I results in DL for the second cycle.

4.4.2 Dependence on Distances

O0w
1w
02w

The distance between MT and BS was changed in order to verify how the system reacts. Increasing

and decreasing the distance between MT and BS has an impact in a major parameter: received

power. As near as the BS is to the MT, the higher the MT received power, consequently the

interference is higher. So, analysing the Figure 4.13, the trend lines for reference are given by (4.3), in

the case of a near BS are given by (4.4), and for far BS are given by (4.5). The standard deviation for

each trend line is shown in Table 4.7.

I [dBm]

JREF = 252xF, - 9729 |, DL (4.3)
wm - 0.09xF, - 111.16, UL
2.31xF, - 87.82 DL
INear= x N ’ (44)
wmo1-0.06xF, - 110.79, UL
2.68xF, - 102.77 DL
Far — x N ’ (45)
Geml | O_O7><FN - 11142 , UL
-60
-70 A
_ - —e—REF DL
_80 _ - | — -0 REF UL
— 1
—1
| I —+—Near DL
-90 —
I I — —Near UL
100 I I Far DL
-110 - I - - - - - = - - - 5 Far UL
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-120
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Figure 4.13. Dependence on distance trend lines, in the case of 0 walls.
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Table 4.7. Trend lines standard deviation for distance case.

Standard Deviation [dB]
DL UL
REF Near Far REF Near Far
6.82 7.11 6.91 2.58 2.54 2.60

Figure 4.13 shows that the behaviour in DL and UL maintains almost equal with the distance variation.
However, interference presents variations in DL, the slope of trend lines being 2.5 dB per floor. The
interference is approximately 8 dB higher when the BS is near to the MT, and it becomes 5 dB below
the reference level when the BS is in a far positions, Figure 4.14. In UL, the interference does not
present any relevant variation, because the number of served users is practically equal during the
simulation. For the other cases of penetrated walls the behaviour is almost equal, Figures H.13 and
H.14. As previously mentioned, received power is higher as closer the BS is to the MT, Figures H.15
and H.16.
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Figure 4.14. Dependence on distance relative to the reference case.

4.4.3 Dependence on Central Building Height

The simulations were performed for different heights of the central building. The higher central building
is the reference case with 33m of height; in the case of central building equal to neighbours, it has

21 m of height; when the central building is lower than others, it has 12 m of height. All other

In order to have a better analysis in this case, the interference results were split in two ways, MT in
LoS and in NLoS. So, the reference scenario trend line in DL is rewrited for (4.6). In the case of the
buildings have all the same height, the interference trend is given by (4.7). The last case, when the
central building is lower than other buildings, the interference trend is given by (4.8). The standard

deviations are in Table 4.8.

e _{1.23XFN - 93.97, NLoS (4.6)

DL [dBm] — 3.27xF, - 80.05, LoS
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Figure 4.15. Dependence on centre building height trend lines, in the case of 0 walls.

Table 4.8. Trend lines standard deviation for height case.

Standard Deviation [dB]
DL UL
H (NLoS) | H (LoS) E L H E L
6.65 7.15 6.62 6.43 2.58 2.61 2.32

The main parameter that changes with the building height variation is the path loss attenuation, i.e.,
the path loss calculation is performed according to LoS existence. This parameter has a visible impact
the interference results, Figure 4.15. When the height of the central building is equal to the others or
lower than others, the MT is always in NLoS with the BS, so, as expected, the difference between

these two cases does not exist.

In DL, in the reference case, interference has the same performance as the other two cases until the
7" floor, and from there the slope has more 2 dB and the standard deviation gets higher in 0.5 dB.
When the MT is between 0 and 6" floors, it is in NLoS, and from the 7" floor it becomes in LoS with
BS. When there is LoS between MT and BS, the path loss is lower than in NLoS, consequently the

interference is higher in LoS. These are the reasons for the different behaviours.

The LoS does not have a direct influence in UL, i.e., the interference in UL depends on the number of
users served. With building height variation, the number of users during the simulation is almost equal,

therefore, interference behaviour does not present variations.
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4.4.4 Dependence on Street Width

Street widths are increased to the double and decreased to half, i.e., to 24 m and 6 m. The path loss
attenuation is the main parameter that suffers impact with these changes. Therefore, the trend lines
are one more time split into two, one for NLoS and an other for LoS. In the case of double width, the
interference is given by (4.9), and for half width by (4.10). The lines are shown in Figure 4.16, and
standard deviations are shown in Table 4.9.

1.33xF, - 96.07 , DL NLoS
Ii;”:} =43.79xF, - 80.11 , DL LoS (4.9)
-0.41xF, - 102.91, UL

1.23xF, - 90.56 , DL NLoS
Iieny =12.54xF, - 78.60 , DL LoS (4.10)
- 0.09xF, - 109.67, UL

In DL, when the MT is in NLoS, Walfish-lkegami model is used in the majority of the cases, so, when
the streets enlarge its width the attenuation becomes lower, the opposite being also true, i.e., when
the street width is reduced the attenuation becomes higher. Interference has an inverse behaviour in

relation to the path loss, i.e., when path loss increases the interference decrease.

As Figure 4.16 shows, the NLoS slope is almost equal for different width. Although, the interference
level is quite different, i.e. when the width is duplicated the interference increases 2.42 dB and while it
is reduced for half, the interference decreases 2.81 dB. The Interference for the LoS case does not
suffer impact with these changes because LoS models are independent of the street width, Figure
4.17.
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Figure 4.16. Dependence on street width trend lines, in the case of 0 walls.
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Table 4.9. Trend lines standard deviations for width case.

Standard Deviation [dB]
DL
UL
NLoS LoS
w2 2.86 4.90 4.32
W 6.65 7.15 2.58
2w 2.67 3.28 2.32

In UL, the behaviour is almost equal, though, it can be noticed a higher interference level for w,/2,
Figure 4.17. When the streets have half of the width the scenario becomes smaller, so users are
nearer the BS, consequently, less transmitted power is required to establish connection, more users
are served, and the interference level increases. In the case of 2w, the scenario becomes larger, the
difference of interference level with the reference is approximately 0, because the number of users
served is almost the same as in w;, however, the difference is positive. In the case of NLoS, the
Walfish-lkegami model is the reason for this, thus, when w; increases, path loss decreases and the
interference increases. In the case of LoS, models change with the distance, if hence BSs are in the

same place the distance will be the same, as well as the interference.
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Figure 4.17. Dependence on street width relative to the reference case, in the case of Owalls.

4.4.5 Dependence on Antenna Tilts

Simulations with 5° and 10° of antenna down tilts were performed. The antenna with 0° of tilt
corresponds to the reference. The tilt change has a direct impact on the antenna gain, as it can be

seen in Figure H.17.

For 5° of antenna down tilt the interference trend line is given by (4.11), while for 10° it is given by

(4.12), Figure 4.18. The standard deviations of these results are depicted in Table 4.10.
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Figure 4.18. Dependence on antenna tilts trend lines, in the case of 0 walls.

Table 4.10. Trend lines standard deviations for tilt case.

Standard Deviation [dB]

Tilt
0° -5° -10°
DL 6.82 6.74 6.96

UL 2.58 4.08 6.79

For the different tilts, the trend lines have a slope approximately equal, but a different interference

level, Figure 4.19.

In DL, the levels of interference for -5° and -10° are better than for 0°. An improvement of 2 dB and
4 dB exists for the cases of -10° and -5° respectively, because with these tilts BSs improve the
transmitter power, i.e., for the same received power and path loss, higher gain results in a lower
transmitter power, consequently lower interference. Between -5° and -10° there is a difference of
1.65 dB, Figure 4.19. The interference values for -5° are lower than for -10°, because the antenna

beam width is 6 dB resulting in a better performance.

In UL, the difference between 0° and -5° is almost 0, and between 0° and -10° is around 2 dB. A higher
interference level reveals a higher number of served users, despite the interference level increase,

more users are served.

The antenna tilts shows to have a key rule in the interference, i.e., with the tilt changing the
interference can be improved in one way (DL/UL) and in the other way it gets worse. So, this

parameter should be changed very carefully.
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Figure 4.19. Dependence on antenna tilt in relation to the reference case.

4.4.6 Dependence on the Number of BSs

The increase of the BSs number is the last and the more interesting test. Simulations for 2, 3 and

4 BSs were performed. All BSs have the same characteristics as the reference one.

The interference trend lines for all studied BSs situation in DL and UL were drawn. So, in the case of 2
BSs, the interference is given by (4.13), for 3 BSs, it is given by (4.14), and for 4 BSs, by (4.15). The

standard deviations of these results are in Table 4.11.

28 = {2.14><FN - 90.36 , DL (4.13)
wm o 10.10xF, - 111.66, UL
985 {2.22><FN - 87.79, DL (4.14)
wm o 10.02xF, - 112.11, UL
4BS={2.']4><FN - 8293 |, DL (4.15)
wr - 0.01xF, - 113.25, UL
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= 1BS UL
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Figure 4.20. Dependence on number of BSs, in the case of 0 walls.
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Table 4.11. Trend lines standard deviations for BSs number case.

Standard Deviation [dB]

DL

UL

1BS

2BS

3BS

4BS

1BS

2BS

3BS

4BS

6.82

7.68

7.48

7.66

2.58

8.96

8.79

9.04

For the number of BSs variation, the slopes are approximately equal for all different cases, as Figure
4.20 shows. However, as in the previously study cases, it is the interference level that changes. In DL,
an increase in the BSs number results in an increase of the interference level, because there are more
BSs causing interference in the MT. In the case of 2 BSs, the interference grows 5 dB, Figure 4.21.
When one more BS is employed, this difference increases 3 dB, i.e., it becomes 8 dB higher. In the

case of 4 BSs the interference has more 12 dB. The standard deviations suffer an increase with the
number of BSs rising.
In UL, the interference level becomes lower with the increase of the BSs number. Though, the

difference between each other is not as high as in DL, because with more BSs, MTs have more

options to spread in the network, decreasing the interference.
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Figure 4.21. Dependence on number of BSs in relation to the reference case.

In conclusion, the variation of this parameter has more impact in DL way than in UL. In DL, for each

BS that is employed on the scenario the interference become approximately 4 dB higher.
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Chapter 5

Conclusions

In this chapter, the main conclusions of this thesis are pointed out, as well as some future work

suggestions.
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The main objectives of this thesis were to study and analyse the interference behaviour with the
building height in UMTS-FDD. These goals were accomplished through the development of
interference models and implementing them in a simulator written in C++. The simulator, named
UMInS, was entirely developed for this work. To assess the simulations results, measurement were

performed.

Interference in each link is obtained through inter- and intra-cell interferences combination, thus, for
interference calculation four models were used. For intra-cell in DL, the model described in [Nguy05]
was used, which takes the BS transmitted power, number of users within the cell, orthogonality factor,
and the path loss between BS and MT into account. For intra-cell in UL, [Nguy05] was the model
chosen, which takes into account the MT transmitted power, path loss, number of users doing the
same service as MT, and MT service activity factor. For inter-cell in DL, [EPCCO06] was the model
used, depending on the total transmitted power of adjacent BSs, orthogonality factor and path loss
between MT and other BSs. For inter-cell in UL the model described in [EPCCO06] was the choice,
takes all users of other BSs, their transmitter power, path loss, service activity factor and one distance
relation between the BS that is serving that MT and the interfered BS into account. The path loss in
these models is calculated according to an algorithm developed for this thesis, which combines some
propagation models as free space, Walfisch-Bertoni and COST-231 Walfisch-lkegami.

In Chapter 4, the analyses of all measurements and simulations results were shown. The north tower
of Instituto Superior Técnico, in the city of Lisbon, was the place where the measurements were
performed. This scenario fulfils the case when the MT is in LoS with the BS. The measurements were
done for the voice service from the 4™ to 11" floor in all corner rooms, halls, elevator rooms and men’s
rooms, in order to represent when the MT is attenuated for only a glass (0 walls), a glass plus one wall
(1 wall) and a glass plus two walls (2 walls). In all measurements, an approximately cross path was
followed, trying to cover a maximum area. After data filtering, it was concluded that a connection was
established with five BSs, fifteen sectors, however, only three sectors served the MT in all floors. For
0 walls and 1 wall situation, E/Nj, falls 0.25 dB per floor, while for 2walls it drops 0.45dB and between
each situation there is a difference of 0.8 dB on average. In the case of 2 walls the relation drops
faster, probably because in other cases the measurements covered all tower sides while in this
particular case they only cover two tower sides. With these results, it can be concluded that the higher

the MT is in the building, the higher the interference is.

Once known the E,/N, behaviour, simulations with the real characteristics were performed with the
aim to assess the simulator. Simulations results show a decrease trend with a drop of 0.1dB per floor
and a difference of 0.5 dB between each penetrated wall. The values slope is almost half of the
measurements results, as well as the difference between the situations of penetrated walls. However,
the results of the measurements are higher than the simulated ones, with a difference near 2dB. With
the simulation, it is proved that the measurements results for 2 walls do not have the correct
behaviour. No matter how much it was tried to approximate the simulation scenario to reality, the
simulator works with regular scenarios and reality is irregular. Despite all these differences, it can be

concluded that the simulator is a good tool for interference study.
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In order to verify the interference behaviour, simulations were made by changing some parameters,
such as the distance between MT and BS, centre building height, street widths, antennas tilts, and

number of BSs, with the purpose to analyse how interference behaves.

First of all, a reference scenario was defined, with one BS, 100 users, voice at 12.2 kbps and a centre
building higher than others. In DL, interference has its higher values when the MT is in the 0 walls
situation that is near -97 dBm. It has an increase trend of 2.5 dB per floor and a difference of 2.8 dB
between each penetrated wall situation. Interference shows this behaviour because the higher the MT
is, the more exposed to other sectors it is, and that increases the interference. This trend can be split
in two ways, when the MT is in NLoS and LoS: in the former interference rises 1.23 dB per floor and in
the latter 3.27 dB. In UL, the interference has an approximately constant behaviour rounding
-111 dBm, because the number of users that interferes is more or less equal when the MT goes up. In
conclusion, the higher the MT is, the higher the interference in DL is, and it is 2 dB higher when the
MT is in LoS than when the MT is in NLoS. In UL the interference has a constant behaviour.

Parameters were changed one by one, the distance being the first one. In DL, the interference does
not show changes in its slope, i.e., the interference keeps its increase of 2.5dB per floor. However, the
interference level is changed. The nearer the BS is, the higher the MT interference is. For UL, no

relevant changes are registered.

When the height of the central building is changed, the analysis is split in LoS and NLoS. When the
building has the same height as others, and it is lower than the neighbours, the MT is in NLoS with the
BS, so the interference behaviour is equal in both cases. When the building is above the others, and
the MT is on the upper floors, it is in LoS, so the slope increases almost two times faster, because the
path loss attenuation is higher in NLoS than in LoS. Once more, in UL no relevant changes are

registered.

With the street width changing, the path loss attenuation is the main parameter that suffers impact. For
DL, while MT is in NLoS the interference slope is almost equal for different widths. Still, the
interference level is quite different, i.e., when the width is duplicated, interference increases and when
it is reduced to half, interference decreases. Interference in LoS does not suffer impact with these
changes. The interference shows this behaviour because NLoS models depend on the street width
and LoS models are independent of it. In UL, when the street is reduced to half, the interference level
is higher than in other cases. The behaviour could be explained with the number of users served, i.e.,
with street width reduce to half of its reference value, the scenario gets smaller and users become
nearly the BS, so less transmitted power is required to establish connection, consequently more users

are served causing more interference.

Antennas tilt is a parameter that shows to have an important role in interference behaviour. This
parameter has 0° as default and it was changed to -5° and -10° In DL, for different tilts the
interference slopes maintain equal, although its level is changed. For downtilts of 5° and 10° the
interference level is reduced in 3.75 dB and 2.09 dB, respectively, because with this tilts the BS
improves its transmitter power, i.e., for the some received power and path loss, higher gain results in a

lower transmitter power, consequently lower interference. In UL, only the downtilt of 10° presents a
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higher interference level. A higher interference level reveals a higher number of serviced users. In
conclusion, in general 5° of downtilt presents a better interference level. However, with little difference,

10° of downtilt served more users.

Then Number of BSs was the last parameter to be changed. With this variation, the interference slope
does not suffer important changes, although interference level gets different. In DL, when the number
of BS is increased to 2, 3 and 4 the interference level rises 5, 8 and 12 dB, respectively. As expected,
an increase in the number of BS results in an increase on the interference level, because the MT is
interfered by more BSs. In UL, despite lower, the interference level shows a trend to become lower
with the increase of the BSs number. With more BSs, MTs are more spread in the network, resulting in

an interference decrease.

Summarising, the higher the MT is in the building, the higher the interference is. This increasing trend
has a global rise of 2.5dB per floor and a difference of 2.8dB between each penetrated wall situation.
This slope is different if the analysis is split, in NLoS and LoS. When the MT is in LoS the slope
increases almost two times faster than when it is in NLoS. With the parameters variation, the
interference level is changed but it is maintain its behaviour, the antenna tilts and number of BSs

being the parameters that have a big impact on that.

The simulator proves to be a powerful tool in the interference study, but it has its limitations. The BSs
have the sectors oriented in the same way, i.e., the sector azimuth can not be changed. The antenna
tilt is equal for all antennas, i.e., it is not possible to have antennas with different tilts. There is not
other simulator to compare and to assess the values. The measurements were only performed for the
case of LoS between MT and BS. The time of each simulation is 80 minutes on average in Intel
Pentium 4 3GHz, that enables performing more simulations. For this thesis, 110 hour in simulations

were spent.

For future work, it is suggested an improvement of the simulator in its limitations, previously described,
implementation of the 3GPP propagation model as complementation of Walfish-lkegami model,
exploration of other points of view using the Gaussian Approach, which is described in this work but
not used. With all new technology rising, it would be interesting to perform the same study for HSPA+
and UMTS900.
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Annex A - Gaussian Approach Model

This annex describes in detail how the extrapolation of the Gaussian model for GSM1800 to the
UMTS band is performed.

According to [Corr07] this model for the GSM1800 band has the following values:
e Average (u): 10.20 dB;
e Standard deviation (0): 13.8 dB.
The frequency band of GSM 1800 is:
e UL:[1710, 1785] MHz
e DL:[1805, 1880] MHz
The frequency band of UMTS FDD is:
e UL:[1920, 1980] MHz
e DL:[2110, 2170] MHz

The standard deviation of UMTS can be the same of the GSM1800. The average of the additional loss

can be approximated by

FumTS
' c[MHz]
Hiag = ZOIOg[stmsoo J (A1)

c[MHz]
where:
o 1YMTS. Central Frequency of UMTS;
o f,55M18%0: Gentral Frequency of GSM1800.
with

fours = M — 2045 (A.2)

fosHs00 w —1795 (A.3)

So the extrapolated average for the UMTS band can be given by

T = T s
=10.20+1.13 (A4)
=11.33

The central frequency can be calculated by (A.2) and (A.3) because the main problem of this thesis is
the interference, so it is not necessary refer a specific channel of UL or DL band, and the additional

average loss is lower than standard deviation.

71



Concluding, the Gaussian Approach parameters for UMTS band are:
e Average (v): 11.33 dB;

e Standard deviation (0): 13.8 dB.
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Annex B - Link Budget

In this annex, all calculations concerning the link budget for UMTS R99 used in this thesis are shown.

The path loss in (2.4) can be rewritten by

L =ERP_ —P,._ +G (B.1)

p[dB] [@Bm] ~ " r[dBm] rldBi]
where:
e EIRP: equivalent isotropic radiated power.
The G, in (B.1) when diversity is used is substituted by

G

rdiv[dB] — G + Gdiv[dB] (B.2)

r[dB]
Where:
o Gy, diversity gain.

The diversity considered is the one for UL, since there is no space in the MT for spatial diversity and

polarisation diversity requires doubling the transmit equipment at the MT [Sant04].

The power balance in UL and DL are different because EIRP changes. There are differences between
MTs and BSs that need to be taken into account [Corr07]. Therefore, EIRP for DL and UL can be
estimated by (B.1) and (B.2), respectively.

DL

EIRP [dBm] — PTx[dBm] - Lcable[dB] + Gt[dBi] (B.3)
uL

EIRP [dBm] — PTx[dBm] - Lu[dB] + Gt[dBi] (B.4)

where:
e Pr,: transmitted power, Table 2.2 shows the common values.
e [ .. cable losses between emitter and antenna;
e L, body losses, normally assume values for voice between [3, 10] dB, and for data [0, 3] dB

The received power depends on the link and on the system. Thus it may be calculated by (B.5) and
(B.6), for DL and UL respectively.

DL
Rx[dBm] — Pr[dBm] - Lu[dB] (B.5)
uL

PRx[dBm] = Pr[dBm] - Lc[dB] (B.6)

where:
e Pk, received power at receiver input.

In UMTS the receiver sensitivity, Pry min, depends on the average noise power and the Signal-to-Noise
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Ratio, so it is approximately:

Premingam) = Niggm + (%} (B.7)
0 /1dB]
where:
e N: total noise power;
e G, processing gain.
G5 = 10l0g(R, /R,) (B.8)
Niggm = =174 +10-10g(Af,; ) + Fag) + M55 = Gpjeg; (B.9)

where:
e Af: signal bandwidth, in UMTS it is equal to R,=3.84Mc/s;

e F:receiver’s noise figure.

The receiver sensitivity could be given by (B.10) when knows the interference.

E
PRxmin[dBm] = (N+ ,)[dBm] + == (B-10)
N [dB]

0

The E,/N, values for the different services are presented in Table B.2. The C// relation is gave by

P
(Cr) =7 (B.11)

(O8] (] 0+,

intra inter )[dBm]

However, many margins should be taken into account, to adjust additional losses due to radio
propagation:

M 51 = Msrigs) + Mepasy + Ly ingios; — Gsrors (B.12)
Where:
o Mg slow fading margin;
o Mgf: fast fading margin;

o  Gsyo: soft handover gain.
Finally, the total path loss can be calculated by:

L

p total[dB] —

Looe; + Mg (B.13)
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Table B.1. Number of codes for UMTS R99 (extract from [Corr07])

Service [kbps] SF #codes (256)
12.2 128 2
64 32 8
128 16 16
384 4 64

Table B.2. Values of E,/N, relation for the R99 services considered (source: Celfinet).

Application Data Rate Ep/Ng
[kbps] [dB]
UL 6.6

12.2 (CS)
DL 9.5
UL 4.3

64 (CS)
DL 7.3
UL 3.2

64 (PS)
DL 6.3
UL 2.7

128 (PS)
DL 5.6
UL 2.5

384 (PS)
DL 6.0
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Annex C - Flowcharts

In this annex, the process behind the received power decision algorithm is shown with its flowcharts.

Pr (N)
+
AP

y

Pt

Useris
served

Figure C.1. DL received power decision algorithm.
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—

Figure C.2. UL received power decision algorithm.
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Annex D - Antennas Properties

This annex shows the antennas characteristics. For all types of antennas the radiation pattern used in

this thesis is all the same, Figure D.1 (a).

[—sector Sector2 Sector 3

(a) Horizontal and vertical radiation pattern (b) Horizontal radiation pattern with three sectors

Figure D.1 Characteristics of the antenna used in this thesis, P7755.00 (from [POWEOS]).

Horizontal
Vertical

Figure D.2. K742212 Radiation pattern (from [KATHO08]).
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Table D.1. Different types of antennas (extract from [OFRCO05]).

Denomination Cell Type Environment Installation Type

Rtower Macro-cell Rural, Suburban Tower, Mast, Water sump, “Tree”

Uroof Roof-top

Micro/Macro-cell
Utower Tower
Urban
Ufacade Building fagade
Micro-cel -
Upole Light pole or other
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Annex E - User's Manual

This annex includes the simulator and the measurements filters programs user’'s manuals.
E.1. UMInS

The simulator platform was developed to be the most self explanatory as possible, by means of

presenting a user friendly interface.

The first window that appears when running the simulator is the one corresponding to the main
window, where the simulator user has access to several menus that execute different options of the
software. These menus are: File, Scenario, Building, Network and Run. In the beginning, only File and
Scenario menus are available, Figure E.1. The options can be selected by clicking on the menus or

using their specific shortcut.

File Scenpario Bulding | Metwork F

Exit i 7P

Figure E.1. Main window of the UMInS simulator.

On the File menu, one can exit the program (File->Exit). On the Scenario menu, one can define the
scenario characteristics, such as ws, w,, number of buildings in x- and y-axis and buildings height,
Figure E.2. For the values could be used the default ones or define by user. After all values fill in, click
in OK button to save the information. When the characteristics are defined, the Building menu is
enabled.

On Building menu, one can define the height and number of floors of the centre building, Figure E.3.
When the building characteristics are defined, the Users and System options on Network menu is
enabled.

On Network menu, one can define the users characteristics (Network->Users), Figure E.4, and all

system options (Network->System), Figure E.5. On Users option, one can change the number of user
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on the simulation, its percentage of mobility (indoor, pedestrian and vehicular) and service (data and

voice).

Scenario Definition

7 User Definition

s

|0 m |0

=—— (x>
[

[ | Building Height

[ —

Ws(y)
o m /‘l

[
Whiy) 7]
m.— &

'
x [ L1 [1

Mumber of Buildings
u}

Murmber of Buildings
d

" Dense Urban Default

7 Urban Default

7 Suburban Default

Ok Lancel

Figure E.2. Scenario window.

Centre Building Characteristics

A
Mumber of Floors
[
Height
0| m
v
Drefault | ak Cancel

Figure E.3. Building window.

On System option, one can define the environment characteristics, such as the standard deviation of
the fading distributions, the percentage of set margin to BS and MT, Frequency and the BSs filt. It is
also in this menu that is chosen the BSs location, it can be random or define by user. When is chosen
the random option, it is required specify how many he wants generated. For other hand, when it is
chosen the user definition option, the user needs to fill in the BS coordinates and the antenna type. If
the tool user wants other antenna, he/she can by choosing the other type entry, Figure E.6. The BSs
can be removed, clicking in the Remove option. When it is done a new window appears, the Remove
window, Figure E.7. First search for the BS ID, and then the BS is removed by clicking Remove

button.
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MNumber of Users ID

M ability
Irdoor IU o

Pedestrian ID o
Wehicular ID %

—Service

Data ID o
Yoice ID %

Default |

LCancel |

Figure E.4. Users window.

System

~Environment

~Fast Fading
‘ Standard Devistion  |0.00

—Slaw Fading
‘ Standard Deviation  |0.00 ‘

Base Station Set Margin 0.00 %

User Set Margin 0.00 or

Frequency IU— MHz
TILT |U Default |

~Base Station

Position of B ase Station

" Random

Mumber of Base Stations Generated |D
" User Definition

% |0 [B5Twpe  ~|

N
o

Bemave | AddBS()

LCancel |

Figure E.5. System window.

=BT B
742215 2140 _co_mdla| | 2 BT
F42215_2140 %_CO_M4 (= antennas
F42215_2140_%_CO_M4 (= antennas

FA2215_2140%_CO_M4
FAZZI5_ 214005 CO_M4
FAZZ15_ 2140 CO_M4
FA2215_2140_%_CO_M4
7422152140 % CO_M4
7422152140 %_C0_Ma[v]

Open | Cancel |

Figure E.6. Other antenna window.
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ok
Search
Eaze Station (D Search

Fesults

o q # |268.360223

v [191.054412

Type |Rtower > |287

BRemowe | Wiew Mext |

Figure E.7. Remove window.

When the network characteristics are defined, the Run menu is enabled. On Run menu, one can fill in
the finals options to perform the simulation, such as the type of operation mode (auto or manual), the
service of the MT in analysis and the type of wall loss when the manual option is chosen, Figure E.8.
When all options are chosen the Calculate Interference button is enabled, and pressing this button the

simulation starts.

Centre User Information

; [m]
Operation Mode 4000 RS - o T
Lt S 0. B .RmiE BB HeSl® B O E5E.H.0 (g Bim_ E |
Service Type of Wall Loss 300 Lacjmmqummﬁqﬁlmq_.@_@? _____ (}m_:LE__D___J
) : . oo . .
+ “aoice CS 12.2 kbps f* Glass 250 4 s : O
" Data C5 64 kbps " One Wal 200d8--B- BBl - - -B-- - -Ee- B - E- B - E- Bl
" Data PS B4 kbps " Two'walls P
(" Data C5 128 kbps 100

(" Data C5 384 kbps

Centre Building Top view LT A e
Usger Satus

Current Floor ’D— -200 .

MNumber UfW’a\Is|D 250 ;.:

Cicle Position |U

Flaor Progress _anodg--

b User loor Simulation Progress |El Building Centre & BS o W * T (indoor) I
it T

Caleulate Interference Close

Figure E.8. Simulation window.

Finally, when the bottom progress bar is completed the simulation ends and all simulation information

is save in a files *.xls, that are described in Section 3.4.

E.2. UMInLocation and UMInFilter

UMinLocation has only one window, Figure E.9. In this window the tool user selects the directory of
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the NEMO logs, and then the file *.dt1 that he want creates the *.xIs file. After that, clicking on
MakeFile button the program creates a file *.xIs with the following information: Channel Number
(CHN), Cell Identification (CI) and Location Area Code (LAC).

[ = IMInLCocation
= |

= CA ~
[= 15T
[=> trabalho final

(= celfinet
[£= Armando

‘% Logs Nemo Outdoor

] Le_file_si

(ne]
08&pr02 144438.d41 @
084pr02 144438 s
08&prl2 144438 CILAC <l
084pr02 144607 - 15T - 10.2.dt1
024pr02 144607 - 15T - 10.2_CILAC #lz
08&pr02 145454 - 157 10.4.4t1
084pr02 145454 - I5T 10.4_CILAC #lz
NMA&Ar 150410 15T 10 03 A1

Ok | Cancel |
i akeFie |

®]

Figure E.9. UMInLocation window.

As previously program, UMInFilter has only one window too, Figure E.10. In this window the tool user
selects the directory of the NEMO logs, and then the file *.dt1 that he want creates the *.xIs file.
Afterwards, clicking on MakeFile button, the program creates a file *.xlIs with the following information:
CHN and the respectively carrier Received Signal Strength Indication (RSSI); the CHN, Scrambling
Code (SC), E/N,, and the Received Signal Code Power (RSCP) for the active, monitored and
detected set cells.

= UMInFilter
I=SE 1

| -~
[= I5T
== trabalho final
[= celfinet
[= Armando
%z Loags Memo Outdoor
7 Le.file_si [1e]
O03apr02 144438.d01 Q
084pr02 144438 x1s
O3apr02 144438 ClLAC <z
034pr02 1446070 - 15T - 10.2.d11
03apr02 1446071 - 15T - 10.2_CILAC. s
034pr02 145454 - 15T 10.4.dt1

024pr02 145454 - ST 10.4_CILAC «lz
NRAAIT* 150410 (5T 1003 Al [i]

ak | Cancel |
I akeFile |

Figure E.10. UMInFilter window.
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Annex F - Simulations Assessment

This annexes shows all the simulations graphics done to get the number of simulations. For these
analyses, the values taken into account are the standard deviation over average values and the
relative mean error. In Figure F.1, one presents the interference standard deviation over average
evolution for the case 6 of Figure 3.1. The Figure F.2 is the same as Figure F.1 but for received

power.

ODL

LTS

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
Number of Simulations

Figure F.1. Interference standard deviation over average values for case 6.

0.025

0.02

0.015 - ODL
B UL

olu

0.01

0.005

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
Number of Simulations

Figure F.2. Received power standard deviation over average values for case 6.

The relative mean error is the other parameter taken into account in the decision of the number of

simulations. So the next figures are the relative error for each case.

_ 25
g
uj 21
§ _ 151 @DL
s BUL
o 14
2
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]
14
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Number of Simulations

Figure F.3. Interference relative mean error evolution for 100 simulations as reference of case 6.
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Figure F.4. Received power relative mean error evolution for 100 simulations as reference of case 6.

In Table F.1 and F.2, the relative mean errors in relation to 15 simulations are presented, for each

floor and case of penetrated wall.

Table F.1. Relative mean error for 5 simulations.

Oow 1.92| 1.62| 1.25| 1.05| 1.96| 2.14| 1.60 251 213| 2.05
DL 1w 141 155 196| 1.17| 2.73| 148| 160| 3.95| 3.37| 2.00| 2.34
2w 170 1.10| 1.90| 1.63| 1.40| 1.45| 090| 2.64| 197| 3.03| 2.50
Oow 0.17| 0.00| 0.11| 0.01| 0.00| 0.06| 0.09|, 0.10| 0.03| 0.19| 0.15
UL 1w 0.05| 0.04| 0.03| 0.04| 0.20| 0.11| 0.09| 0.21| 0.18| 0.07| 0.09
2w 0.25| 0.12| 0.06| 0.12| 0.01| 0.16| 0.17| 0.03| 0.13| 0.09| 0.03
Oow 164| 1.27| 1.02| 0.72| 1.73| 1.67| 140 3.94| 211| 1.60| 1.46
DL 1w 1.10| 1.02| 1.55| 0.96| 2.01| 1.17| 141| 3.30| 227| 1.47| 1.85
2w 1.04| 0.75| 148| 1.23| 1.38| 1.19| 0.93| 211| 2.10| 2.27| 1.88
Ow 0.26| 0.20| 0.08| 0.12| 0.22| 0.05| 0.20| 0.26| 0.26| 0.18| 0.10
UL 1w 0.12| 0.03| 0.06| 0.16| 0.10( 0.06| 0.22| 0.17| 0.53| 0.17| 0.27
2w 0.27| 0.20| 0.00| 0.03| 0.05| 0.23| 0.47| 0.38| 0.26| 0.46| 0.34
Ow 0.39| 145 1.02| 1.71| 0.62| 1.83| 0.12] 2.82| 0.29| 1.03| 1.39
DL 1w 148| 3.12| 211| 0.67| 3.48| 1.33| 0.57| 0.76| 3.09| 1.79| 0.96
2w 3.87| 1.53| 1.83| 2.05| 0.83| 0.72| 0.25| 1.50| 1.65| 1.35| 1.50
Ow 1.94| 3.57| 086| 220 4.16| 2.09| 0.65| 1.51| 3.60| 0.17| 0.68
UL 1w 0.66| 0.36| 097| 154| 211| 3.11| 4.16| 3.65| 4.23| 3.39| 2.76
2w 0.25| 0.72| 0.66| 1.96| 1.37| 1.58| 4.75| 4.09| 1.84| 3.39| 2.05
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Table F.2. Relative mean error for 10 simulations.
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Annex G - Measurements Results

This annex shows the results of the measurements done in the IST north tower with their trend lines

and standard deviation quadratic mean calculated by (G.1). It is also shown the total of measurement

maker points, Table G.2.

o= 1352 (G.1)

For the 126 sector the trend lines are given by (G.2). The standard deviation is in Table G.1.

-041xF, + 1752 , 2w
(EyINy) o =1- 0.17xF, + 14.80 , 1w (G.2)
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Figure G.1. Sector 126 in the two walls plus one glass situation.
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Figure G.2. Sector 126 in the one wall plus one glass situation.
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Figure G.3. Sector 126 in the one glass situation.
For the 232 sector the trend lines are given by (G.3). The standard deviation is in Table G.1.
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Figure G.4. Sector 232 in the two walls plus one glass situation.
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Figure G.5. Sector 232 in the one wall plus one glass situation.
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Figure G.6. Sector 232 in the one glass situation.

For the 217 sector two walls case the trend line is given by (G.4). The standard deviation is in Table

G.1.
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Figure G.7. Sector 217 in the two walls plus one glass situation.
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Figure G.8. Sector 217 in the one walls plus one glass situation.
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Table G.1. Standard deviation quadratic mean of measurements.

1wall

Owalls

2walls

1wall

Owalls

2.78

3.71

3.45

3.07

3.56

3.61

3.06

3.09

3.13
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Annex H - Simulations Results

This annex shows additional simulations results. First of all the results for the reference scenario and

then the parameters variation results are presented.

Figures H.1 to H.3 represent noise results, Figures H.4 to H.6 represent interference results,
Figures H.7 to H.9 represent received power results, and Figures H.10 to H.12 represent C/I results,

all for reference scenario.
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Figure H.1. Reference scenario noise results in DL for first cycle.
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Figure H.2. Reference scenario noise results in UL for first cycle.
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Figure H.3. Reference scenario noise results in UL for second cycle.
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Figure H.4. Reference scenario Interference results in DL for first cycle.
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Figure H.5. Reference scenario Interference results in UL for first cycle.
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Figure H.6. Reference scenario interference results in UL for second cycle.
-101
102 4T+ T~ T+ =+ TIT T+ T *TT _TT
T Ow/oPC Ow
= 000 T T T T L | e
= Ow/oPC 2w
-105 -

0 1 2 3 4 5 6 7 8 9 10
Floors

Figure H.7. Reference scenario received power results in DL for first cycle.
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Figure H.10. Reference scenario C/I results in DL for first cycle.
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Figure H.11. Reference scenario C/I results in UL for first cycle.

Figure H.8. Reference scenario received power results in UL for first cycle.

OwPC 0w
BwPC 1w
OwPC 2w

Figure H.9. Reference scenario received power results in UL for second cycle.
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Figure H.12. Reference scenario C/I results in UL for second cycle.

Figure H.13 and H.14 represent the interference trend lines for different distances. For 1 wall case the
trend lines for reference is given by (H.1), for near BS by (H.2), and for far BS by (H.3). The standard

deviation is in Tables H.1 to H.3.

e [237xF, - 99.32 | DL (H.1)
w1 |- 0.07xF, - 11147, UL '
2.21xF, - 90.13 DL
Near= x N ! (H2)
wn |- 0.06xF, - 110.79, UL
2.53xF, - 104.88 , DL
Far — x N (H3)
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Figure H.13. Interference results for different distance in UL with one penetrated wall.
For 2 walls the trend lines for reference is given by (H.4), for near BS by (H.5), and for far BS by (H.6).

The standard deviation is in Tables H.1 to H.3.
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Figure H.14. Interference results for different distance in UL with two penetrated wall.

Table H.1. Reference trend lines Standard deviation.

Standard Deviation Standard Deviation
Oow 1w 2w Oow 1w 2w
6.82 6.92 6.28 2.58 2.57 2.49

Table H.2. Near BS trend lines Standard deviation.

Standard Deviation Standard Deviation
Ow 1w 2w Oow 1w 2w
711 7.41 6.79 2.54 2.46 2.47

Table H.3. Far BS trend lines Standard deviation.

Standard Deviation Standard Deviation
Oow 1w 2w Oow 1w 2w
6.91 6.58 6.18 2.60 2.54 2.47

The received power is an important parameter to take into account for different distance analysis so
one presents in Figure H.15 the near BS results and in Figure H.16 the far BS results. Only the results
with power control are presented, because these are the final values.
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Figure H.15. Near BS received power.

Figure H.16. Far BS received power.

For different tilts simulations is required to know how it is the vertical radiation pattern behaviour. So,

in Figure H.17 the vertical pattern for the different tilts is presented.

00

-10°

Figure H.17. Vertical radiation pattern with different filts.
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