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Abstract

This work aims to develop an exclusion region estimation model for base station antennas with co-
location of GSM, UMTS and LTE mobile communication systems. A model for estimating the
electromagnetic field as a function of the distance to the base station antenna was developed, using
the far-field and gain-based theoretical models. The model allows estimating the exclusion region in
the direction of maximum radiation, considering that the antennas are fully loaded in a worst case
perspective; the cylindrical exclusion region model is used for other propagation directions. Possible
scenarios of co-located antennas are analysed, before and after the installation of LTE base stations,
these scenarios being related to typical installation infrastructures. For the typical urban scenarios, the
maximum difference between the estimated exclusion region after and before the LTE implementation
is equal to 73%, while it is 53% in rural environments. In the indoor case, the maximum result is 66 cm
for an omnidirectional antenna with MIMO. It is concluded that the developed model overestimates the
real value of an exclusion region, always considering the worst-case perspective of exposure to

electromagnetic radiation.
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Resumo

Este trabalho tem como objetivo desenvolver um modelo de estimacdo das regides de exclusdo de
antenas de estacdes base com co-localizagao dos sistemas de comunicagdes méveis GSM, UMTS e
LTE. Para esse efeito, um modelo de estimagdo do campo eletromagnético em fungdo da distancia a
antena da estacdo base foi desenvolvido, recorrendo aos modelos tedricos do campo na zona
distante e gain-based. O modelo permite estimar a regido de exclusdo na direcdo da maxima
radiacdo, considerando que as antenas estdo em carga maxima, numa perspetiva do pior caso; para
as outras direcdes de propagacao utiliza-se a abordagem do modelo da regido de exclusao cilindrica.
Os cenarios provaveis de antenas co-localizadas sdo analisados, antes e depois da instalacdo das
estacOes base LTE, e estes cenarios sdo relacionados com as infraestruturas de instalagéo tipicas.
Para os cenarios urbanos tipicos, a diferenca maxima entre a regido de exclusdo estimada antes e
apo6s a implementacao do LTE é igual a 73%, enquanto que para o ambiente rural é de 53%. No caso
de ambientes indoor, o resultado maximo obtido € 66 cm para uma antena ominidirecional com
MIMO. Conclui-se que o modelo desenvolvido sobrestima o real valor da regido da excluséo,

considerando sempre a perspetiva de pior caso em termos de exposicdo a radiacdo eletromagnética.

Palavras-chave

Campo Eletromagnético, Antena, Regido de Exclusdo, GSM, UMTS, LTE.
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Chapter 1

Introduction

This chapter gives a brief overview of the work performed. The scope and the motivations of the thesis

are presented. At the end of the chapter, the layout of the work is presented.




1.1 Overview and Motivation

The need for communication and mobility has always followed our society. From the conjunction of
these two factors appear solutions of wireless systems that are crucial to realize bidirectional
communications and also to access information anytime and anywhere. Although the industry had
consciousness of this reality, the mobile communication systems only experienced a revolution of
number of subscribers with the introduction of second-generation (2G) systems. The fast growth of
this segment was achieved by the constant evolution of products and standards, following the trends
and the growing desires of the customers. It was precisely the use of different technologies for
different countries and high prices of Mobile Terminals (MT) that doomed the popularity of First
Generation (1G) Systems. Nowadays, the cellular technology is an indispensable tool in the business
world, but also for the general public as an interface for personal/social interaction with other users

and as an access point of entertainment contents.

The implementation of 2G systems allowed changing the analogue to digital transmission, providing
the necessary spectral efficiency according to the expectations of the operators. The European
Telecommunications Standards Institute (ETSI) was responsible for developing the 2G cellular
standard that was majority adopted throughout the world: Global System for Mobile communications
(GSM) [Moli11]. The publication and launch of this specification happened in the early 90s, initially
designed to offer voice communications and other services of low rate, 14.4 kbps, as the popular
Short Message Service (SMS) [HoTo04]. The development of GSM extensions, the 2.5th generation,
were finalized in 1995, which included the introduction of General Packet Radio Service (GPRS) and
the more efficient modulation of Enhanced Data rates for GSM Evolution (EDGE). The introduction of
these upgrades favored increased packet data transfer rates over the air interface, nevertheless, the

data-handling capabilities were still limited [Moli11].

Third-generation (3G) mobile systems were designed to provide the high bit-rate services that enable
high-quality images and video to be transmitted and received, and to provide access to the Web with
higher data rates, following the growing popularity of the Internet [Hoto07]. One of the 3G systems is
the Universal Mobile Telecommunication System (UMTS), with its first version, Release 99, presented
by the 3rd Generation Partnership Project (3GPP) in 1999. UMTS provided initially a data rate up to
384 kbps for the Downlink (DL) and Uplink (UL), despite a theoretical bit rate up to 2 Mbps. In 2002,
the 3GPP launched important evolution steps on top of Release 99, called Release 5, introducing the
High Speed Downlink Packet Access (HSDPA), deployed on top existing networks and minimising
equipment upgrade, with a peak data rate of 14.4 Mbps. UL packet-data enhancements were
presented in Release 6, also known as High Speed Uplink Packet Access (HSUPA), with data rates
up to 5.7 Mbps [HoTo06]. The set of HSDPA and HSUPA updates are referred to as High-Speed
Packet Access (HSPA), with attractive features for Voice over IP (VolP) and other packet-based

applications that require low latency.




In 2004, the 3GPP started to develop the fourth-generation (4G) system, called Long Term Evolution
(LTE), in parallel with solutions for HSPA evolution (Release 7 and 8), since it was predicted that the
spectral efficiencies and data rates of 3G technology would not meet the demand of future
applications. In fact, mobile data traffic has increased exponentially, being expected to increase 30
times between 2011 and 2015 [Vilel2]. LTE specifications propose a complete change in both the
core network and the air interface, supporting new major features to increase its performance and
capability, such as Multiple Input Multiple Output (MIMO) antenna technology. This new standard
provides peak data rates of 100 Mbps in DL and 50 Mbps in UL with a 20 MHz spectrum allocation for
each of the DL and UL. Release 10 admits data rates up to 1Gbps, known as LTE-Advanced [Molil11].

The contents and services, which until then had been confined to the use of the fixed network, are
gaining a new breath with its access from mobile devices due to this increasing technological
evolution. The general public concern about potential health risks caused by radiation from mobile
communication systems is motivated by its popularity and this technological evolution, accompanied
by the increase of terminals and Base Station (BS) antennas. BSs are installed in increasingly smaller

cells, and thus closer to the general public, alerting people to their existence.

The concern in investigating the impact that electromagnetic (EM) radiation causes in living tissues
started in other sectors, such as military radar systems in World War Il or the emergence of the first
high-voltage lines. The study of different knowledge areas, such as physics, biology, medicine and
engineering, are crucial to establish the limits of the electromagnetic field (EMF) strength above which
may cause adverse effects to health. Several international organizations and entities were responsible
for the advances in this area, working on recommendations for radiation exposure limits from the
guantification of the thermal effects [OlCa02]. However this topic continues to generate a great deal of
controversy regarding the non-thermal effects of EM radiation. Over the past years, studies with
contradictory results were published, where many deficiencies were found in these works, as regards
the number of insufficient samples or results that are not replicated in real environments [ICNI98],
[COSTO00], [WoHOO02], [ICNI11].

Measurements or estimation of the field intensity may be performed to verify if the EMF levels around
a BS are in accordance with the recommended limits. Another useful quantity is the exclusion region,
which is defined as the zone around antennas or BSs where the limits of radiation exposure may be
exceeded inside it. The exclusion regions are suitable for defining physical barriers in areas of public
access, protecting the public from potentially dangerous levels of radiation. In Figure 1.1, the exclusion
region is represented as one imaginary semi sphere limited by physical barriers and adequate

signage, since the public has access to this area.

Operators usually know the exclusion regions, and defined the physical barriers necessary for BSs
with 2G and 3G systems. LTE antennas tend to be placed/replaced in existing BSs, since this
scenario simplifies the network and is more financially favourable. With the introduction of more
radiation sources in the same infrastructure of installation of GSM and UMTS antennas, EM levels will
be changed and consequently the existing exclusion region and physical barriers may no longer be
applicable.




Figure 1.1 - Exclusion region limited by physical barriers.

This work has the objective to estimate the impact on exclusion regions after the implementation of
LTE, and to verify in which situations the exclusion regions suffer significant changes, being necessary
to define new physical barriers. Knowledge of the radiated EMF by the antenna and the analysis of the
environment around the BS are required in the evaluation/establishment of limits for EM exposure and
estimation of the exclusion regions. Therefore, in the vicinity of a BS antenna, the level of exposure to
EM radiation is associated the antenna characteristics that describe its performance. The
infrastructure that supports the antenna also influences the EMF, since it is chosen according to the
requirements for coverage and capacity, and also in accordance to the restrictions imposed by the

environment surrounding the BS.

Several works on EM exposure assessment or estimation of exclusion regions can be found in the
literature. The far-field or the far-field approximation models are a simple way for exclusion region
estimation, but they always over-predict the real value of exposure levels and the exclusion region is
usually smaller than the validity distance of these models [CENEO02], [OFRCO05], [MFRLO0Z2],
[MNMV02]. Martinez-Gonzéalez et al. [MFRLO2] defined also basic rules for the exclusion region
estimation for different directions of the maximum radiation direction, considering a cylindrical
exclusion region around the radiation sources. In [BiGi99] and [ABDKO02], accurate models in the
areas close to the antenna were published, though its complexity is greater than the far-field models

and are applicable only to panel antennas.

Hybrid models, such as those described in [BCFF99], [BCDF02], and [Sche43], can use various
propagation models and allow estimating the radiation levels taking into account the effect of the
surrounding environment. Moreover, these algorithms make use of ray tracing techniques, therefore
being significantly more complex, but on the other hand are more accurate in areas near the antenna.
In [Oliv06], an approach to exclusion region estimation is presented, considering the EM influence of
the installation structures of the BS antennas.




1.2 Structure of the Dissertation

This work is composed of 5 Chapters, followed by a set of annexes.

Chapter 2 starts by presenting the radio interface of the mobile communication systems, concerning
the techniques of multiple access, BS output powers and frequency bands. Following this, the EMF
behaviour, as well as the description of the relevant parameters that influence the antenna
performance is presented. Then, a classification of BS installations is studied according to its
characteristics. The EM exposure is presented, by examining the reference levels and guidelines for
EMF assessment and measurement established by several international entities. Finally, the
estimation models of the EMF levels and the exclusion regions are described.

All issues related to the implementation of the models can be found in Chapter 3. At the beginning, the
assumptions regarding typical BS antennas and their installations are presented, since they influence
the development of the model. The theoretical models in the EMF estimation used in this work are
described, concerning far-field and the gain-based models. Then, the development of the estimation
model of the EMF radiation levels at any distance to the antenna is presented, by considering three
possible scenarios: outdoor array antennas, omnidirectional (monopole element) and sectorial
(microstrip element) indoor antennas. Finally, these models are developed to estimate the exclusion
region of a BS antenna in the direction of maximum radiation (the frontal border), presenting also a
practical approach to determine all exclusion region dimensions from the frontal border of the
exclusion region. A detailed description of the different program modules is also given, as well as the

discussion of the assessment of the program.

In Chapter 4, the analysis scenarios are identified, according to characteristics of the typical BS
antennas. The studied scenarios take into account the site before and after the introduction of LTE, in
order to verify the changes undergone by the exclusion region. The model results for the exclusion
region are analysed for each scenario, and a set of simulations is discussed in order to understand the
dependence of the exclusion region with the variation of some model parameters. The power
contribution that each mobile communication system triggers over EM exposure, and the analysis of
the need for change/install physical barriers of EM protection, are also analysed. The chapter ends

with the presentation and analysis of the measurements performed.

The Chapter 5 finalizes this thesis, drawing conclusions and suggestions for future work. A set of
annexes with auxiliary information and results is also included. Annex A presents the technical
characteristics of used BS antennas in this work, while the simulation parameters resulting from EMF
estimation for each of these antennas are provided in Annex B. The additional information that
supports the study results is shown in Annex C. The model results in the direction of maximum
radiation are presented in Annex D, and the results for other radiation directions are described in
Annex E. Finally, the Annex F presents the measurement data and characteristics of the analysed

BSs and the surrounding environment.







Chapter 2

Fundamental Concepts

This chapter provides an overview of the GSM, UMTS and LTE, on the radio interface. Antenna
performance, the basic aspects of coverage, and a classification of BS installations are also
discussed. Then, the reference levels and guidelines for EMF assessment and measurement
established by international entities are presented. Afterwards, the EMF estimation models around
antennas are studied, by analysing also the methodologies of exclusion region estimation adopted by
other entities.




2.1 Radio Interface

The basic concepts of radio interface are presented in this section concerning GSM [Molil1l], the
UMTS [HoTo04], [WaSe03], as well as the LTE [3GPP09a], [HoTo09], namely techniques of multiple

access, duplex, BS output powers, and bands of frequency assigned to each system.

2.1.1  Global Systems for Mobile Communications

Frequency Division Duplex (FDD) is used as duplex procedure in GSM. In the first GSM version, the
band assigned to UL was [870,915] MHz and to DL [935,960] MHz. The 1800 MHz band uses [1710,
1785] MHz for UL and [1805, 1880] MHz for DL.

GSM employs a Frequency Division Multiple Access (FDMA) combination with Time Division Multiple
Access (TDMA) for multiple access. FDMA is characterised by dividing the frequency range of UL and
DL sub-bands in a channels with a bandwidth of 200 kHz. To obtain a biggest capacity of users,
TDMA is used for multiple access in each sub-band: due to the timeslot structure, a 200 kHz channel
supports 8 TDMA®&s c,oeach émesslats with 676.92nsa himesldtssin the UL are
shifted by 3 timeslots from the DL onesf or si mpl i fyi ng t he dupleadesgmi tter and

The GSM standard defines 8 classes for the BS Transmitter maximum output power measured at the
input of the BS Subsystem (BSS) Transmission (Tx) combiner. For the micro-BS, the maximum output
power per carrier is measured at the antenna connector after all stages of combining. The range of
these values are presented in Table 2.1. The typical values for MT nominal maximum output power
are in between [22, 39] dBm [ETSI00]. Note that GSM, as well the recent systems, performs power
control in the BS and the MT so that the transmitted power is not always the maximum one, but only

the necessary level for the desired quality in transmission.

Table 2.1 - GSM Base Station maximum output power classes [ETSIOQ].

GSM BS maximum output power [dBm]

Macro-cell Micro-cell Pico-cell

[34,58] [9,32] [13 23]

2.1.2  Universal Mobile Telecommunications Systems

The air interface technology used by UMTS, Wideband Code Division Multiple Access (WCDMA), is a
wideband Direct-Sequence Code Division Multiple Access (DS-CDMA) system that spreads the




spectrum of the transmitted signal of user data by a chips sequence derived from CDMA spreading
codes (PN binary-value sequence). The codes are orthogonal to each other to reduce interference
between users. However, with the increasing number of users in the same band, the quality of the
channel decreases. This is due to the limited orthogonal code numbers and the influence of signal
propagation with the increase of users, enlarging the interference between users. WCDMA has two
operation modes: FDD and Time Division Duplex (TDD). Nowadays the TDD mode is not used, and

only the FDD mode is implemented.

In Portugal, as well as in the rest of Europe and Japan, UMTS-FDD uses frequencies in [1920, 1980]
MHz for UL and [2110, 2170] for DL. The chip rate of 3.84 Mcps provides a regular carrier spacing of 5
MHz, with a bandwidth of 4.4 MHz. The network operator can implement a carrier spacing for any
multiple of 200 kHz to increase capacity. UMTS supports highly variable data rates, although user
data rate is kept constant during each frame for 10 ms, and the each user6 data rate can change from
frame to frame. UMTS has typical values for the BS transmitter maximum output power, Table 2.2.

Typical values for the MT nominal maximum output power range in [21, 33] dBm [ETSIO6].

Table 2.2 - UMTS Base Station maximum output power [Bena02], [Optil2].

UMTS BS maximum output power [dBm]

Macro-cell Micro-cell

[40,46] [30,33]

2.1.3 Long Term Evolution

In LTE, the radio interface is described in both frequency and time domains, thus, the resources are
assigned in a flexible manner to users, and different users can have different data rates. Regarding
the time domain, the structure defines frames, slots and symbols. There are two frame structure types:
type 1 uses FDD/TDD, whereas type 2 uses TDD mode. This thesis only considers type 1, because

this structure is optimised to co-exist with UMTS.

ETSI and 3GPP specified together frequency bands that can be allocated to fourth-generation
systems: 17 bands for the FDD mode, and 7 bands for the TDD one. In Europe, it is foreseen that
some operators will migrate from GSM to LTE, for the FDD mode, assigning the bands [880, 915] MHz
to UL and [925, 960] MHz to DL; [1710, 1785] MHz (UL) and [1805, 1880] MHz (DL). It is also
foreseen that LTE operation in the FDD mode in Europe will use the bands [815, 830] MHz (UL) and
[860, 875] MHz (DL), [1920, 1980] MHz (UL) and [2110, 2170] MHz (DL), [2500, 2570] MHz (UL) and
[2620, 2690] MHz (DL).

In Portugal, the regulatory authority for the communications sector, ANACOM, auctioned the
assignment of rights of use of the bands 450 MHz, 800 MHz, 900 MHz, 1800 MHz, 2.1 GHz and 2.6




GHz. For the three winner operators were assigned a total of 60 MHz, 84 MHz and 145 MHz
respectively in the bands of 800 MHz (LTE800), 1800 MHz (LTE1800) and 2.6 GHz (LTE 2600).
According to the statement issued by an operator, the spectrum in the 800 MHz band ensures a better
coverage in areas of lower population density, while the higher frequency bands will ensure high

network capacity in urban areas [OPTI11].

The physical layer supports the following multiple access schemes: Single Carrier Frequency Division
Multiple Access (SC-FDMA) on the UL, and Orthogonal Frequency Division Multiple Access (OFDMA)
on the DL.

OFDMA consists of achieving the orthogonality between the different sub-carriers, therefore the
transform between time and frequency domains is necessary, which is implemented with the Fast
Fourier Transform (FFT) and the Inverse Fast Fourier Transform (IFFT). The sub-carriers spacing is
15 kHz independently of the total transmission bandwidth. LTE resorts to the concept of cyclic prefix
(CP) to combat inter-symbol interference and reduce the complexity of the equaliser. The CP is the
final part copy of the symbol which is copied and attached to the beginning of the symbol. The biggest
time unit used for transmitting information is a 10 ms frame that is divided into 20 slots of 0.5 ms, and
the smallest unit for transmission in DL is designated as Resource Element (RE), which is one symbol
on one sub-carrier. To allow the access of several users to the available bandwidth, minimum units of
allocation are distributed among users: Resource Blocks (RBs). For a normal CP, an RB is composed
of 12 contiguous sub-carriers and 7 consecutive OFDMA symbols in the slot duration. Therefore, a RB
has 84 REs (12 sub-carriers x 7 symbols) per slot in the time domain and 180 kHz (12 sub-carriers x
15 kHz sub-carriers spacing) in the frequency one. Using extended CP is analogous to the previous

case, but instead of 7 OFDMA symbols in a slot, an RB has a 6 consecutive OFDMA symbols.

The amplification techniques used in OFDMA systems cause an excessive energy consumption,
which makes its use difficult in mobile terminals coming from battery constraints, essentially due to
power back-off requirements. This is one of the main reasons that the SC-FDMA is used in UL. SC-
FDMA signal generation is similar to OFDMA, but the information is modulated only on to one carrier,
i.e., each data symbol is represented by one wide signal. The CP is also added periodically in UL. For
a normal CP, in a slot there are 7 SC-FDMA symbols, whereas for extended CP there are 6 SC-FDMA

symbols per slot.

The adopted packet-based transmission scheme has maximum efficiency, since there are only shared
channels. The system bandwidth is scalable, with values from 1.4 up to 20 MHz, with change the

parameters FFT length, sampling rates sub-carrier spacing, among others.

LTE specifies the BS maximum rated output power (PRAT), Table 2.3. PRAT is the mean power level
per carrier that the manufacturer has declared to be available at the antenna connector [ETSI11a].

The Typical values for MT nominal maximum output power are in [21, 33] dBm [ETSI11b].
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Table 2.3 - LTE BS maximum rated output power [ETSI11a].

Cell type Maximum PRAT [dBm]
Macro-cell A
Micro-cell 38
Pico-cell 24
without transmit diversity or MIMO 20
Femto-cell
with transmit diversity or MIMO 17

“There is no upper limit required for the rated output power of the Wide Area Base Station like for the base
station for General Purpose application in Release 99, 4, and 5.

2.2 Base Stations

This section gives a brief interpretation of the EMF behaviour with the distance to the BS, as well as
the description of the relevant parameters that influence the performance of an antenna. Finally, a
study is presented concerning the classification of BS installations according to their characteristics,
based on [OFRCO05].

2.2.1 Radiation Regions

According to the behaviour of EMF, the space surrounding an antenna may be divided into three
regions: reactive near-field, radiating near-field (or Fresnel), and far-field (or Fraunhofer) regions,
Figure 2.1. Although the boundaries between regions are established, abrupt changes do not occur in
the field configurations when these boundaries are crossed. These limits are not unique, using various
criteria to establish its value, in accordance with the perspective and tolerance necessary for the
project [Bala05], [Capp01].

The expressions that delimit these regions suggested by [CENEO0Z2] are the following:
1 Reactive near-field region: d < 1/4;
1 Radiating near-field region: 1/4 < d < 2D?/1;
1 Far-field region: d > 2D?/;
where:
1 d: Distance from the antenna to the point of investigation;
1 A: Wavelength of the EM wave;

1 D: Largest dimension of the antenna.

The reactive near-field region is the region closest to the transmitting antenna; the reactive

characteristic of the field is predominant with a field decay of d=3 [Bala05], where a certain amount of
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oscillating energy flow is trapped near the antenna due to the reflector effect of the imaginary surface
of this field region [Krau88].

Far-field

Radiative
Near-field

Reactive
Near-field

4

1 1
A _2-D?
g 4 dg= y)

Figure 2.1 - Boundary regions of the radiation fields existing around an antenna [OFRCO5].

In the radiating near-field region, also entitled Fresnel region, radiation fields are predominant with a
field decay of d=2. The radial field component may be significant and the angular distribution of the
field depends on the distance from the antenna. In this region, the shape of the field pattern is a
function of the radial distance for most antennas. The radiating near-field region may not exist if the

maximum dimension of the antenna is not larger than the wavelength [Bala05].

The Far-field region is sometimes referred to as the Fraunhofer region, where the plane-wave model is
a good approximation, the measurable field components being transverse to the radial direction from
the antenna and all energy flow being directed radially outward [Krau88]. In the expressions that
describe the field, the dominant term is d~!. The field pattern of the antenna in this region is

independent of the radial distance.

The field strength in this region may be described by simple expressions from Maxwell's equations, in
which the Magnetic (H) and the Electric (E) field strength may be related by the characteristic
impedance of free space (120A) or by Power density (S) [Chen89]. Thus, it is necessary to make only
a measurement to know the two components of the EM fields, E and H. For the radiating near-field
region, E- and H-field measurements are directly interrelated by the free space characteristic
impedance, while in reactive near-field region, electric and magnetic fields should be separately

estimated to determine the field impedance and power density [OFRCO05].

2.2.2 Coverage Types

Most of the main antenna characteristics can be taken from the antenna radiation pattern, which is a

graphical representation of the spati al di stri
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space coordinates. The important characteristics that can be taken are bandwidths, power flux
density, phase, directivity, radiation intensity, polarisation, among others [Bala05]. Manufacturers of
antennas usually provide only the vertical and the horizontal planes of the radiation pattern.

In the structure of an antenna pattern, the major Iobe is the part of energy radiated in direction of
maximum radiation, typically being the desired direction for communication [Krau88]. There are also a
series of lobes smaller than the main one, the minor lobes, which should be minimised since they
represent radiation in undesired directions [Bala05]. As the radiation pattern is often determined in the
far field region, changes may occur when analysed outside this region. The radiation pattern begins to
smooth and form lobes when the distance between the antenna and the observation point decreases
[Bala05]. The infrastructure where the antenna is installed can also influence the radiation pattern
[OFRCO05].

BS antennas may be divided into two types: omnidirectional (Omni) and sectorial antennas. The
omnidirectional antennas radiate horizontally in every direction, while sectorial ones are directional
antennas with a sector-shaped radiation pattern, Figure 2.2. These antennas allow the reduction of
interference and its transmitted power is many times stronger in the intended directions compared to
an Omni antenna, being ideal to cover high traffic density areas. In the vertical direction, the antenna

lobe tends to be fairly narrow, using the downward tilt for greater area coverage, [BFHMO02].

(@) Omni antenna. (b) Sectorial antenna.

Figure 2.2 - Omnidirectional and Sectorial antenna radiation patterns based on [BFHMO02].

Directivity is another parameter that can be obtained from the analysis of the antenna radiation
pattern. The gain of the antenna is closely related to the directivity, being an important measure of the
performance of an antenna, since it indicates how efficiently the antenna converts the power available
at its input terminals to radiated power, taking its directional capabilities into account [StuT98]. In
Table 2.4, typical gain values used in mobile communication systems and for typical bands used in
Portugal are presented, in accordance to [Andrl12], [Allg12], [JAYB12] and [KATH12a]. For LTE, the
values of the gain are only shown in the bands of 800 and 2600 MHz, because these bands are the

assigned in Portugal.

The polarisation of an antenna is an important property, since it describes the orientation of the
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electric field of the wave radiated by the antenna in a given direction of propagation. The direction of
interest is typically the one with maximum gain, in which the polarisation is determined in the far-field
region, where plane wave behaviour exists [StuT98]. The polarisation may be classified as linear,
circular or elliptical. In cellular communications, the antennas are usually vertically or double (x45°)

polarised, getting the best polarisation diversity gain results [KATH12b], [KATH12c].

Table 2.4 - Typical antenna gain values based on [Andr12], [Allg12], [JAYB12] and [KATH12a].

Antenna G LIE
Gain [dBi] o UMTS
yp 900 MHz | 1800 MHz 800 MHz | 2600 MHz
Omni [2, 7] [2, 7] [2,7] [2,7] [2,7]
Indoor
Directional 5, 7] 5, 7] 5,7] 5,7] 5,7]
omni [2, 11] [2,11.8] 2, 11.8] 2, 11] 2, 11]
Outdoor
Directional [5, 22] 5, 24.2] [2.9,242] | [2.9, 19.3] 8, 19.5]

The polarisation characteristics of an antenna remain relatively constant over its main beam, but not
over its side lobes. Another important feature of an antenna polarisation is its reciprocity: an antenna
responds best, with maximum output, if the incident wave has the same polarisation than receiving
antenna, as regards the axial ratio, sense and spatial orientation, i.e., if there is polarisation matching
[StuT98].

LTE supports MIMO, which allows significant improvements in the performance of the
antenna/system. MIMO takes advantage of OFDM and multipath propagation, using multiple antennas
for a single user, providing higher data rate, and spectral efficiency improvement, since MIMO does
not consume extra radio frequency [Molill]. From the viewpoint of EM exposure, as an LTE antenna
can have sever al thaskelehentseduserar additomal increase in the levels of the
radiated field.

2.2.3 Classification of Base Station Installations

The surrounding environment influences the installation of antennas in such a way that in deployment
of the cellular network has to take into account the factors that influence the choice of the site and the
infrastructure that supports the antenna. Some of these factors are the requirements of the coverage
and capacity, interference, terrain type, rural or urban environment, building structure and existence of

obstacles, among others.

For the purpose of the study of human exposure to EMF from BS antennas, it is advantageous to
classify installations with the same characteristics, and to identify the typical parameters of these

typologies as antenna characteristics, technologies, number of carriers and transmitter maximum
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output levels. Table 2.5 presents a common classification of BS antennas installations according to

the coverage range, since low traffic density areas, like rural environments, are served by large cells,

while areas with high traffic density (urban environments) are covered by small ones, [OFRCO5].

In [OFRCO05], another classification is suggested, according to the type of infrastructure supporting the

antenna and the involving environment, Table 2.6. This classification allows a more precise

characterisation of each configuration, being more suited for the estimation of exclusion zones around

BS antennas.

Table 2.5 - Classification of BS antennas installations according to coverage range [Oliv06].

S Description
Cell type range
Large | 37 30km | Used to serve either rural or suburban environments, where the
density of BSs is small due to low traffic density; antennas are
Macro typically installed on high masts, top of high buildings or other
structures, using high-radiated power levels to allow a wide coverage
Small | 0.57 3km | area. Propagation is typically over rooftops.
Provide coverage in urban areas, where requirements in terms of
capacity are rigorous due to high traffic demand; antennas are
strategically installed in small towers, top of lower buildings or
Micro 501 500 m | facades. Characterised by radiating medium power levels in order to
satisfy the capacity demand in a restricted coverage area, and to
avoid interference with neighboring cells. Propagation is typically
below rooftops.
= Used to increase Indoor coverage, where demand is very high;
' ew tens of ; ; i - o
Pico meters antennas are typically installed on walls and ceilings inside buildings

for the coverage of small areas, requiring lower power levels.

Table 2.6 - Classification of BS antennas installations according to coverage range extracted from

[OFRCO05] and [Optil12].

Denomination Cell type Environment Installation type Antenna height [m]
Rtower Macro-cell Rural, Tower, Mast, Wat~er 20-50
Suburban sump, i Tr

Uroof Micro/Macro- Roof-top 2-5**
Utower cell* Urban Tower 20-40
Ufacade Micro-cell Building facade 3-10

Upole Light pole or other 3-5

Iceil . - Ceiling

wall Pico-cell In-building Walls 2-3

* The cell type will depend on the coverage area
** Height from the roof top

Regarding the number of transmitter (Tx) and receiver (Rx) antennas, in regions with a relatively low
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number of users, an Omni BS is typically used, requiring one Tx/Rx antenna (or even two in case of
diversity in RX) per communication system. The usual configuration of BS antennas in high traffic
density areas consists of three sectors of 120°. A sector is interpreted as a cell and consists of one
Tx/Rx antenna (or two diversity case) per system. For the study of human exposure to EMF, one must
take into account the cumulative impact of these co-location systems, as well as the energy radiated
by BS antennas of other operators that share the same installation infrastructure. The sharing of sites
and infrastructures is a common practice used by operators, due to the difficulty in finding new
available sites, to reduce costs and to minimize the visual impact. Due to the need for higher bit rates,

cells tend to have smaller diameters and with very directional antennas.

2.3 Electromagnetic Radiation Exposure

The increasing number of users of mobile communication systems, and the consequent densification
of mobile networks has caused anxiety among general public about the biological effects of radiated
EMF in humans. The potential EMF effects on health are related to the levels of energy of the field
source, i.e., frequency. In this section, are presented a discussion on biological effects of EMFs and
an overview on the guidelines established by international entities for EMF assessment and protection

against harmful radiation levels for health.

Mobile communications use part of the EM spectrum corresponding to the radio frequency (RF) band,
3 kHz to 300 GHz, i.e., non-ionising radiation. Despite the non-existence of molecular changes as the
genetic effects associated with exposure of lonising Radiation (frequency radiation above 2.4 THz),
other biological effects may occur when non-ionising radiation interacts directly with living tissues.

Note that the biological effect may or may not cause a potential harmful effect in the health.

Two potential types of biological effects are associated to RF: thermal and non-thermal effects.
Thermal effects consist of the increase of tissue temperature resulting from the absorption of energy of
the radiated field. Damage can occur if the level of heating exceeds the natural capacity of the body to
dissipate this excessive energy. This short-term biological effect is well-understood and quantifiable,
so it is possible to make measurements and studies aiming to determine the relation between the RF
energy absorbed by all or a part of the human body and the corresponding increase of temperature.
The restrictions for exposure may be established from thermal effects to ensure human safety
[OFRCO05].

Regarding to the non-thermal effects, in 1998, the publication of the International Commission on Non-
lonising Radiation Protection (ICNIRP) guidelines for limiting exposure to EM fields, [ICNI98], referred
that the works presented in the relevant literature on human reproductive effects, tumors and cancer
risk, minor reduction in heart rate or retinal damages as potential health effects associated with EM
exposure, are inconclusive. The studies provided no evidence of these adverse effects, since the

results are based on a small number of samples, and due to the inability to reproduce satisfactory
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results of the in-vitro experiments obtained in laboratory.

Several scientific reviews and health hazard assessments in the following years have been
undertaken, such as [COSTO00], [ICNIO1] and [WoHOO02], which strengthen the idea about the lack
of scientific evidence of such effects, although the technology can be too recent to rule out possible
long-term effects. Some scientific data suggests minor effects of mobile phone usage including
disturbance on the sleeping cycle, changes in brain activity and reaction times. However, these results
are quickly refused, because they appear to lie within the normal bounds of human variation. In 2004,
new epidemiologic studies did not provide a consistent evidence of a causal relation between EM

exposure and any harmful effect in health, due to the deficiencies presented by these works [ICNI04].

In 2009, ICNIRP published a statement on the guidelines presented in 1998, [ICNI09], where they
conclude that the guidelines do not need an immediate revision and they reaffirm the lack of evidence
for relationship between non-thermal effects and EM exposure. However, new scientific data of recent
research programs need to be assessed with respect to possible health risks. The in vitro and animal
studies are rather consistent overall and show that such effects are unlikely at low exposure levels.
The analysed epidemiological studies indicate that the risk of head cancer after exposure does not
increase with the use of cell phones during 10 years after the first use. Regarding the effects
associated to the use of mobile phones, the review [ICNI11] presented the same conclusions,
although there are few data on risk of childhood tumors or for other periods of exposure duration.
Therefore, the performed researches cannot in principle prove the complete absence of any non-

thermal effect, so more data are needed to overcome several gaps found in these studies.

Protection should be afforded to anyone exposed to radiation from mobile communication systems, in
particular, from BS antennas, since in this case exposure is involuntary. Although RF exposure is far
higher for mobile phone users than for those who are near BSs, the BSs are continuously transmitting
signals [WoHOO02]. International and national entities have established safety thresholds that define
the maximum allowed values for the levels of the radiation exposure of the human body. Mobile

operators have to comply with these restrictions, established in the respective country.

As seen previously, safety levels may be defined according to thermal effects, since these are
guantifiable, being based directly on established health effects. The parameter that quantifies the
radiation absorbed by the body in RF frequencies is the Specific Absorption Rate (SAR), which is the
rate at which EM energy is absorbed by unit of tissue mass, being expressed in units of Watt per
kilogram of exposed tissue [W/kg]. The values of SAR depend of the incident field parameters, the
characteristics of the exposed body, ground effects and reflector effects. The measurement of SAR

implies making measurements inside the body, so it is not an easy procedure.

Two classes of guidelines are defined: basic restrictions or safety levels, and reference thresholds
[ICNI98]. Basic restrictions are established from thermal effects caused by exposure to EM radiation,
using SAR as physical quantity. Reference thresholds are a practical exposure assessment, since
they are specified from the basic quantities that can be easily measured outside the body, such as
electric field strength (E), magnetic field strength (H), magnetic flux density (B,,), power density (S),
and currents flowing through the limbs. Whenever a measured or calculated value does not exceed
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the reference threshold the safety level has not been exceeded. On the other hand, it does not
necessarily follow that the safety level will be exceeded if the reference threshold is exceeded. This

situation requires additional measurements to verify the compliance with the safety levels.

The basic restrictions and the reference thresholds are established for two distinct population groups:
occupational and general public. The occupational population is the group of adults exposed under
known conditions, typically in professional situations, which are trained to be aware of potential risk
and to take appropriate precautions to minimize or avoid exposure. The general public consists of
individuals of all ages and of varying health status, including sensitive groups as children or elderly

people. Exposure restrictions are more stringent for the general public than for the occupational one.

Most European countries, as Portugal, adopted the exposure thresholds established by the European
Union Recommendation for general public [COEU99] and occupational exposure [COEU04], based on
ICNIRP guidelines [ICNI98]. These guidelines have been developed from immediate health effects
hence long-term effects are poorly assessed. These short-term effects are stimulation of peripheral
nerves or muscles, shocks and burns indirectly induced in metal objects exposed to radiation, and
elevated tissue temperature due to absorption of energy of the EMF exposure. The Institute of
Electrical and Electronics Engineers (IEEE) also issued a recommendation [IEEEOQ5] to prevent
harmful effects due to exposure of EMFs in the frequency range from 3 kHz to 300 GHz, in which the
maximum exposure limits are also based on prevention of short-term effects. The recommendation
presents a basic restriction for particular areas of the body and for whole body, and maximum

permissible exposure values, which are the limits derived from the basic restrictions.

For the frequency ranges of interest in this work, reference thresholds for general public are presented
in Table 2.7 in accordance with ICNIRP guidelines. Basic restrictions were applied to reference
thresholds for occupational exposure with the objective of obtaining reference thresholds for exposure
of the general public. For the analysed frequencies, the E, H, B and S values are evaluated over the

entire body, and these values must be measured, averaged over any 6-minutes period.

Table 2.7 - Reference levels for general public exposure (unperturbed RMS) [ICNI98].

Reference Frequency
range, f E [V/m] H [A/m] B,[ €T]l S[Wm?
levels
[GHZz]
Gpeunb?ircal 0.4-2 1.375f,/7 1 | 0.0037f,/% . | 0.0046f/% | fiuuz/200
exposure 2-300 61 0.16 0.20 10

ICNIRP guidelines also establish peak power limits: for frequencies exceeding 10 MHz, the field
strength should not exceed 32 times the value given in the table, or S should not exceed 1,000 times

the restrictions.

In circumstances of simultaneous exposure to fields of different frequencies, these exposures are
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additive in their effects, so it is possible to analyze separately each radiated exposure for different
frequencies. For the relevant frequencies in this work, the following requirements should be applied to
the field levels:

300GHz 2
E

o<1 2.1)
Eref,i

i>400MHz

and

300GHz gy 2
] <1 (2.2)

H. ..
j>a00MHz "€
where:

E;: Electric field strength at frequency i;

E,.r;: Electric field reference level from ICNIRP guidelines at frequency i;

1
1
1 H;: Magnetic field strength at frequency j;
1

H,.r ;. Magnetic field reference level from ICNIRP guidelines at frequency j;

2.4 Exclusion Zones

From the need to restrict public access to places where the levels of radiation can cause harmful
effects to health derived to the concept of exclusion zone. It is defined as a region around radiating
elements where the general public is prohibited to enter, since the reference levels may be exceeded
inside it. With the aim of estimate the dimensions of the exclusion zones around BS antennas, the
models to the assessment of EMF levels are described in this section. In addition, the methodologies

taken by some entities for estimating exclusion zones are also presented.

In order to determine the dimensions that define an exclusion zone, the value of E, H, or S should be
known in the vicinity of the BS antennas. One of the methods to obtain these electromagnetic
guantities radiated by an antenna is through measurements, as shown in [CENEO2] or [ECCCO07].
The measure procedures has the particularity to depend on the used antennas, and consume too

much time.

Complex simulations are also used to estimate the field strength by an antenna, and require a good
knowledge of the software tools. Simulations also need powerful equipment and quite an extensive
computation time, therefore not being effective to reach quick and precise results [OFRCO05].

As an alternative to the measurement procedures and simulations, models may be used to obtain a
prediction of the radiation levels. There are simple models in the literature that are very accurate,
being a good way to estimate exclusion zones [OFRCO05]. Next, a literature overview on these

methods is presented.

19



As addressed in Section 2.2, the radiated EMF has a distinguished behaviour according to the
distance to the antenna, and there are three EMF regions. The radiation levels of the far-field region
may be estimated by a simple model, the far-field model [CENEQZ2], which over-estimates the field
strength if it is used in the radiating near-field region. It does not take into account the dimension of
the antenna, and the influence of the environment is neglected. This model estimates the root-mean-
square (RMS) value of S at a distance d, from the antenna to the observation point, depending on the

values of the 1 imput power, gain (G) and largest dimension of the antenna D.

A flexible and rigorous procedure to verify if the European Council (EC) recommendations thresholds
are not exceeded in the vicinity of a BS is described in [MFRLO2]. This model defines a set of simple
formulas that are sufficient to estimate the exclusion zone and the S value near the BS antenna
located in free-space areas, as a rural environment that has no obstacles within the exclusion zone,
being valid for distances greater than 1 2. For situations like a BS in an urban environment, with many
scattered objects within the exclusion zone or where two or more BSs are located on the same site,

additional measurements of radiation levels should be performed.

The previous model defines the concept of exclusion zone for a BS antenna (collinear array of half-
wave dipoles) as the surface of an imaginary cylinder that extends from the bottom of the lowest
element to the top of the highest one. Limits for the top and the bottom of the cylindrical exclusion
zone (Dyopand Dyoerom, respectively) are defined at the expense of the maximum distance of the
cylindrical exclusion zone D,,,,. When a downtilt 8,,is used, the exclusion zone accompanies this
inclination and the expressions for these dimensions suffer a correction according to the downtilt.

For a BS with several sector antennas, the total exclusion zone may be defined by the added
composition of truncates sector cylinders of the individual exclusion zones, being important to define

the limit for the back of the cylinder D, Figure 2.3.

The far-field approximation model described in [MNMV02] allows a good prediction of the EMF levels
very close to a BS antenna, where the far-field model can be typically over-estimated for these values.
The results are presented in the finite-difference time-domain (FDTD) being compared to simple
expressions based on cylindrical and far-field approximations for the determination of the exclusion
zones. The approximate average value expression near the array formulated by the model is valid for
d > D? 4.

Although this model is applicable to a smaller distance from the antenna than the far-field model, for
distances above 2D?/e-,the far-field approximation model always over-predicts the real value of
exposure levels. In this case, the far-field model gets more accurate results, since it is applied to the
given distance [OFRCO05].

Another possible way to estimate the EMF radiated around BSs is the far-field-gain-based model
proposed in [BiGi99] which is applicable in near and far regions of antennas, for distances above 3.
To obtain a good estimate of the radiated near-field, this method adopts the gain function of the
antenna from the far-field pattern. The method considers the BS as a uniform array antenna, and the

radiated EMF in the near field region is a combination of the far-field radiated by each element of the
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array.

(b) Top view.

Figure 2.3 - Cylindrical exclusion zone for a sectored base station [MFRLO2].

The obtained field level values with this model were compared with results of Numerical
Electromagnetic Code (NEC) simulations and with measured data, and a good agreement among
them has been shown. The method is fast and efficient, but does not consider the influence of

environment topology, e.g., the effect of buildings in the urban environment, on the radiation levels.

In [ABDKO0Z2], two accurate models for analysing BS panel antennas are presented, which may be
adapted for human exposure assessment and for verification of compliance with recommended
threshold values: the synthetic and the gain-based models.

The synthetic model describes the radiated near field of the full array antenna by way of the
superposition of contributions of the radiated field of unit cells of the panel antenna. The model
revealed to be very accurate for distances above A from the antenna, compared with a full-wave
analysis of the antenna.

The gain-based model is derived from the synthetic model, by computing and storing the gain pattern
of one single cell for all angles and avoiding a full-wave analysis of the entire antenna. So the radiated
near-field of the antenna is approximated to the sum of the far-field contributions, in amplitude and

phase. The model requires a short computation and a small memory storage, allowing a reasonable
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approximation of the near field at a distance of about 2.

Due to the limitations and complexity found in most of the full-vectorial EM algorithms, a rigorous
hybrid prediction model is described in [BCFF99] and [BCDFO02]. It offers a fast evaluation of field
strength and takes into account the effect of the surrounding environment, combining three different
propagation models to be used in different spatial regions around the antenna. These regions
correspond to the near-field region of a single antenna element, the intersection between near-field
region of the whole antenna and the far-field region of each element, and finally, the far-field region of
the whole antenna. This algorithm defines the exclusion zone as a parallelepiped volume around the

antenna, symmetrical with respect to the maximum radiation direction.

The near-field region of a single antenna element is defined by d « A, the spherical waves triples
model [Sche43] being chosen as prediction model. This rigorous method consists of evaluating the
exact value of the electrical field radiated by a dipole as the sum of the fields radiated from three
different point-sources of spherical non-uniform waves located in the middle and at the extremes of
the dipole. Although this model is applicable in the far-field region, the hybrid prediction model does
not account for the influence of surrounding objects, so it is limited to receiving points very close to the

antenna.

For the region corresponding to the intersection between the near-field region of the whole antenna
and the far-field region of each element, d > 1 and d < 2D? ], the combination of the sub-element
radiation pattern antenna model with a ray-tracing propagation tool is used [CGLM99]. The ray-tracing
al gorithm defi nes pr pafloaiggatheireproduction of fine muytipabh,effect Hue ®©
obstacles near the antenna. The total field radiated is obtained as the sum of all different contributions
(transmission, reflection and diffraction) originated from each single antenna element, assuming that

these elements are independent non-uniform spherical sources.

The ray-tracing propagation tool is also used in the far-field region (d > 2D? 1) with the purpose of
taking into account the effect of the reflections and diffractions due to the presence of surrounding
buildings or other objects near the antenna. Assuming that the antenna is seen as a single source, the
total field is given by the vectorial sum of all the contributions of the transmitted, reflected and
diffracted rays. It is necessary to describe obstacles by its EM properties, and consider that these
properties are homogeneous on the whole volume of the obstacle. If the antenna is located in an open
area where the influence of buildings can be neglected (distances greater than 60 m), a simple free-
space propagation formula established in [Gree90] and [Pars92] describes the electrical field level
according to the hybrid prediction model. This approach used in the far-field region can be used for

lower distances when the aim is to analyze the worst-case.

After the comparison of the model results with measurements, it is concluded that environment factors
can affect the field strength levels: the value in real cases can be quite higher than the field intensity
obtained with the free space approach. The relationship between EM exposure and the radius of the
cell is another interesting conclusion: in micro-cellular deployments, the reduction of cell size usually
translates into a better distribution of field intensity, and consequently, in to a reduction of the
exposure peaks and of the safety limit problem.
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When it is intended to analyze field exposure levels at a certain distance from the antenna, or more
specifically, identify a precautionary volume around BS antennas, the definition of a methodology

based on the models found in the literature is convenient, as the previously presented ones.

In [OFRCO05], a simple and precautionary approach to the estimation of exclusion zones around typical
GSM and UMTS BS antennas installations is suggested. According to the classification used in Table
2.9, three different scenarios were considered to find agreement in the results in similar types of
antennas. The installation scenarios chosen were Rtower/Utower, Uroof and Iceil. Also there was the
concern of gathering antennas parameters from different sources with the purpose of obtaining typical

results.

As in the cylindrical exclusion zone model [MFRLO2], the exclusion zone is interpreted as an
imaginary surface with a cylindrical shape around BS antennas, Figure 2.4. Using a simple model, the
distance value of the exclusion zone is determined in the direction of the main lobe of the antenna, for
the worst case scenario, Dy,,,. This distance can be determined by estimating the distance from

antennas where the power density or field strength value equals the reference thresholds.

a=Dron
=D,
C= D_y,‘( le
d=D top

|
i L“‘«-‘_i d -
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Figure 2.4 - Representation of an antenna exclusion region (extracted from [OFRCO05]).

For the antennas that are not omnidirectional, the distance values for the other directions of the
exclusion zone are calculated based on the D,,,, value, applying correction factors. For the limits for
the side and back of the exclusion zone (D, and D,,.., respectively), the correction factors are
determined from the typical antennas characteristics found in the antennas catalogues. The correction
factor value for the antenna sides is -10 dB, since this value is the typical one for a 130° beam width.
The value of -15 dB is used as the correction factor for the back, because it corresponds to the relative
value of the second biggest radiation lobe. For the top and bottom (D¢, and Dy,¢sm, respectively), the
used value is the correction factor presented in [MFRLO2]: 0.3 (in linear units). The use of downtilt 8,,
is also taken into account, using the expressions proposed by [MFRLO2].
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The far-field approximation model is used, [MNMV02], to ensure the simplicity of the method. Although
the far-field model [CENEO2] is relatively simpler, the validity distance of d >2D?/1 limits the
calculation of exclusion zones, since the power density for d = 2D?/A, assuming the worst case, is
around 20 times below the threshold values established by ICNIRP [ICNI98], so the exclusion zone
will be smaller than 2D?/A. Thus, the far-field approximation model gets results at a much closer
distance from the antennas, with minimum valid distance equal to D? 44, 8 times smaller than the far-
field model.

The results obtained for the Iceil scenario show that for the minimum valid distance of the far-field
approximation model, the results are above the threshold values, while for Rtower/Utower and Uroof
scenarios, the results are still below them. Therefore, this methodology takes a preventive attitude: the
exclusion zone value is given by this model, or if the obtained distance value is not valid, the exclusion

zone is given by the model minimum valid distance, D? 4A4.

In typical situations, for the Iceil scenario, front borders obtained of an exclusion zone ( Dy,,,:) are
around 0.2 m for GSM 900 antennas and 0.1 m for GSM 1800 and UMTS. For Rtower/Utower and
Uroof scenarios, the results obtained are around 3 m for GSM 900 and UMTS, while for GSM 1800,

the results are around 5.8 m, Table 2.8.

Table 2.8 - Exclusion zone front borders for various scenarios [OFRCO05].

Rtower/Utower Uroof Iceil

Dfrone lind . . . . . 4
1 carrier | 4 carriers | 1 carrier | 4 carriers | 1 carrier ST
GSM900 3.00 4.18 2.94 4.17 0.18 0.72
GSM1800 5.87 5.87 5.75 5.75 0.09 0.36
UMTS 3.07 3.07 3.07 3.07 0.08 0.32
GSM900/GSM1800 5.87 5.87 5.75 5.75 0.27 1.09
GSM900/UMTS 3.07 5.59 3.07 5.58 0.26 1.05
GSM900/GSM1800/UMTS 5.87 6.86 5.75 6.87 0.35 1.41

Scenarios with the cumulative of four carriers in each system were also studied, presenting a small
increase in exclusion zones dimensions for the Iceil scenario and for GSM900. In the other scenarios,
the results do not suffer practically variations, because the obtained distances remain smaller than the
validity of the model.

For the co-location of networks with the existence of 1 and 4 carriers per system, the following
scenarios were considered: GSM900/GSM1800, GSM900/UMTS and GSM900/GSM1800/UMTS. For
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the Iceil scenario, exclusion zones obtained increased a bit, mainly for a case of co-location of three

systems. The highest result is in co-location of three systems with 4 carriers in each one.

This methodology is adopted by Portuguese operators, but different procedures are taken in other
countries and entities. The hybrid prediction ([BCFF99] and [BCDF02]) is adopted by ARPA, the

regional agency for environment protection of Emilia-Romagna in Italy.

French operators follow the report published by the Ministry for Health and Social Security [MSPSO01].
This guideline defines the security perimeter around BS antennas for different BS types, from its
installation characteristics, type of cell, output power and numbers of antennas in same site. The front
border of the exclusion zone varies between 0.3 and 4.5 m for typical antennas and radiated power.
For sensitive areas, as hospitals, schools grounds or kindergartens, a specific exclusion zone is

defined with a value of 100 m.

In the United Kingdom (UK), the National Radiological Protection Board (NRPB) issued the
recommendation that defines the values for exclusion zones in the range 10 to 15 m for large macro-
cell BSs, in the direction of the main lobe of the antenna. For micro-cell BSs with radiating power
around 1 to 2 W, exclusion zones have values much smaller than macro-cells [OFRCO05]. In
[RaWh9g], the Independent Expert Group on Mobile Phones (IEGMP) has an interesting opinion: most
BSs are surrounded by perimeter fences, and exposures at the boundary of these fences are
approximately 300-fold lower than the ICNIRP reference levels in GSM and UMTS. Masts often also
carry line-of-sight microwave communication dishes, in which the exclusion zones typically do not

extend beyond the mouth of the dish.

2.5 Measurement of Electromagnetic Radiation

In order to evaluate compliance with thresholds for human exposure, or to validate models of EMF
strength estimation, measurements of the EMFs around BS antennas should be performed. The
definition of measurement procedures is essential in such a way that the results are replicated, and it
is possible to compare different measurement values. In this sense, the measurement

recommendations issued by international entities are an important tool.

The CENELEC issued a reference and alternative methodologies for measurement of EMF strength
and SAR in EN 50383 standard, [CENEO2]. This basic norm is valid in the 110 MHz to 40 GHz
frequency range and can be used to establish the compliance boundary, applicable to each antenna
region. The field measurements can be obtained by surface or volume scanning. Table 2.9 shows the

reference methodology which is the best evaluation technique, and two alternative techniques.

The recommendation ECC/REC (02)04, [ECCCO07], from Electronic Communications Committee
(ECC) within the European Conference of Postal and Telecommunications Administrations (CEPT)
specifies a measurement method to assess non-ionising EMF levels with the view to compare against

the limits for human exposure, in the frequency band from 9 kHz to 300 GHz. This recommendation
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was applied by most European Telecommunications Administrations, as the ANACOM [ANACO7].

Table 2.9 - Methodologies established by EN 50383 standard [CENEO2].

Reactive near-field
region

Radiating near-field

Methodology region

Far-field region

E-field or H-field

SAR evaluation .
calculation

Reference SAR evaluation

E-field or H-field
measurement

E-field or H-field
measurement

E-field or H-field

First alternative
measurement

Second alternative none E-field or H'f'eld none
calculation

As seen in Section 2.2.1, the magnetic and the electric field strengths may be related directly,
indirectly or not, depending on the distance to the antenna. Thus, the method of measurement of E-
field and/or H-field is chosen in accordance with the field region, Table 2.10. The measurements are

usually performed in radiating near-field or far -field region [ANACO7].

The measurement method is based on three typical cases: quick overview (case 1), variable
frequency band scan (case 2), and detailed investigation (case 3). Each case has its characteristic
procedure, depending on the purpose of the measurement, and the complexity increases gradually.
Case 3 is the only that allows to verify if exposure limits were exceeded due to the rigour of the used
procedure.

Table 2.10 - Measurement procedure established by ECC recommendation [ECCCO07].

Reactive near-field
region

Radiating near-field
region

Far-field region

Component to be

E-field and H-field

E-field or H-field

E-field or H-field

measured

The measurement point should represent the highest levels of exposure to which a person might be
subjected, 1.5 m above the ground or at floor level. The measurement duration should be referenced
to the exposure guidelines used. For ICNIRP guidelines, this value is equal to 6 minutes [ICNI99].
When the measured value exceeds the decision level (value below the threshold values, defined by
telecommunications Administrations), a spatial average of three points shall be executed, matching
the dimensions of the human body (1.1, 1.5 and 1.7 m). The value of the field strength is given by the
mean square of these three values. The decision level established by ANACOM in [ANACO07] is 17 dB
below the reference level.
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A simple method to evaluate compliance with exposure to EM radiation thresholds based on the ECC
recommendation is presented in [CoFe04], focusing on the importance of the selection of
measurement points. The two factors that influence the beginning of the procedure are the installation
topology and the number of BS antennas. With these factors, the most representative points of the
measurement environment are selected. In the first step, the choice of measurement point(s) depends
on the BS antenna installation and the number of antennas. This method uses the classification of BS
installations presented in Table 2.9. After the choice of points, the measurement used procedure is
based in [ECCCO7].
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Chapter 3

Model Development

This chapter presents the EMF models, as well as the exclusion region models used in this work. The

description of the implemented models is also discussed.
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3.1 Antenna Scenarios

The solutions provided by the manufacturers of antennas cover the largest number of possible
situations, being clear the necessity to identify common characteristics among the various scenarios
used by several operators to ensure an efficient design of the model. In this context, there can be two
main types of BS antennas according to the environment where the antennas are inserted: indoor or

outdoor.

The signal strength from a BS antenna outside the building may be typically insufficient to ensure an
effective coverage inside the building, either by attenuation caused by the building construction or its
size. In this case, the discrete antennas of small dimensions are placed in rooms and corridors, which
are connected to the nearest BS or network node. There can be two typical indoor antennas:
directional antennas, which are placed on walls or other surfaces, and ceiling antennas, typically
omnidirectional and often a monopole. The directional antenna is usually composed of a rectangular
metal plate mounted on a conductive plane, with the power lower than the outdoor case due to the

reduced dimension of coverage areas [KATH12c].

To simplify the indoor network, the same antenna supports the service of several mobile
communications systems, and in some cases several operators share the same BS antenna, being
required to take into account the input power loss that arises due to the introduction of the multi-band
(multi-operator) combiner: the typical value is equal to 6 dB [KATH12b], [Optil2]. The developed
model takes into account that the antennas are shared by operators and technology (GSM, UMTS and
LTE). Wi-Fi systems are not considered since operators do not usually install this system in their BS
antennas. Operators may use 900 MHz band for both GSM and UMTS, and 1800 MHZ band for GSM

and LTE, as was said above in Chapter 2.

With the introduction of LTE, operators tend to replace the old indoor antennas by antennas that
support the new technology, such as antennas with MIMO and without MIMO, or antennas with higher
bandwidths, depending on the requirements of the site coverage [Optil2]. From the viewpoint of EM

exposure, it can consider that the MIMO elements contribute separately to the levels of radiation.

Outdoor antennas are usually installed in relatively high locals, as rooftops, building faces, posts, or
towers, and are normally arrays of vertically stacked dipoles, to decrease the vertical half power beam
width compared with a single element, and providing thereby the increase of the power radiated in the
horizontal plane. In array antennas, half wavelength dipoles are used with the distance between
dipoles not larger than one wavelength, corresponding to the optimal value that maximizes directivity
[Corrl2a], Figure C.1. For outdoor sector antennas, panel antennas are generally used to ensure
isolation in undesirable directions through a metallic reflector placed behind the array. The
arrangement for sectorial antennas is formed by one or two dipoles that are rotated +45°-45°,
resulting in horizontal half power beam widths of 90° and 65°, respectively [RATH12b], [KATH12c].

Concerning the type of infrastructure that supports the antennas, a possible classification of typical BS

installations is shown in Table 2.6. It is assumed that in most typical installations masts or towers are
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used to support the BS antennas (Rtower and Utower installation), or the antennas are placed on
rooftops in urban environments (Uroof) or on the fagades, where the field is influenced by buildings
and other obstacles in the vicinity of the antennas (Ufagade) [OFRCO5].

Before the introduction of LTE, GSM and UMTS antennas were sharing the same infrastructure, being
usually placed side by side, because it is the simplest configuration. With the implementation of LTE
BSs, typically with MIMO technology, these are co-located with the existing systems and in many sites
a multi-band antenna will support LTE well as other technologies, replacing the old antennas. The
sharing of infrastructure and the variety of configuration choices for existing antennas is the result of
the many variables involved as the licensing issues, the rental of the space where BS is installed,

stability of the antenna supports, the simplification and optimisation of networks, etc.

3.2 Far-Field Model

According to [CENEO02], the RMS value of S(d, 8, ¢), in the far-field region can be estimated by:

PuG(0.9) _2D?

3.1
4md? A 3.1

5$do,¢ =

where:

9 d: Distance from the antenna to the observation point;
8, ¢: Elevation and azimuth angles;

P.,: Input power of the antenna;

G 6, ¢ : Generalised antenna gain;

D: Largest dimension of the antenna;

A: Wavelength of the electromagnetic wave.

= =4 =4 4 =4

Note that, as mentioned in Section 2.2.1, in the far-field region the radiated field has a decay of d™1,
since S is related to E and free space characteristic impedance, Z, (equal to 120m), as follows
[Moli11]:

S = EZ ZO (32)

To assume the worst case scenario in relation to EM exposure, the model estimates S for the lower
frequency band, since the model is valid for distances closer to the antenna. As discussed in Section
2.4, the far-field model becomes less accurate when there are estimated values nearer the antenna,

over-estimating the real value of EMF.

Table C.1 (Annex C) presents the typical distances of this far-field region, 2D? A. For BS outdoor
antennas, the model is valid for distances greater than 9.86 m (LTE800), which makes this model
generally insufficient for the exclusion regions study. In indoor environments, due to the small size of
the antennas, the distances are much lower than those obtained with outdoor antennas, with the

typical largest dimension of indoor antennas between 0.18 m and 0.30 m, Table C.1. However, with
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the increase of frequency and/or D, the distance of the far-field region has high values, taking into
account the indoor environment, being also required in some cases to resort to valid models in the

near-field region.

3.3 Near-Field Model of Outdoor Antennas

The radiating near-field region is the zone of interest for EMF estimation in areas closer to the
antenna, since the reactive near-field region has very reduced dimensions and the exclusion zone is
defined typically in the radiating near-field region [OFRCO05], [SBC012].

For an outdoor environment, the model chosen for the determination of the radiated field in the near-
field region is the gain-based one, in which the near-field is approximated by the sum of the far-field
contributions of each array element [ABDKO02]:

Nep —_—
30PiniGel eiﬂd)i e

E d,0,¢ y
i

I

—J kditbi 0,9 d> 22 3.3)

where:
1 E d,6,¢ : RMS electric field;
d;, 6;,¢; : Spherical co-ordinates centred at the i-th element of the array;
N,;: Number of elements of the collinear array antenna;
P, ;: Input power to the i-th unit element;
G, 0, ¢; : Generalised gain of the i-th element;

k: Propagation constant equal to 2w 1;

=A =4 =4 =4 A =4

;. Associated phase shift of the i-th element;
1  u(6;,¢;): Co-polar vector of the i-th element.
In Figure 3.1, the coordinates system is shown for the analysis of a panel antenna consisting of

elements of two dipoles with orthogonal polarisation.

The phase shift i; is associated to the feeding currents of each array element. Considering the
direction of maximum radiation as the perpendicular direction to the axis of the antenna, 8 = & 2, and
without considering the tilt angle, the phase shift should have the value zero in order that all antenna

elements contribute positively to the antenna radiation [Molil11].

The collinear array antennas usually have 2, 4 or 8 elements, with uniform spacing between elements
equal to the wavelength multiplied by a factor A;,= [0.45 1], since the spacing is not always exactly

equal to one wavelength:

da = Ada X A (3.4)

32



ZA

N 0;
i-th array element { 4 d
I
I

i
\. Observation Point

!
|

v

. y

Figure 3.1 - Coordinates scheme of a panel antenna for gain-based model.

The value of d, takes particular relevance when the aim is the estimation of EMF in areas close to the
antenna, although this parameter is not generally provided by manufacturers in antennas datasheets.
Considering the value of Ay, always equal to 1, it can lead to values without any physical meaning,
particularly if the total length of all the spacing elements is larger than the real height of the antenna. A
study to determine the multiplicative factor A;, was conducted, analysing panel antennas with half
wavelength dipoles inclined +45°. For this purpose the definition of the antenna height is necessary,

which can be determined by the analysis of Figure 3.2:
hant = Nel - 1 X da + hel (35)

where:
1  h,.e: Height of the antenna array;

1 h,;: Height of the element.

It is assumed that the contribution of the antenna extremities (i.e., from the end of element to the end

of the antenna) is negligible. Dimension h,; is determined by trigonometric properties:

Ax 2

A
_ 2 i amo — (3.6)
he > sin45 7
Note that h,; would be equal to the length of the dipole if its polarisation was vertical.
From (3.4), (3.5) and (3.6), one gets:
h—h h—21 2x471
Agy= el _ (3.7)

N,—-11  Ny—-121
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Figure 3.2 - Dimensions analysis of an array antenna.

Table 3.1 shows the values of A, for the systems under study, by assuming the lower frequencies of
the system bands (DL) that provide the worst-case of EM exposure and a greater spacing between
elements. The bands corresponding to LTE at 900 MHz, 1800 MHz and 2100 MHz are not analysed,
since they are very close to those used by GSM and UMTS.

The spacing between elements, d,, cannot be much larger than a wavelength. Considering the typical
height of outdoor antennas between 1.3 and 2.6 m, it is concluded that an array of two elements
always leads to impracticable spacing, since the values are greater than 3.38 wavelengths. For GSM
900 and LTE 800 MHz (N,; = 4) only two results were obtained with values near one wavelength. The
increased number of elements is reflected on the smaller spacing between elements to ensure the
same height of the antenna. In LTE2600, there are no satisfactory results, but one should note that the

LTE BS antennas are generally multiband ones.

For BS antennas that support various systems, the same antenna may be composed of several
arrays, each one of a given band, that, by themselves, may not occupy the entire length of the total
antenna. Thus, the following approach was taken: when the calculated value of A4,, provides
satisfactory results (4,, takes values less than approximately one), this value is used to determine d,,
for cases where the spacing calculated is higher than a wavelength, the value of one wavelength is
used as the spacing between elements.

With d, = 4, the gain of one element in the direction of maximum radiation G,; can be obtained by
[ABDKO2]:

Gel =G Nel (38)
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where G is given by the antenna gain in the direction of maximum radiation. This gain overestimation
is valid for panel antennas, and is considered valid for any array regarding the objectives of the study.
In panel antennas, the use of metallic barriers between elements is characterised by the radiation of
all the input power, since the coupling between the unit elements can be neglected. It is assumed that

the input power is equally distributed by all elements:

P =Py =Py Ny (3.9

where P,; corresponds to the input power of an element.

Table 3.1 - Spacing between elements normalised to the wavelength.

Nel
Ada h [m]
2 4 8
LTE 800 MHz | 1.30 3.38 1.13 0.48
(860 MHz) | 260 7.10 2.37 1.01
GSM 900 1.30 3.70 1.23 0.53
(935 MHz) [ 2 g0 7.76 2.59 1.11
GSM 1800 1.30 7.47 2.49 1.07

(1805 MHz) | 2.60 15.30 5.10 2.19

UMTS 1.30 880| 293 1.26

(2110 MHz) | 2.60 17.95 5.98 2.56

LTE 2600 MHz | 1.30 11.01 3.67 1.57

(2620 MHz) | 2 60 22.37 7.46 3.20

The d; length can be described as a function of the distance d from the antenna that favours the
simplification of the model. The observation point is then defined at a distance d of the antenna and at
a height that corresponds to the midpoint of the antenna height (h 2), enabling to focus on half of the
elements of the problem, due to the symmetric characteristic of the antenna and its radiation, Figure
3.3. This symmetry is verified both by the choice of the observation point and by the gain and input

power with the same value to all elements.
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