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TOIVONEN Tommi. Microwave Dosimetry in Biological Exposure Studies and
in Practical Safety Evaluations. STUK-A243. Helsinki 2010, 81 pp + Appendices
47 pp (only in print version).

Keywords: Microwave exposure, SAR, exposure limits, exposure assessment,
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Abstract

This thesis considers the risk evaluation of microwaves from two important
points of view. First, the methodology of the exposure studies elucidating the
health effects of mobile phones is considered starting from the general aspects
of designing setups and proceeding to the assessment of the exposure level
(dosimetry) and practical execution of the experiments. Second, the exposure
assessment in practical safety evaluations of fixed radio transmitters, such as
mobile phone base stations, is studied.

The dosimetry and the exposure setup design are critical for the success of
exposure studies since the biological results are worthless if the used exposure
level is not known. Furthermore, the experiments with test animals or human
volunteers are always very challenging in practice. This work aimed to design,
implement and analyse setups for four separate biological experiments. The
first experiment related to a novel study of the effects of mobile phone (GSM)
radiation in human skin in vivo. In the second experiment the brain functions
of domestic pigs exposed to high level GSM type radiation were studied. The
third setup was used for long term exposure of over 200 unrestrained rats. The
rat setup was further utilised in another experiment searching the effects of
microwave radiation on central nervous system of juvenile rats.

The dosimetric analysis was performed by means of numerical simulations
in all cases. The simulations were validated by measurements and the uncertainty
of achieved results was analysed. The functionality of the setups was proven in
practice; all experiments were successfully executed and the results of both
methodological and biological studies were reported in peer reviewed journals.

The need for microwave safety evaluations has increased quickly during
the last decade. The number of base station (BS) antennas has increased rapidly
and they are often placed on roof tops etc. where various professionals have to
work. Hence, efficient methods for assessing the compliance with exposure limits
are needed.

The scope of the work, presented in this thesis, was to study the near field
exposure caused by real commercial BS models. Experimental measurements
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were utilised to achieve a set of specific absorption rate (SAR) and electric
field data in the near field of six commonly used antenna models. Moreover,
one of the antennas was studied in more detail by numerical simulations. The
results were further analysed to compare the different methods for checking
the compliance of an antenna installation with the exposure limits and to find
out how significant the local exposure is as compared to the whole body average
at different distances. These results provide useful information for the future
revisions of the exposure limits and related measurement standards.
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TOIVONEN Tommi. Mikroaaltodosimetria biologisissa altistuskokeissa ja
kaytinnon turvallisuusarvioinneissa. STUK-A243. Helsinki 2010, 81 s. + liitteet
47 s. (vain sidotussa versiossa).

Avainsanat: Altistuminen mikroaalloille, SAR, altistumisrajat, altistumisen
mééritys, matkapuhelin, tukiasema

Tiivistelma

Tassd tyossd késitelldidn mikroaaltoaltistukseen liittyvan riskin
arviointia kahdesta nékokulmasta. Ensimméisessid osassa tarkastellaan
matkapuhelinten terveysvaikutuksia selvittévien biologisten altistuskokeiden
teknistd suunnittelua ja toteutusta sekd altistumistason mééritystda eli
dosimetriaa. Tyon toisessa osassa tarkastellaan kiinteiden ldhettimien, kuten
matkapuhelintukiasemien, aitheuttaman altistumisen méarittamistd kdytdnnon
turvallisuusarviointityossa.

Laadukas dosimetria ja koejarjestelyn suunnittelu ovat valttaméattomia
altistuskokeiden onnistumiselle, koska saadut biologiset tulokset ovat
hyodyttomid ilman riittavai tietoa kiaytetysté altistustasosta. Lisédksi eldimilla
ja vapaaehtoisilla koehenkil6ill4 tehtyihin tutkimuksiin liittyy lukuisia vaikeita
kiytdnnon ongelmia. Tdmén tyon ensimméiseen osan tavoitteena oli suunnitella
ja analysoida altistusjérjestely neljadn biologiseen kokeeseen. Ensimmaéisessé
kokeessa selvitettiin GSM-puhelimen aiheuttaman séteilyn vaikutusta ihmisten
ihon proteiineihin. Altistus oli ensimmé&inen proteiinivaikutuksia selvittava
koe, jossa altistus toteutettiin in vivo. Toisessa biologisessa kokeessa tutkittiin
korkeiden altistustasojen vaikutusta sikojen elektroenkefalogrammiin (EEG)
GSM-signaalilla. Kolmannessa biologisessa kokeessa tutkittiin tunnetun
karsinogeenin ja pitkdaikaisen GSM-altistuksen yhteisvaikutusta. Altistuskoe
kesti kaksi vuotta ja altistettavia rottia oli yli kaksisataa. Neljias biologinen
koe tehtiin samalla rottien altistamiseen suunnitellulla laitteistolla. Siina
selvitettiin GSM-tyyppisen mikroaaltoséteilyn vaikutuksia nuorten rottien
kehittyvdéan keskushermostoon.

Dosimetrinen analyysi perustui kaikissa neljassid kokeessa numeerisiin
simulointeihin. Simulointitulokset validoitiin kokeellisilla mittauksillaja tulosten
epavarmuudet arvioitiin. Lisdksi kaikki laitteistot osoittautuivat kdytdnnossa
toimiviksi. Kokeet suoritettiin onnistuneesti ja sekd dosimetriset etta biologiset
tulokset raportoitiin vertaisarvioiduissa tieteellisissa julkaisuissa.

Kiinteiden radioldhettimien turvallisuusarviointien tarve on
lisddntynyt merkittdvasti viimeisten kymmenen vuoden kuluessa, etenkin
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matkapuhelintukiasemien yleistymisen myotéd. Tukiasemia asennetaan muun
muassa katoille, joten monet ammattiryhmét joutuvat tyoskenteleméén
jatkuvasti niiden ldheisyydessi. Tukiasemien suuren méérin vuoksi tarvitaan
tehokkaita ja nopeita turvallisuusarviointimenetelmié.

Tamén tyon toisessa osassa tutkittiin kaupallisesti saatavilla
olevien tukiasema-antennien aiheuttamaa altistumista ldhikent&ssa.
Kuuden antennimallin aiheuttamat hairiintyméattomat 1dhikentét
ja ominaisabsorptionopeudet (SAR) mitattiin laboratoriossa. Liséksi
yhdestd antennista tehtiin numeerinen malli altistuksen simuloimista
varten. Kentdnvoimakkuus- ja SAR tuloksia vertailtiin erilaisten
turvallisuusarviointimenetelmien toimivuuden arvioimiseksi. Lisdksi tutkittiin
koko kehon keskiarvona mééritetyn ja paikallisen SAR-arvon suhdetta
eri etdisyyksilld antennista. Tuloksia voidaan hy6dyntda tulevaisuudessa
mittausstandardien ja altistumisrajojen kehitystyossa.
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1 Introduction

1.1 Background

The health effects of microwave exposure have been investigated in thousands
of studies. The early studies concerned often thermoregulation and acute
thermal health effects, for example, hearing effects or cataract, caused by intense
microwaves of radars [1]-[5], while present studies are often aimed to elucidate
the risks related to mobile communications systems and other new emerging
technologies. The knowledge on the acute effects exists and, based on this, the
public authorities in most countries have established exposure limits to protect
people [6]. However, studying biological basis of these limits is a very challenging
and interdisciplinary task and, despite the large number of studies, the lack of
conclusions on the existence of effects at lower exposure levels still remains.

The risk assessment is basically made by studies which can be roughly
divided into groups of epidemiological studies and exposure studies. Furthermore,
the exposure studies can be divided into experiments with human volunteers
or animals in vivo and studies with isolated cell cultures or tissues in vitro.
The epidemiological studies are searching adverse health effects, or lack of
such, directly in human population and hence they are often considered the
most suitable type of studies when assessing the safety in general [7]. However,
the ability of the epidemiological studies to find weak effects (sensitivity) is
depending on the ability to divide studied people into groups based on their
exposure level. This is a major problem in mobile phone studies due to, for
example, the adaptive power control of the phones. Other limitation is that
the studies are concentrated on certain diseases, typically cancers, while the
results give no information on other risks. For these reasons, the ability of
epidemiological studies alone to assess the overall risk is limited, especially in
cases when no statistically significant effects are found.

The exposure studies are made, with animals or human volunteers, in
controlled conditions and hence many of the methodological problems can be
overcome much easier than with epidemiological studies. One great limitation is
that the link between laboratory results and real life is often difficult to establish.
The biological effect in vitro is far from adverse health effects in humans,
therefore positive findings do not necessarily mean lack of safety nor negative
findings guarantee it. However, the exposure studies are a significant part of
risk evaluation because with these studies very sensitive biological methods
can be utilised to detect weak effects. Hence, the interaction mechanisms could
be tested prior to epidemiological studies to generate sufficient hypotheses. The
in vitro studies give the highest sensitivity but weakest connection to effects

13
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in human population. Using animals causes some loss in sensitiveness yet the
extrapolation is more reliable from another living mammal to humans than
from a cell culture in a Petri dish. Finally, human volunteers could be used in
exposure studies but the ethical reasons often limit the research methodologies
significantly decreasing the sensitiveness of the study.

In practice, the overall risk assessment can only be done by pooling all
available results of similar studies and connecting all study types. To make
this process possible, it is crucial that all studies are published with sufficient
information about the exposure conditions. Therefore the exposure assessment
(dosimetry) is an inevitable part of this field of science.

The specific aim of the whole risk assessment process is to define the
exposure levels that can be considered safe. The importance of dosimetry extends
beyond this goal, since exposure limits would be worthless without the capability
to assess the exposure level in practical conditions, such as working sites in the
vicinity of radio transmitters.

1.2 Objectives of the work

The main scope of this work was to increase the knowledge on the methodologies
supporting the microwave risk assessment, especially related to the use of mobile
phones. This subject was studied starting from the point of view of experiments
elucidating the health effects of mobile phones and proceeding to the practical
safety evaluations of mobile phone base stations.

The first part of this work includes the methodological part of four
biological exposure studies elucidating the health effects of mobile phones. The
main objective of the work, presented in this thesis, was to design and implement
setups and conduct reliable dosimetric analyses for these biological studies.
Moreover, this work aimed to ensure the possibility of further utilisation of the
achieved biological results in the future pooled analyses by extensive reporting
of the used methods and the exposure conditions. The specific scope of this thesis
is to study and summarise the lessons learned about the following research

questions:

° What are the main factors in setup designs affecting the accuracy/
uncertainty of the dosimetric assessment?

o What are the main factors in setup design affecting the reliability
of the dosimetric assessment?

o Which methods can be used for the validation of dosimetric
simulations?

° What are the main technical and practical limitations to be

taken into account in setup design?

14
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The second part of this work presents a different, yet at least equally
important view on the safety of mobile phone systems. The methods for the
estimation of exposure in practical radiation safety assessments are studied
in relation to the existing exposure safety standards. The means to analyse
the exposure caused by mobile phone base stations are studied in two papers
included in this thesis. The objective of these studies was to evaluate the
applicability of numerical and experimental methods in practical dosimetric
analyses. An important task was also to provide novel information on the near
field exposure of widely used antenna types to be used for the standardisation
purposes and in practical radiation protection.

1.3 Contents of the thesis

This thesis is divided into two parts. The first part consists of the exposure setup
studies presented in the publications [P1]-[P3]. The scientific background of
exposure setups, common to all three publications, is summarised and discussed
in the first section based on the available literature and experiences achieved
during this work. The formulation of the biological hypotheses and the resulting
requirements are considered as well as the setup design and selection of exposure
parameters. In the second section, the methods of numerical dosimetry are
discussed. In the third section, the validation methods for dosimetric analyses
are introduced. The specific results and solutions of the setup design, dosimetry
and validation of the studies presented in [P1]-[P3] are summarised in the end
of each section.

Publication [P1] introduces a setup for exposing the forearms of human
volunteers to study microwave exposure -induced protein changes in humans
in vivo. The study presented in [P2] resulted in a setup for delivering high
microwave exposures to the brain of anaesthetised domestic pigs to find out
whether the exposure causes changes in the electroencephalogram (EEG).
The setup developed in the study presented in [P3] enabled the simultaneous
exposure of over 200 rats while minimising the stress of the animals caused by
the restraining and handling. The setup was first used in the study searching
the combined effect of a known carcinogen and microwave exposure in rats.
The same rat exposure setup was also used in a study looking for the effects of
microwave exposure on the developing brains of juvenile rats. All three setups
have proven their capability in practice; a pilot study of ten testees was made
using the human exposure setup, 11 experiments were successfully executed with
domestic pigs and two long term studies with rats were conducted [8]-[11].

The second part of this thesis includes two studies concerning dosimetry in
practical safety evaluations in the close proximity of mobile phone base stations

15
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(BS). These studies are presented in [P4] and [P5]. For the background, the
relevant safety standards and exposure assessment procedures are introduced.
Furthermore, the work made in these two studies is introduced and their results
summarised. In [P4], a novel set of specific absorption rate (SAR) measurement
results of six BS antennas is presented together with electric field values in
free space at corresponding distances. One of the antennas is further studied by
numerical simulations described in [P5]. The data is used to study the validity
of the exposure assessment methods presented for example in [12]. Moreover,
the results can be utilised for future revisions of exposure guidelines and related
measurement standards.

16
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2 Biological exposure studies

2.1 Introduction

The scientific research related to human health is unavoidably an inter-
disciplinary effort. The final aim of the research is to discover, explain, predict
and manage the possible threats confro-nted by the human population in its
living environment. The medical sciences are from the beginning tied with
epidemiological, biological and engineering sciences in this task. The biological
studies on the effects of microwaves are good examples of the importance of this
co-operation.

Such a study is basically an experiment where a hypothesis of a certain
biological effect is tested by irradiating humans or animals in vivo or cells
in vitro by microwaves. The physical and biological methodologies for these
experiments are various and there is no single correct solution for all purposes.
The experimental planning of these studies can, however, be divided into the
following important phases:

o Formulation of the hypothesis of a health effect

o Design and implementation of the exposure setup
o Dosimetry and its validation

° Execution of the irradiation, and

o Analysis of the biological results

The work made for this thesis concentrated on the setup design and
dosimetric analysis for the in vivo studies. The formulation of biological
hypotheses and the analysis of the results are out of the scope regarding this
thesis. However, the studied biological effects as well as the biological research
methods set the main requirements on the experimental planning. The evaluation
of the suitable exposure parameters is the most challenging part of the setup
design, not least because of the lack of well established direct (non-thermal)
interaction mechanisms of the microwaves and biological processes. Therefore,
the relation of biological hypotheses on one hand and exposure distribution,
level and signal on the other hand are discussed in the beginning of this chapter
based on the available literature. In this context, the solutions used in [P1]-[P3]
are summarised.

The dosimetric analysis of a setup is basically the assessment of the
exposure level as a function of microwave power fed to the system. The preferred
exposure level, or levels, can be generated based on this information within the
bounds of available power. The analysis is typically made by means of numerical
simulations. Furthermore, it is crucial that the reliability of the achieved results
is validated and the uncertainty of the assessment is estimated. These issues

17
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are discussed in the latter sections of this chapter. Moreover, the results of the
dosimetric analysis and validation presented in [P1]-[P3] are summarised.

2.2 Exposure setup design

This section summarises the basic requirements and challenges of designing
an exposure setup. First the basic concepts of main exposure parameters are
introduced and discussed whereas and the setups developed in the studies
[P1]-[P3] are presented in this context at the end of this section.

2.2.1 The distribution of exposure

The spatial distribution of the exposure should be selected so that the biological
hypothesis is tested effectively. In mobile phone studies the exposure distributions
resembling a regular phone call are a typical choice, yet other exposure types,
such as uniform whole body exposure, can be reasonable as well. The selection
of exposure distribution is, however, very much limited by the exposed animal
species.

The uniform whole body exposure is often used especially for small
animals, such as rodents. Several implementations have been reported in the
literature, such as [13]-[19]. The strength of an exposure distribution covering
uniformly the whole body is that the origin of the studied biological effects can
be anywhere in the body. The drawback is that the required setup is often very
complicated. In the microwave frequencies the attenuation of incident wave in
biological matter is fast which is why the uniform whole body exposure of larger
animals or human volunteers is impossible.

Typical exposure distribution in mobile phone studies with human
volunteers covers the area of the brain or parts of it. A setup delivering extended
and smooth exposure distribution to the target hemisphere has been reported
in [20]. Here, the exposure is imitating the combination of distributions of most
phone models at the time. Moreover, many setups delivering a distribution of
a single commercial model have been described, as for example in [20]-[22].
The benefit of using extended distribution is that the results represent a wider
range of practical exposure scenarios. On the other hand, the extended spatial
distribution is not a general solution for all cases. For example, in studies of
effects based on changes in local metabolism [23], the non-exposed areas in the
head are as significant as the exposed areas because of the heat transfer towards
lower temperatures (i.e. lower exposure). Extended brain area distribution
does not actually represent the exposure of any single phone model alone, and
therefore other solutions, such as real commercial phones or simple dipoles can

18
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be better. In case of animal exposures, the typical mobile-phone-use-distribution
evidently does not exist which is the reason there is no clear justification of
any specific distribution for the brain area. The irradiation could be therefore
realised more freely according to the technical limitations of the study.

A few other types of exposure distributions have been reported. The
reasons to expose other parts of the body than head vary from organ specific
effects [2] to cosmetic reasons in human studies causing that punch biopsies
cannot be harvested from visible areas [P1].

2.2.2 Exposure level

The microwave exposure level is generally defined as the amount of power
absorption in tissues. The used measure is the specific absorption rate (SAR)
which, in particular, describes the power absorption per unit mass (W/kg) and
thus the thermal load targeted to the tissue. The definition of SAR is presented
in Equation (1).

c-E* 0T 1)

:C ’
P ot

SAR =

where o is the electrical conductivity (S/m) and p mass density (kg/m?) of the
tissue and E is the root-mean-square value of the electric field strength (V/m)
in the tissue. C is the heat capacity of the tissue volume under consideration, 7'
is the temperature and ¢ time.

The exposure level and its effect on a biological study have to be considered
carefully in experimental planning. A common approach is to select exposure
levels that are present in typical living environment. This has been made in
numerous reported mobile phone studies; the exposure level has been typically
in the same order of magnitude than the exposure of real mobile phones, i.e. the
SAR is somewhat below 2 W/kg [24]—[34]. In the head of a human this results
in a temperature rise in the order of 0.1°C [35]. If an effect is found at this
exposure level, it is an interesting and significant scientific discovery because
here the effect cannot be explained by any known interaction mechanism. A well-
established effect based on unknown interaction mechanism would make the
present knowledge and the basis of current exposure limits questionable. The
drawback of this approach is that in case no effect is found, the results reveal
actually nothing new.

Another approach is to use as high exposure level as possible while, for
example, metabolic cooling still prevents harmful heating. It is reasonable to
assume that using a higher SAR level will increase the probability of finding
the hypothesised effect [36], [37]. Therefore, this approach improves the value
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of evidence in case no effect is found. In case an effect is found, the experiment
can be repeated at lower SAR levels to find out if the effect is significant with
respect to present exposure limits. However, if the temperature rise caused
by the exposure is too high, the thermal interaction mechanisms can cause,
for example, protein coagulation or other known adverse effects [6], [38], [39].
These effects can mask the possible effects of non-thermal origin, in which case
the results provide no new information. It is therefore an important task in
experimental design to estimate the temperature rise caused by the exposure.

Equation (1) can be applied to make an estimate on the temperature rise.
Here, the cooling effect of blood circulation and heat conduction is not taken into
account, and therefore the temperature is overestimated especially in case of
long exposures. More accurate approximation formulas are useful, especially if
the maximal SAR levels are preferred. The bio heat equation of Pennes, Equation
(2), can be applied in case of local exposure and moderate temperature rise
[40]. However, the availability of adequate data on metabolic cooling and tissue
parameters for the exposed animal species and body part could be a problem.

pcaa—f =V-kVT-¢,W,(T-T,,)+pSAR , (2)

where p is the density, ¢ is the specific heat capacity and %2 thermal
conductivity of the tissue. W, is the perfusion of the blood flow, ¢, specific heat
capacity of blood and T , the temperature of the incoming blood flow.

A temperature rise estimate can be made also by measurements during
the exposure, since measurement equipment immune to intense microwaves
are available [41]. However, the insertion of a probe directly to the studied area
may damage the tissues and cause physiological changes. The temperature can
be measured for example at the skin surface, ear canal, or under the skin [42],
[P2]. The measured temperature change is, however, not the same deeper in the
tissues. The fast attenuation of the incident wave and differences in absorption
caused by variations of dielectric properties between different tissue layers (e.g.
skin, fat, bone, muscle) limit the accuracy of this method significantly.

2.2.3 Exposure signal

The exposure studies are often conducted using a signal type characteristic to
the studied technology, for example, a GSM or UMTS signal for mobile phone
studies, as in [8]-[13]. Another possibility is to use a continuous wave (CW)
signal, as in [43] and [44]. Selecting the technology-specific signal seems to be a
straight-forward solution, yet it needs some considerations.
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The strength of using the specific modulated signal, as compared to CW
exposure, is that the experimental conditions are that way closer to the actual
exposure conditions in everyday life. Hence, the results of a study have more
credibility in the overall risk evaluation of certain technology, such as the
GSM-type mobile phones. However, there are also many drawbacks in using
specific signals. The most important disadvantage is that the use of dozens
of different signal types and frequencies decreases the number of comparable
studies significantly. New technologies are adopted all the time which makes the
future pooled analyses problematic. Moreover, the use of a specific signal may
increase the complexity and costs of an exposure setup. For example, a GSM-type
pulsed signal requires approximately 8 times larger RF power amplifier than a
CW signal for the same average power.

Because of the abovementioned drawbacks of using a specific signal, CW
is preferred in general. Specific signal types should be used only if it is justified
by the hypothesis of the study. In this respect, the study hypotheses of exposure
studies can be divided into the following groups:

o No effect (null hypotheses)

o Effects based on thermal interaction mechanisms

o Effects that cannot be explained by any known interaction
mechanism

Effects based on slow (e.g. in the order of minutes) thermal interaction,
such as changes in body temperature or metabolism, can evidently be tested
using CW. However, there are examples on suggested modulation-specific
phenomena that are based on fast thermal interaction, such as microwave
hearing, which should be studied using specific signal type [2], [6]. Also in case
of a null-hypothesis or when the studied effect cannot be explained by any
known interaction mechanism (such as in [10]), the studies clearly benefit from
using a specific signal, because the possibility of modulation-specific interaction
mechanisms cannot be neglected. In these cases, however, using both CW and a
specific signal is a good choice, as has been done for example in [45]—[50]. This
procedure generalises the results and makes the study comparable with other
studies made with different signals.

2.2.4 Exposure setups

The system for realising the selected exposure distribution, level and signal
contains typically at least a signal source, power amplifier, instrumentation for
RF power measurement, suitable cables and controls and the actual exposure
source, i.e. the device that delivers the RF power to the preferred part of the
body. An example of such a setup is presented in Fig. 1. Besides the source,
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the instrumentation can be realised using standard commercially available
equipment. The need for accuracy and usability should, however, be considered
in the design process to avoid loss of data or excessive costs.

The implementation of the actual exposure source depends strongly on
the preferred spatial exposure distribution and the SAR level, which is why a
large number of different implementations have been reported. The devices can
be divided roughly in two categories, the antennas and the closed systems.

The antennas are especially suitable for exposing human volunteers or
large test animals. Dipoles and monopoles are used in many studies, for example
in [15], [45], [51], and [52]. Open ends of waveguides as well as horn antennas
are used for example in [53], [54] and a parabolic reflector antenna in [55]. Also
more specific antennas are designed for preferred exposure distribution, such
as dipole array and patch antenna setups presented in [51]. The advantages
of antenna type sources are the flexibility in setup design and often also the
simplicity. On the other hand, the surroundings of the exposed area affect to
the exposure and the RF power is not used efficiently if the source is not in the
very close proximity of the exposed object. Moreover, the possibility of radio
disturbances might cause limitations to the power levels and frequencies or
require a shielded laboratory.

The closed systems consist of some type of an exposure chamber and a
coupling element which feeds the microwave power via the coaxial cable to
the chamber. Closed systems have been utilised especially for the whole body
exposure of small animals and for in vitro studies. The exposure could be
implemented with rectangular waveguides, as in [13], [566] and [57], TEM cells,
as in [58], and other transmission lines and resonators, such as reverberation
chamber [14], combined horn antenna and chamber [59], and modified coaxial
line [60]. The advantage of the closed system is the efficiency, i.e. the ratio of
SAR in the exposed animal and the output power of the RF amplifier. Also
the boundary of the calculation volume in the dosimetric simulations is well
defined. The drawback of the closed systems is often the strict space limits for
the exposed animals. Most systems are also sensitive to the movements of the
animal, which leads to difficult optimisation of the needed dosimetric accuracy
and, for example, restraining stress of the animals.

2.25 Setups designed in this thesis
Setup for exposing human volunteers
The setup presented in [P1] relates to a novel biological study for researching

the protein level effects of 900 MHz GSM-type microwave exposure. Protein
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and other cell level effects of microwave exposure have been widely studied in
vitro, for example in [47]-[50] and [61]. Yet, thus far our experiment was the
first to study the protein effects with human volunteers exposed in vivo, thus
such a setup has not been reported previously. The setup is illustrated in Fig. 1
and Fig. 2.

Computer controlling Exposed arm
the GSM phone with
Wintesla program O
(Nokia) Dipole
1 Balun

Signal source:
Nokia 6110 GSM phone Extension arm

Coaxial cable

Adjustable Coaxial cable
attenuator
|
200 W | |Bi-directional
power amplifier coupler
RF-power \ RF-power
meter, incident meter, reflected
power power

Fig. 1. A schematic diagram of the setup for exposing human skin in vivo to GSM-type
RF fields at 900 MHz.

Fig. 2. Setup for exposing the skin of the forearms of human volunteers to 900 MHz
microwaves.
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The forearms of the volunteers were exposed to SAR of 1.3 W/kg for one
hour, after which 5 mm skin biopsies were collected from the exposed region
for protein analysis. Control skin samples were collected from the non-exposed
forearm. An experiment with ten volunteers was successfully conducted.
Indications on protein changes were found in the study. The complete results of
the biological study are published in [8].

A half wave dipole, constructed for this purpose, was used as an exposure
source. A maximally simple exposure source was used because the size of the
studied skin sample was small and the exposure distribution outside the sample
was not critical. The frequency tuning of the dipole was made mainly by adjusting
the length of the balun and the dipole itself. The matching of 15 dB for the dipole
in the exposure position (phantom) was achieved and the matching was better
than 10 dB in a 100 MHz band. Moreover, the dipole was designed so that fine
tuning was possible by adjusting the width of the gap between the dipole arms.
The broadband input impedance measurements were made and the dipole was
tuned mechanically to adjust the centre frequency accurately to the exposure
frequency. Careful tuning of the dipole was important because the variations
between the exposed individuals affected the centre frequency and matching.
Here, the matching was better than 13 dB in all exposures.

The exposure level, 1.3 W/kg, was selected so that it is close to the exposure
level of real mobile phones. Using significantly higher exposure levels would
have posed a risk of masking effect caused by temperature increase in the
studied tissue. The exposure was made with a GSM voice call signal. A GSM
signal was selected because the experiment was a continuation in a series of
in vitro experiments showing protein effects caused by GSM-type microwave
exposure. This in vivo experiment was a pilot phase of a larger study. Further
investigations with CW signal can be made later with the same setup in order
to study whether the protein changes are only specific to the GSM signal.

Setup for exposing anaesthetised pigs

The setup designed in [P2] was used to study whether high level microwave
exposure can cause changes in the EEG of domestic pigs. The effects of mobile
phone exposure on the EEG of humans have been widely studied, for example
in [29], [30] and [37]. However, such an experimental setup with pigs has not
been previously reported. The setup is shown in Fig. 3.

The pigs were deeply anaesthetised to enable physiologically more stable
experimental conditions and lower disturbances in the EEG pattern, compared
with un-anaesthetised animals. The heads of the pigs were then exposed to
GSM-type microwaves at 900 MHz. The EEG was monitored simultaneously
with the exposure. The exposure procedure consisted of short (a few seconds)
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bursts at two different SAR levels (31 W/kg and 7.3 W/kg). The changes in the
EEG were monitored especially at the moments of switching the exposure on and
off. After the short bursts, the pigs were exposed continuously for ten minutes
at the SAR level of 31 W/kg. The experiment with eleven pigs was successfully
conducted with the setup. The exposure seemed to cause no alterations in the
EEG. The specific results are presented in [9].

The EEG is a measure of brain functions, and therefore the exposure was
targeted in the head. The most challenging part in designing the setup was the
overall complexity of the experiment, including the simultaneous recording
of the EEG, the use of respirator, maintaining of the anaesthesia and several
other tasks. These caused many additional elements to be taken into account
in dosimetry. A simple dipole-type exposure source was therefore considered
preferable.

The exposure source used also in [P1] was modified for this study. The
dipole was located above the head in the middle of the brain where it produced
a relatively uniform exposure distribution in the brain area. The distance of
the source to the skin was increased to 20 mm because otherwise the ears of
the pig would have touched the antenna. The decreased loading resulted in
slightly narrower bandwidth. The matching was, however, better than 10 dB
in an 80 MHz band. The fine tuning of the dipole was made in the beginning of
the first exposure session by adjusting the gap between the dipole arms. The

Fig. 3. Setup for exposing anaesthetised pigs to 900 MHz microwaves.
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anatomical differences between the exposed animals affected the matching but
because the centre frequency was accurately tuned, the matching remained
above 15 dB in all exposures.

The EEG leads in the vicinity of the source have been reported to receive
unwanted interference from the RF field [62]. In our setup this was taken into
account by locating the EEG leads, located closest to the antenna, perpendicular
to the electric field. The interference level was tested by attaching the EEG leads
to a phantom (no EEG signal) and irradiating it with significantly higher power
level than in the actual exposures (200 W). No interference was observed.

The exposure levels were very high and therefore it was necessary to
monitor the temperature rise of the tissues. The subcutaneous temperature rise
below the antenna was measured with a small fluoroptic temperature probe
which does not interfere with electromagnetic fields.

The exposure signal was a standard GSM voice call. Experiments with
CW would have been interesting. Yet, this would have required sacrificing of
additional animals, which was found unnecessary since any effects were not
found.

Setup for exposing rats
The study presented in [P3] introduces a setup for whole body exposure of rats
to GSM- type microwaves at 900 MHz. The requirements for the setup were very
strict, including the exposure or sham exposure of 216 rats simultaneously while
minimising the stress experienced by the animals (e.g. the floor area of 350 cm?
in a cage required for each rat), and the limited available laboratory space for
the whole setup. The chamber is illustrated in Fig. 4. Altogether, nine chambers
were constructed. The setup has been successfully used in two studies. The first
experiment was made for studying a combined effect of a known carcinogen
and microwave exposure (cocarcinogenesis study). The exposures extended up
to two years, after which the animals were sacrificed and the tumour incidences
were observed by histopathological analysis. The second experiment was made
to study effects of microwave exposure on central nervous system of developing
juvenile rats (CNS study). The results of the cocarcinogenesis study showed no
difference in tumour incidences between the exposed and non-exposed groups.
In the CNS study, many biological indicators were studied. The only statistically
significant difference was the improved learning and memory in one test (Morris
water maze) in both exposed groups as compared to non-exposed group. The
results of these studies are published in [10] and [11].

The setup was originally designed for the cocarcinogenesis study in 2000.
By that time, there were several reports on setups for exposing rodents [19], [56]
of which some setups of these were also capable to expose unrestrained animals
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[63], [64]. However, none of the previous designs fulfilled the requirements of
the laboratory space limitations, effective use of microwave power and frequency
range of this study. The main shortcomings in previous designs for our purposes
were that the animals were restrained and / or the use of laboratory space was
not efficient. In this setup, the maximum number of test animals per square
meter of laboratory was 24, whereas the best of the other implementations
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Fig. 4. A schematic diagram of the exposure chamber used in two long term exposure
studies of rats. Nine identical chambers were constructed for simultaneous exposure

of over 200 test animals.
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allowed only 7 unrestrained animals (hamsters) [63]. The space efficiency of our
setup has not been exceeded in any setups reported afterwards so far.

In this study the stress of the animals caused by the handling was
minimised by designing the setup so that the rodents could stay in the exposure
cages continuously. They were moved away from the exposure cages only for
weekends to allow the cleaning and sterilising of the exposure chamber.

The mechanical construction of the chambers was very challenging. The
optimisation between the tolerances, material thicknesses, weight, usability,
rat gage size requirements and many other practical factors resulted that
the mechanical tolerances were relatively large. The chambers differed from
each other for example due to the mechanical distortion of the circular plates.
Any effects caused by variations in individual exposures of rats due to these
mechanical differences were precluded by changing the positions of each rat
continuously during the exposures.

Because of the mechanical differences the chambers also had to be
individually tuneable. This was implemented by using an adjustable (length)
feeding probe to insert the RF power to the chamber. After the tuning input
matching was better than 12 dB for all chambers loaded with medium sized
phantoms. This was adequate to ensure that the changes in matching due to,
for example, the growing or movements of the rats did not cause a significant
error to the input power assessment.

In both the cocarcinogenesis and the CNS study, the exposed animals
were divided into three groups. One group was not exposed (sham control). The
second group was exposed to lower and the third to higher SAR levels. The SAR
levels were 0.4 W/kg and 1.3 W/kg in the cocarcinogenesis study and 0.27 W/kg
and 2.7 W/kg in the CNS study. Two different exposure levels were used to study
the thresholds of any possible effect. If effects were found, it would have been an
important addition to the results to see if the threshold of that particular effect
was in between these two exposure levels. A GSM-type 900 MHz signal was used
in both studies. The studies were very time-consuming and additional exposure
routine for CW was therefore not possible due to the resource limitations.

2.3 Dosimetric analysis

The dosimetric analysis is essentially estimation of microwave power absorption
in the exposed tissues in terms of microwave power fed to the setup. The absolute
level of exposure can be adjusted by changing the input power. The exposures
to all body parts and tissue types, relevant to the study hypotheses, have to be
considered.

28



STUK-A243

The methods of dosimetric assessment are basically SAR measurements,
analytical solutions and numerical simulations. The SAR measurements are,
in practice, possible only in homogeneous liquids and analytical solutions
are limited to very simplified geometries. However, real biological materials
contain geometrically complex boundaries and mixtures of solids and liquids.
Hence, adequately detailed dosimetric information on the exposure setups can
be achieved only by means of numerical simulations. The analytical solutions
and experimental measurements can be used mainly in order to validate the
reliability of simulations.

The simulation requires basically a numerical model including the source,
the exposed object and the environment affecting the fields and a computing
algorithm for solving the fields. A very widely used algorithm for dosimetric
assessments is the finite difference time domain (FDTD) [65]. Well validated
software packages and various numerical models have been made available
during the last decade [66]—[70]. Therefore, the method was used in the studies
included in this thesis, without going into more details of computing science.
The numerical models and simulation procedures for dosimetric assessment
are, however, case-specific. The system level procedures for conducting the
simulations are discussed in this section as well as the available numerical
models and model generation. In the end of this section, the specific results of
dosimetric evaluations of [P1]-[P3] are summarised.

2.3.1 Simulation procedure

The conventional hardware-based limitation in simulations is the available
computer memory. Moreover, a convenient simulation time is limited
somewhere between few minutes or one day depending on the required amount
of simulations. The voxel size should be less than one tenth of the wavelength
in FDTD, i.e. 1-4 mm in the mobile phone bands in the tissue. The memory
usage per one voxel is approximately 30 bytes, which is why the modelling of, for
example, an adult human with uniform voxel grid takes up to 20 GB of memory.
Moreover, the required amount of floating point operations is approximately
1000x(number of voxels)*® [71], resulting that the 20 GB grid takes more than
two days with a 3 GHz computer.

These limitations lead to the fact that the dosimetric analysis in practice
cannot be made by simulating accurately all objects inside a volume that encloses
the source and the exposed parts. Furthermore, since the exposures are often
made in the complex near field, the decision on which parts of the actual setup
are modelled accurately and which parts can be simplified or left out cannot be
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solved analytically. Therefore, the dosimetric analysis starts from an iterative
process of generating the simulation model. Simplified models are first used to
assess the significance and required accuracy of the different parts of the setup.
In the final simulations all available memory and calculation capacity can be
used to significant parts while unimportant parts can be left out.

Since the basic model with adequate details has been generated, the next
step is to find out how well the model represents the actual setup. The exposed
individuals, humans or animals, differ from each other anatomically. Moreover,
the mechanical dimensions and electrical properties, used in the model, differ
from the actual values due to the measurement uncertainty and movements
of the exposed objects. The effects of these variations on the SAR are assessed
by numerous additional simulations with a modified numerical model. The
exposed object and the dimensions and parameters of the setup are varied in
comparison with the basic model so that the studied cases cover the anatomical
differences, possible postures, and uncertainties of other parameters present in
the actual setup. The range of variations, assessed by these simulations, is the
main contributor to the overall uncertainty of the dosimetry. These variations
are considered in more detail in the following sections.

2.3.2 Numerical models

The numerical model for dosimetric assessment includes the source, the exposed
object and the surroundings that influence the exposure. The accuracy and the
spatial resolution of the dosimetry are conventionally limited by the quality
of this model. The model is in practice an array of calculation cells, each cell
describing the electrical properties of material located in a certain point in
calculation space, and the electrical sources and termination of the calculation
grid. The models can be made by the model generator included in the FDTD
software packages or based on the available CAD (computer-aided design) or
voxel data. These options are discussed in this section.

Source models
The source is a crucial part of the numerical model. The radiating structures
include typically very small but important details which can increase the
memory requirements significantly. Thus the possibilities for modelling are one
of the major selection criteria for the exposure source and mechanically simple
radiating structures are preferable.

The simplest antenna type sources can be modelled directly based on the
physical dimensions of the structure. The dielectric properties of the antenna,
however, have to be known. A good choice is to use materials especially intended

30



STUK-A243

for radio frequency use supplied with reliable dielectric parameters. Otherwise
the parameters should be measured, which is often difficult.

In closed exposure chambers (e.g. Fig. 4) the actual source is typically a
simple coaxial-to-waveguide transition, such as a coupling probe or a loop. The
chamber geometries can be designed so that the modelling is easy. Closed exposure
systems are, however, typically sensitive to the dimensions of the chamber.
Therefore, special attention has to be paid on the accuracy of the numerical
model. The dielectric parameters of the materials, used in the chamber, have to
be assessed carefully as well as the effects of critical production tolerances.

If parts of the actual source are not visible and the source cannot be
disassembled, the model generation becomes very difficult. This is the typical
case, for example, in studies using commercial mobile phones as sources.
Numerical models have been generated, for example, based on X-ray images or
production CAD models [20], [21], [72].

The microwave excitation in the model is typically simplified compared
to the actual feeding. Actual sources are in practice fed with coaxial cables. The
coaxial feeds can be, to some extent, modelled with present software packages,
although this often makes the model significantly larger and more complex.
Therefore, in practice the feeding has to be simplified in the numerical model.
The typical way is to insert the excitation using a voltage gap between the
points where the centre and outer conductors of the coaxial cable are attached
or directly between the radiating element and the ground plane [20], [73]. This
simplification is one of the main points emphasising the importance of adequate
experimental validation of the numerical models. The effect of simplifications
should be carefully studied by testing different feedings in the numerical model
and ascertaining that the calculation results agree with the measurements with
the actual source. This is discussed in more detail in Section 2.4. The possibility
of making the simplified feeding in the numerical model is also an important
selection criterion for the actual source.

The input matching of the numerical source should be similar to the actual
source because the matching affects directly the radiated power. However, the
return loss and centre frequency of any exposure source based on near field of
an antenna or on a closed resonator is very sensitive to the positioning of the
exposed body and the implementation of the feeding. Hence, the maximum
return loss in the model and in the actual source will most likely differ from
each other to some extent. The reflected power can be taken into account in the
simulation results, yet in the actual exposures it is difficult because, for example,
the matching is not necessarily constant during the experiment. Hence, the
accuracy of the assessment of radiated power decreases if the reflections are
high. The best situation is that the reflections are small enough to be neglected
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in both numerical model and in the actual source. For example, input matching
that is better than 10 dB is often achievable. This results approximately +5 %
additional uncertainty on the assessment of radiated power which is acceptable
in most cases.

Models of biological bodies

Animals and humans are electrically and geometrically very complex even
though the cell-level structures can be neglected in the microwave frequencies.
The dielectric parameters of tissue types differ significantly from each other
and the physical forms are diverse. Because of this, the accurate numerical
modelling of these structures is challenging and important part of dosimetry
and it can constitute a significant part of the work required for a dosimetric
assessment project.

Simplified models of biological bodies are useful. For example, if the
inner structures are not significant, homogeneous models can be used. These
are relatively easy to generate based on any available imaging data. Other
useful simplified geometries are co-centric spheres and cylinders or half planes,
having outer parts that represent the skin and fat layer on top of muscle. These
models are easy to generate and modify, and therefore they are especially useful
for studying the effects of layer thicknesses and other anatomical differences
between the exposed objects.

For detailed dosimetry, heterogeneous tissue models are needed. Accurate
case specific numerical models can be generated from magnetic resonance
imaging (MRI) or computer tomography data, as reported in [67]-[69] and [74].
Moreover, cryosection of deceased individuals have been utilised to achieve data
for numerical models, as in [66]. Improvements in the accuracy and availability
of especially MRI have increased the availability of numerical models in the past
years. However, in order to generate a numerical model from imaging data, the
tissue types have to be segmented, which means identifying the tissue types of
different regions in the image. Moreover, the dielectric parameters of the tissue
types have to be known. Altogether, this is a laborious process and therefore
generating a model for a single irradiation study is seldom worth the effort.
This is why the availability of suitable numerical models is an important factor
in exposure setup design.

The tissue models of humans have been available for years and up to date
a wide variety of body shapes, ages, races etc. have been published [67]-[70]. On
the other hand, the modelled persons are just single individuals and the anatomy
of the actual voluntary testees might differ significantly from these causing large
uncertainties on SAR assessment. The variations can be compensated, to some
extent, by scaling the available models. However, the accuracy of this approach is
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limited due to the fact that the proportions of different tissue volumes and body
parts vary, not only the overall size. For example, 30% differences (1 ¢) in 10 g
average SAR in brain caused by the anatomical differences between adults and
children were reported in [75]. Moreover, it was shown in [76] that the maximum
10 g average SAR might vary +20% even between different adult head models.
For other human body parts, systematic data for SAR variations is not available,
yet anthropomorphic data and variation ranges are widely reported in [77]. In
animal experiments, the situation is slightly different. Numerical models of some
of the most common test animal species are available, but different models or
data about the age and other variations seldom. On the other hand, animals
are in many cases same breed or even clones, hence the differences between
individuals, other than age, are smaller than in case of human testees.

The dielectric parameters of the humans and also many animals are
available in the literature [78]-[81]. These values are widely used and generally
accepted. The estimated uncertainty of these values is +5-10%, according to [80].
Higher uncertainties have been suggested for certain tissue types, such as 42%
decrease for the parameters of bone due to aging of a rat in [82] and 15% decrease
of conductivity of porcine brain tissue post mortem in [83]. In light of this, the
uncertainty of dielectric parameters cannot be neglected. The effect of changes
of dielectric properties on mass averaged SAR has been analysed for example in
[84]. In that report, the water contents of tissues at different ages were analysed
to estimate the changes of dielectric parameters. SAR values in the heads of
child and adult models were calculated and it was shown that the typical change
of dielectric properties does not have a major effect on 1 g or 10 g mass averaged
SAR (<10% in all cases). This is because the increased absorption in children’s
tissues is partially cancelled by the decreased penetration of electric field to the
inner parts of the averaging volume. Similar results, typical variations of +5%,
were achieved also in [85]. The effect of this uncertainty component on SAR,
however, is important to assess. This can be done by running simulations with
different parameters for the most critical parts of the model.

Models of surrounding objects
In the closed exposure systems the boundary of the calculation grid is typically
the metal wall of the irradiation chamber. In the antenna-based setups this is
not the case and the objects surrounding the source have to be modelled too.
This should be noticed in setup design by avoiding any non-necessary metallic
or lossy objects in the close proximity of the source.

The supporting structures and jigs can be made from styrofoam, plastics,
wood or other low-loss materials that have only minor effect on the exposure.
These can be therefore simplified or left out from the model. However, medical
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devices and probes, often present in exposure experiments, contain metallic
parts and wires which have to be included. These models can be drawn by the
model generator. It is especially important to ensure that the attachment of
metal wires is similar in the model and in the actual setup.

2.3.3 Uncertainty of dosimetry

Reliable uncertainty estimation is one of the most important parts of the
dosimetry. RF measurements as well as dealing with animals or human
volunteers contain often significant error sources. Thus, for further utilisation of
the results of the biological study at least an estimation of the overall uncertainty
should be included in the dosimetry report.

Another purpose of the uncertainty analysis is to assist concentrating
the design effort of the setup to the most essential problems; the setup design is
always an optimisation task balancing between accuracy, usability and costs. In
this section the analysis of error sources and combined uncertainty is discussed.
The assessment of uncertainty components related to the variations between
the exposed individuals and differences between the numerical model and the
experimental conditions are discussed above in Section 2.3.1.

Positioning accuracy

The main source of error in exposure setups is typically related to the locations
of the source and exposed objects relative to each other. The error is caused
by two types of variations occurring in the setups. The first error type is that
the positioning in the numerical model and the actual irradiation setup differ
from each other to some extent. This is caused by the variations between the
anatomies of the irradiated individuals and the numerical model. The second
one comes from the repeatability and stability of the positioning during the
experiments.

As seen from the results presented, for example, in [P1], [P2] and [20],
the accurate positioning of the antenna-type source is critical for the accuracy
of dosimetry. Very small variations in the distance between the surface of the
exposed object and the antenna change the SAR significantly, i.e. £10-20%. A
realistic repeatability of the distance varies from some tenths of a millimetre
to a few millimetres.

The best distance accuracy is achieved by using a low loss (e.g. styrofoam)
spacer between the antenna and the surface of the exposed object. In this case the
accuracy is basically only limited by the accuracy of measuring the thickness of
the spacer. This is typically in the order of +0.1 mm, which is why the uncertainty
is small. If using the spacer is not feasible, the distance error is significant due
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to the movements of the irradiated body part and other practical limitations.

With closed irradiation setups, the source is basically fixed and therefore
the uncertainty comes from the movements of the animals and differences in the
animal individuals. This is discussed in more detail in Section 2.3.1.

RF measurements

The SAR is directly proportional to the RF power fed to the system, and therefore
the power measurement is an essential part of the uncertainty. The uncertainty
of RF power measurement is due to the accuracy of the actual RF power meters
and the assessment of the losses in the signal pathway between the point of
power measurement and the radiating element. Moreover, the stability of the
signal generator and amplifier contribute to the uncertainty.

The uncertainties related to the RF power meters and the stability of
the signal sources are relatively straightforward to assess if calibrated devices
are used and the instruments are well warmed up and stabilised before the
exposures. The order of magnitude of these errors varies from a few percent up
to £10%, depending on the used equipment.

The assessment of the losses between the point of RF power measurement
and the radiating element can be somewhat complex. In practice, the propagating
power cannot be measured on the signal path any further than at the input
connector of the radiating element. The numerical model, fed by a lossless voltage
gap in the radiating element, does not take into account the attenuation of the
signal after the input connector. Hence, the internal losses of the exposure source
cause error to SAR directly. For an example, a 30-cm coaxial line between the
radiating element of the antenna and the input connector attenuates the signal
typically by 1-10% at 1 GHz. If this attenuation is not taken into account, i.e.
simulated ratio of SAR and radiated power is used directly to set the input power,
the SAR in the actual experiment will be 1-10% below the target value. If the
exposure source consists of other lossy circuit elements (e.g. tuning circuitry) or
longer cables this error can be easily several decibels. It is therefore reasonable
to design the feeding networks of exposure sources such that the internal losses
after the connector are low or can be estimated reliably.

For antenna-type sources the losses can be estimated by the means of
a free space measurement. The total radiated power is integrated from the
directional pattern and compared to the measured input power. The reliability
of such a measurement can, however, be poor for omnidirectional antennas.

Discretisation
The numeric models represent a continuous structure in discrete form. The
medical imaging methods are typically modelling biological bodies in slices
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which are, furthermore, modelled by adjacent rectangular voxels (staircase) in
the FDTD model. This causes unavoidably an error to the calculated SAR. The
order of magnitude of staircase error is strongly dependent on the accuracy of
the original model and the calculation grid density used.

The general rule of thumb for FDTD simulations is that the maximum
calculation cell size should be smaller than one tenth of a wavelength. The
results presented, for example, in [86] suggest that such grid density leads to
computational accuracy better than +10 %. However, the required grid density
depends on many things, such as the size and shape of the target organs and
preferred SAR averaging volumes, and therefore it is good practice to test the
adequacy of the used grid size. If, for example, results with 1-mm grid size do
not differ significantly from the results achieved with 1.5-mm and 2-mm grid,
it can be concluded that the staircase error does not contribute to the overall
uncertainty significantly if a grid density better than 1 mm is used.

In case the maximum available accuracy of the model or computing
resources limits the grid density so that the above mentioned quality checking still
shows some difference the accurate estimation of this uncertainty component is
difficult. One solution is to run simulations with slightly different grid densities
(close to the maximum density) and angular positions of the model compared
to the calculation grid. The discretisation uncertainty is at least in the order of
magnitude of these variations. For example, in [87], a discretisation uncertainty
of £14% for a local SAR was reported in a study with rat models.

Overall uncertainty

The overall uncertainty of the dosimetry is a combination of all error sources;
the quality of the numerical model and how well it represents the actual setup,
uncertainty related on the instrumentation, source positioning and other error
sources related to the practical execution of the experiment. The acceptable
overall uncertainty should be evaluated based on the needs of the biological
study. The minimisation of uncertainty below the biological variabilities may
be waste of resources.

The overall uncertainty is calculated by taking a root sum square (RSS,
square root of the sum of the squares) of all significant uncertainty components,
providing that the components are independent from each other. Furthermore,
the achieved RSS value is multiplied by the coverage factor K. The combined
uncertainty of several components can be assumed as normally distributed,
even though single components are not [88]. Therefore, for example, for a 95%
confidence level, the value K=2 can be used.
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2.3.4 Dosimetric analyses in the studies included in this thesis

Setup for exposing human volunteers

The source used in [P1] was a half wave dipole with balun matching (Fig. 2 and
Fig. 5) attached 10 mm from the surface of the skin. The mechanical structure of
the antenna was simple and therefore easy to model accurately. The gap between
the dipole arms provided a good symmetrical place for the voltage source in the
numerical model. The voltage source was possible to place accurately at the
same point where the feeding coaxial line ends. Here, the frequency response
of the numerical model showed a good agreement with the measurements and
further tuning of the model was found unnecessary. The matching was better
than 13 dB in all exposures, hence the reflections had only minor contribution on
the uncertainty of dosimetric analysis. The only potential discrepancy between
feedings of the model and the actual antenna was the plastic insulator between
the dipole arms. Several values for the dielectric parameters for bakelite were
found from the literature. Moreover, measuring the value accurately with
an open end coaxial probe was found difficult because the differences in the

Exposed

region

“. 5cm
L. +“—

Fig. 5. Simplified numerical model for simulating SAR in the skin of a human
forearm.
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finishing of the measured surface seemed to alter the results to some extent.
The effect of the dielectric parameters of the insulator was therefore studied by
running simulations varying the parameter from the lowest to the highest value
achieved from the literature or measurements. The effect of the parameter on
the operation of the numerical model was found to be only minor.

The input connector was attached before the balun, which is why the
cable losses between the connector and the voltage gap had to be estimated. The
feeding network was a straight section of semi-rigid coaxial cable (RG 402), for
which the transmission loss was available. Attenuation of 0.1 dB was estimated
from the length of the cable.

The dosimetric analysis in [P1] was concentrated on a small sample of skin
in the human forearm. The thickness of the skin varied from 0.5 mm to 2 mm
between the exposed volunteers. In the preliminary simulations this variation
was found to have a significant effect on SAR. Other significant parameters
were the thickness of the fat layer and the diameter of forearm. Therefore, the
required resolution of the tissue model was very high and the model had to be
modified in many ways to cover the anatomies of the exposed volunteers. Such
modifications in realistic tissue models are very difficult. The larger structures,
such as bones in the forearm, were found to have only minor effect on SAR.
Hence, the only reasonable solution was to use a simplified geometry instead
of a realistic tissue model. The final model (Fig. 5) consisted of three co-centric
cylinders representing the skin, fat and muscle. The model was easy to modify
and made the analysis of different layer thicknesses and uncertainty possible.

Besides the anatomical differences between the exposed individuals,
the accuracy of the distance between the skin and the source was found to be
an important parameter. The positioning accuracy in the setup was limited to
+1 mm because of the muscle movements and deformation of the skin. The use
of a spacer was not feasible because the chemical or mechanical stress in the
exposed skin, or even the possibility of them, would have decreased the value of
the biological results.

The SAR used in the experiment was 1.3 W/kg in the skin biopsy. The
estimated overall uncertainty was +20% (K=2). This was caused mainly by the
positioning (+12%), variations of the anatomy between the exposed individuals
(£x11%) and the stability of the signal (£7%).

Setup for exposing anaesthetised pigs

In [P2] the exposure source (Fig. 3) was the same half wave dipole used in
[P1], yet it was mechanically tuned and the distance to the skin surface was
larger (20 mm). It was found in the preliminary simulations that the centre
frequency of the numerical model was slightly lower than the centre frequency
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measured with a vector network analyser. Therefore, the numerical model was
tuned by shortening the dipole arms for 1.5 mm each. After the modification, the
simulation and measurement results were in good agreement.

The exposure was focused to the head area of young domestic pigs. The
SAR distribution especially in the brain was essential and therefore, a detailed
realistic numerical model was needed. A head area model of a pig was available
for the study [74]. Other parts of the pig, however, such as the ears, affected the
exposure source. This problem was solved by means of using a hybrid model of
simplified and realistic parts. The realistic head area model was completed by
manually drawn simplified additions whose inner parts were homogeneous and
they were covered with skin layer. This solution saved a lot of work, compared
to generating a complete tissue model, yet provided all the needed accuracy and
realism in the simulations. In addition to the biological model, the medical devices,
such as the EEG electrodes, had to be included in the model because metallic
objects located in the vicinity of the source might alter the SAR distribution. The
final model and the detailed tissue model are presented in Fig. 6.

The exposed pigs were young and differed in size. The size of the simulation
model was scaled directly with the ratio of weights of the 11 animals used in
the experiments in comparison with the weight of the modelled pig. The size of

Added parts
of the pig Dipole

EEG wires

Original
head model

Added
snout

Table and

plastic coating

Fig. 6. Tissue model (halved) of a pig head and a complete numerical model for
dosimetric analysis of the exposure setup.
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Table 1.The SAR in the exposures of domestic pigs [P2]. The radiated power of 2.90 W
was used in the first set of short (1-3 s.) bursts. The radiated power of 12.4W was used
in the second set of short bursts and in the 10-minute continuous exposure.The powers
are temporal averages over the sequence of the GSM pulse.The temporal peak values
of SAR are eight times higher.

Averaging volume SAR at 2.9 W of radiated SAR at12.4 W of radiated
power [W/kg] power [W/kg]

Whole brain 3.8 16

Maximum value in brain (one voxel, 4 mg) 1 48

Maximum value in skin (one voxel, 4 mg) 38 160

Maximum 1 g in brain 8.4 36

Maximum 10 g in brain 6.4 27

Maximum 1 g 12 50

Maximum 10 g 7.3 31

the brain increases less than the size of the whole animal during maturing, but
this conservative estimation method was used to cover also the variations of the
shape of the heads between the individuals. The distance between the antenna
and skin was, in this setup, very accurate due to the spacer used between the
antenna and the exposed animal. However, the accuracy of the transversal
positioning of the antenna was in practice limited to approximately £10 mm,
which is why several possible antenna positions were studied.

The SAR values, used in the study, were 7.3 W/kg and 31 W/kg as an
average of 10 g cubical tissue mass. All calculated tissue volumes are presented
in Table 1. An overall uncertainty of +25% (K=2) for SAR in brain was estimated.
This was mainly due to the head size variations (x15%), other anatomical
variations (£15%) and the source positioning accuracy (£10%). The measured
temperature rise during 10 minutes continuous exposure at 31 W/kg was 3 K.

Setup for exposing unrestrained rats
The exposure chamber used in [P3] was a circular TEM waveguide (Fig. 4).
The coaxial-to-waveguide transition was made by a probe extending the centre
conductor. The probe was attached vertically at the centre of the chamber and
the outer conductor of the coaxial feed in contact with the ground plate of the
chamber. The voltage gap in the numerical model was therefore possible to place
between the probe and the ground plate at exactly the same point where the
actual coaxial feeding ends.

The shape of the chamber was simple symmetrical cylinder, and therefore
easy to model. However, the edges of the chamber were covered with absorbing
material to suppress the standing wave in the chamber. The modelling of the
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absorber was the most challenging part because the dielectric parameters of
the material were difficult to establish. The manufacturer did not give any data
and literature values were unavailable. The parameters were measured with a
commercial open end coaxial probe, yet repetitions showed that the measurement
uncertainty was high. The absorber model was therefore made by iteration.
Simulations were made with several sets of dielectric parameters which were
based on measured values and their estimated measurement uncertainty.
Then, the electric field distribution inside the chamber was measured and the
dielectric parameters providing the best agreement with the measurements
were selected.

A complete tissue model of a rat was made available for the study by
Brooks Air Force Base (San Antonio, TX, USA). Different postures and rat sizes
were analysed by scaling and modifying the model. The number of variables
affecting the dosimetry of rats was very large. The rats were growing significantly
during the studies, they could freely change location and posture in their gages,
and moreover, adjacent rats in the chamber affected each others’ exposure.
The main task was to limit the assessment to the most essential factors. The
short term variations of SAR were assessed by observing the behaviour of the
rats and conducting simulations with most typical rat locations and posture
combinations. Furthermore, since the rats were growing during the study, the
average SAR in typical postures was assessed in terms of rat weight. In order to
decrease the overall uncertainty of the dosimetry, the effect of the growing was
compensated in the experimental routines; the input power of the chambers was
adjusted during the experiment to keep the SAR constant.

The challenge in [P3] was the optimisation between the restraining stress,
complexity and accuracy. The achieved uncertainty was 3 dB (+100%, -50%). This
uncertainty seems large, but on the other hand, the setup provided an adequate
space for keeping rats in the setup continuously (requirements by Council
of Europe). Moreover, this uncertainty covered the whole lifetime variation
(1.2-1.3 dB) as well as instantaneous variations (2.2-2.3 dB) and uncertainty
related on the dosimetric methodologies and instrumentation (3 dB).

2.4 Validation of dosimetry

A major problem of numerical simulations is that the method is sensitive to many
parameters. Flaws in the numerical model may be hard to recognise based on
the simulation results only. Hence, the simulations should always be validated
by another independent method, such as an experimental measurement setup,
analytical solution in a simplified case or at least simulation with a different
numerical model and an algorithm.
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2.41 Validation method

A widely used validation procedure for in vivo exposure studies described in
[87] is based on an experimental measurement simulating the actual exposure
conditions. The reliable measurement of SAR, however, is very difficult in a
complex biological structure consisting of heterogeneous tissue. Thus, the main
challenge of the validation setup design is to create conditions where the electrical
loading of the exposure source is similar than in the actual experimental setup
and the SAR measurements are possible. This can be done by first constructing
the exposure source and its numerical model. Second, a homogeneous phantom
and its numerical model are made. The shape of the phantom should correspond
approximately to the numerical heterogeneous model. The inner parts of the
phantom are filled with homogeneous matter (phantom liquid) whose dielectric
parameters are equal to the average parameters of the heterogeneous model.
Third, SAR measurements as well as numerical simulations are conducted
with the source and the phantom positioned in a similar way as in the actual
experiment. Finally, the results of the SAR measurements and the simulations
are compared. If the results are close to each other, the simulation model of
the source is satisfactory. This method is applicable for both open and closed
exposure setups.

The antenna feeding in the numerical model is often simplified as
compared to the actual antenna. Moreover, the tuning circuitry or any frequency-
selective structures of the source are difficult to model accurately. It is therefore
important for reliable validation to study the input impedance of the numerical
model and the actual antenna in addition to the SAR measurements. Moreover,
these measurements can easily be made in broader band and hence they can
reveal shortcomings in the model that are difficult to recognise from single
frequency results.

For antenna-type exposure sources, more extensive validation procedures
can be followed. For example, comparison of the measured and simulated free
space field patterns of the exposure source can give additional information on
the quality of the numerical model.

2.42 Measurement setups

The validation measurements are made using the same instrumentation as in
the actual irradiation. Thus, only the phantoms and the method for the SAR
measurement are additionally needed. The SAR measurement procedures
and instrumentation for e.g. mobile phone exposure assessments are well
established and standardised [89]—-[91]. These SAR scanner-based methods can
be utilised for validation setups as well. The limitation is that the SAR scanner

42



STUK-A243

measurements require an open top phantom and they are basically usable only
for measurements of local exposure. This limits the use of SAR scanner-based
methods to the validation measurements of antenna-type open sources. The
standard phantoms exist only for human head and trunk. A flat phantom [12]
could be used as an approximation but for more realistic loading conditions it is
necessary to construct a specific phantom representing the exposed body part.

Open top phantoms and SAR scanners are not feasible for the validation
in case of closed exposure systems. One possibility in these cases is to use
a thermally isolated phantom and very high microwave power to produce a
measurable temperature rise, as done in [92] and [P3]. The whole body average
SAR can be calculated from Equation (1).

2.4.3 Comparison of the simulated and measured values
The simulated and measured values can be compared to each other in many
ways. The peak SAR and other local SAR values are very sensitive to positioning
accuracies and hence, if in good agreement, they give the best validation.
However, the errors of local peak values can be high both in measurements and
simulations. Moreover, the measurement of a detailed SAR distribution is not
often possible. In these cases only spatially averaged SAR values have to be
used for comparison.

The good agreement of validation measurements and simulations means
a situation where the measured and simulated values are within the estimated
uncertainties of both evaluation methods, or in other words, E , as in Equation (3),
is less than one [87].

E (vsim B vmeas )2

" (vsimusim)z + (vmeasumeas )2 ’

where v.. and v
sim

(3

are the simulated and measured values and z_;, and u

meas meas

the estimated uncertainties (K=2), correspondingly.

2.4.4 Validation setups developed in this thesis

In [P1] and [P2], the same dipole antenna was used as with the exposure source.
The simulation models, however, were different, which is why the validations
were made for both models separately. In [P1] the simulation model was
cylindrical and the exposure was very local thus constructing an open top liquid
filled phantom was fairly easy. The phantom is shown in Fig. 7. The advantage of
this setup was the symmetric structure, which makes very accurate positioning
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of the source possible. Moreover, modelling the phantom was possible only using
the model generator of the software package.

The situation was somewhat more complex in [P2]. A realistic pig
head phantom was needed but the construction of such turned out to be very
complicated. The solution was to make a CAD model using the same MRI data
as for the actual numerical model. The CAD data was utilised to construct the
phantom out of solid polyethen (PE) block using a CNC (computerised numeric
control) milling machine. The validation setup is shown in Fig. 8. The numerical
model of the phantom was then made also using the CAD data.

In both studies the local peaks as well as mass averaged SAR values
were compared. In addition, the simulated and measured free space directional
patterns of the source were compared in [P2]. The differences of the simulated and
measured values are presented in Table 2. Taking into account the measurement
uncertainty present in the SAR and free space measurements, the agreement of
the values was very good in both studies.

In [P3] the exposure source was closed and the exposure targeted to the
whole body. A validation setup based on the SAR scanner was therefore impossible.
Instead, regular plastic bottles filled with muscle simulating phantom liquid
were used as phantoms. Four different bottle sizes (56, 110, 280, and 550 ml),
whose dimensions were similar to rats of different ages, were used. Phantoms
were placed in all 24 rat cages for the measurements. One of the bottles was
made to a calorimeter by insulating it with a styrofoam box. Two hundred watts
of microwave power was fed to the chamber for up to three hundred seconds.
The temperature of the insulated phantom was measured before and after the
irradiation with a sensitive thermistor probe. SAR in the phantom depended on
the phantom position but, for example, at the SAR level of 5.3 W/kg the resulting
temperature rise was 1.1 mK/s or 340 mK in 300 seconds for 110-ml phantom.
The differential sensitivity of the temperature probes was approximately 10 mK,
hence the temperature rise was well in the measurable range. The average
SAR was then calculated from Equation (1). The specific heat capacity of the
liquid was measured with a calorimeter and the heat capacity of the phantom
bottle was calculated from the values available in the literature and using the
mass of the bottle. The temperature difference between the phantom and the
environment was minor and significant errors due to heat conduction were
not observed. This was studied by comparing the results achieved with several
different SAR levels and heating times. The differences between the measured
and simulated values were less than 20%. Thus, the agreement was good taking
into account the complexity of the system and the measurement uncertainty of

SAR (£20%).
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Fig. 7. Phantom setup for validating simulated values of SAR in the skin of human.

Fig. 8. Phantom setup for validating dosimetric simulations with head of a pig. The
phantom was constructed with a CNC milling machine and a CAD model based on the
MRI data.
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Table 2. The results of the validation of the numerical models in [P1] and [P2].

Compared quantity

Difference of the simulated
and measured value [%]

Human volunteer study [P1]

Local peak SAR 2
10 g averaged SAR 8
Study with anaesthetised pigs [P2]

Local peak SAR -1
10 g averaged SAR 2
Free space gain 3
Free space directional pattern (10 dB beam) 8

46




STUK-A243

3 Dosimetry in practical safety evaluations

3.1 Introduction

The highest microwave exposures to the general public are, in practice, caused
by the transmitters that are in contact with the human body while used such
as mobile phones. The exposure caused by the fixed antennas, such as mobile
phone base stations, to the general public is typically significantly lower because
the antennas are generally either transmitting low power or situated remotely
from places of public access [93]-[95]. The situation is somewhat different
concerning occupational exposure. Many professionals, such as firemen, janitors
and construction workers, have to work e.g. on roof tops in the proximity of
mobile phone base station antennas and other radio transmitters.

The exposure caused by the highest power transmitter antennas, placed
on the roofs, can exceed the SAR limits significantly within several meters,
while most of the base stations cause only minor limitations on working in the
close proximity [93], [96]. This sets high demands on the exposure assessment.
The safety distances have to be adequate to protect the worker. On the other
hand, too conservative estimates impede the work and excessive dosimetric
evaluations cause unnecessary costs. Therefore, simple methods for realistic
exposure evaluation are crucial.

The main purpose of this part of the study was to examine the feasibility
of methods used for practical radiation safety evaluations of mobile phone base
stations. The practical safety evaluations can be based on technical specifications
of the transmitter, in situ measurements or calculations of unperturbed fields,
SAR measurements or numerical simulations. These methods are introduced
and discussed in this chapter together with relevant RF safety standards and
regulations. This information is the inevitable background for the studies in
[P4] and [P5] included in this thesis. The results of the studies are summarised
in the end of this chapter.

3.2 SAR limits and reference levels

The guidelines for limiting the exposure to microwaves have been published, for
example, by the International Commission on Non-Ionising Radiation Protection
(ICNIRP) [6] and the Institute of Electrical and Electronics Engineers (IEEE)
[97]. The European Union (EU) has adopted the ICNIRP guidelines directly [88]
and the IEEE guidelines are followed, among others, in the United States and
Canada. The guidelines are derived by assessing an exposure level at which the
first well established adverse health effects will occur. The uncertainties related
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to this assessment are then analysed and, based on this, exposure levels given
below which any known adverse health effects will not occur. The limits are
therefore based solely on the presently known well-established health effects of
microwaves. These effects are all caused by excessive temperature rise in the
tissues caused by the absorption of microwave power.

The ICNIRP guidelines include basic restrictions for SAR as an average
over the whole body (SAR, ) and for an average over 10 g contiguous tissue
mass (SARbr)wg
public and for occupational exposure. The limits for the general public are set
five times stricter based on the fact that workers are generally all healthy adults
while general public also includes more sensitive groups, such as children and

br,wb
). Moreover, limit values are given separately for the general

elderly persons. The basic restrictions are presented in Table 3. The ICNIRP and
IEEE limits are relatively similar to each other. Different exposure limits are
issued, for example, in Russia and some countries in the Eastern Europe. In this
thesis, only the methods followed by ICNIRP and EU are considered.

Table 3. The ICNIRP basic restrictions for limiting the microwave exposure (ICNIRP
1998).

Exposure type Occupational exposure General public exposure
SAR[W/kg] SAR[W/kg]

Whole body 04 0.08

Local (10 g average) 10 2

head and torso

Local (10 g average) 20 4

limbs

Direct measurement of SAR is virtually impossible in vivo and
measurements with a phantom simulating the exposed human are practical only
in laboratory conditions. The safety evaluations are done typically in difficult
outdoor and occupational conditions which is why more practical measures of
exposure are needed. For that purpose, reference levels are given in the ICNIRP
guidelines for unperturbed electric (E) and magnetic (H) fields and plane wave
equivalent power density (S). The reference levels are defined to ensure that a
human entering such free space field strength will not be exposed to SAR values
exceeding the basic restrictions. The reference levels are presented in Table 4
and the definition of plane wave equivalent power density in Equation (4).
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where 7, is the wave impedance of free space (377 ), and E and H are

root-mean-square values of electric and magnetic field strengths.

Table 4.The ICNIRP reference levels for limiting the microwave exposure (ICNIRP 1998).
Values are given as occupational / general public exposure. fis the frequency in MHz.

Frequency range Electric field Magpnetic field Equivalent plane
[V/m] [A/m] wave power
density [W/m?]
10 MHz—400 MHz 61/28 0.16/0.073 0.2/0.092
400 MHz-2000 MHz 3Vf/1.375\F 0.008v/f/ 0.0037+/f /40 / /200
2 GHz-300 GHz 137 /61 0.36/0.16 50/10

The reference levels are defined based on the worst exposure scenario of all
possible body orientations, postures, and sizes and also on all field distributions
and polarisations. Because of this definition, the unperturbed field measurements
result in conservative estimates of the exposure in all other exposure scenarios.
On the other hand, the estimation of the worst case is limited by the dosimetric
accuracy available at the time the limits were published. Current ICNIRP
reference levels were established in 1998, when for example the considerations
on dosimetry in heterogeneous tissue structures were very limited. This is a
problem especially in very inhomogeneous near field of antennas where the local
exposure could reach the basic restrictions before the whole body average. For
these reasons, the studies on the relation of unperturbed field strengths and the
actual exposure are crucial to ascertain the validity of the reference levels or to
further improve them in the future.

3.3 Standards

The SAR and field strength measurements as well as dosimetric simulations
are complicated and the uncertainties are high. An inevitable requirement
for the enactment of safety limits is, however, that there are comparable and
reproducible methods to assess the exposure. Therefore, detailed standards for
the safety evaluations are crucial. Widely used standards are published by the
International Electrotechnical Commission (IEC), European Committee for
Electrotechnical Standardization (CENELEC) and the IEEE. The CENELEC
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and IEC standards are referred directly for example in the EU directives [98]
on how the compliance with the ICNIRP guidelines should be demonstrated.
Moreover, the standards specify important details that are not included or have
been left unclear in the exposure guidelines.

The base station exposure is one of the most common exposure scenarios
present in everyday life and in certain occupations. The European standards
EN 50383 and EN 50400 together with related product standards EN 50384,
EN 50385 and EN 50401 define the methodology for the compliance assessment
of radio base stations of wireless telecommunication systems [12], [99]-[102]. An
international standard on the topic is to be published in the near future by the
IEC. Moreover, several other related standards are published [103]-[107].

3.4 Procedure for practical safety evaluation

The safety evaluation is basically an assessment of one of the following

parameters or their combination:

o The worst case exposure with the actual antenna input power and with
the position of the person that leads to highest exposure. The position here
is typically the closest distance limited by the physical obstacles around
the antenna.

° The maximum allowed antenna input power for which the exposure limits
are not exceeded in any possible position of the person.

° A region around the antenna outside which the exposure limits are not
exceeded with the actual antenna input power.

The assessment of these parameters can be made by means of analytical
considerations, calculations or in situ measurement of the unperturbed fields,
dosimetric laboratory measurements or numerical simulations. It is reasonable to
do the safety evaluation with a minimum effort required to ascertain that the basic
restrictions for neither local nor whole body exposure are exceeded in any case. A
schematic illustration of the procedure presented in EN 50383 is shown in Fig. 9.
The main idea is that simplified compliance checks should always overestimate
the exposure compared to more realistic exposure assessment methods. Then,
if the safety at a certain location can be demonstrated, for example, by means
of electric field measurements the laborious SAR measurements or numerical
simulations are not required for showing the compliance. It is therefore crucial
that the used simplified methods actually do overestimate the exposure.
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Fig. 9. A schematic illustration of the safety evaluation procedure given in CENELEC
EN 50383:2002 (© CENELEC)
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3.5 The exclusion criteria and field calculations

The first step of safety evaluation is to consider if the compliance of whole
body average SAR (SAR ,) or 10 g average SAR (SAR wg) can be demonstrated
without any measurements. For SAR ,,the theoretical maximum is the radiated
power of the antenna divided by the body weight of the exposed person. This
relation is used to define an exclusion level for whole body SAR assessment;
according to EN 50383 the minimum body weight is 42 kg for a worker and
12.5 kg for general public. The radiated powers below 17 W cannot cause the
exceeding of SAR, , for occupational exposure for a person weighting at least
42 kg (17 W/42 kg = 0.4 W/kg) and radiated powers below 1 W cannot cause
the exceeding of SAR,  for general public for a person weighting at least
12.5 kg (1 W/12.5 kg = 0.08 W/kg). Therefore, 17 W and 1 W of radiated power
can be used as an exclusion level for occupational and general public whole body
exposure, respectively. This is the case in many mobile phone base stations.

Present standard EN 50383 does not contain an exclusion criterion for
SAR,, assessment. However, if the field distribution varies relatively smoothly
over the cross-section of the exposed person, it may be assumed that SAR, 106
will not be exceeded if the SAR , is well below the limit for whole body exposure.
This assumption is based on data presented in [108] and [109]. In these studies,
different exposure scenarios were analysed with four heterogeneous numerical
human models and up to three simultaneously incident plane waves. In mobile
phone bands, the ratio of SAR,, and SAR, ,, was less than ratio of SAR , and
SAR, ,in all worst case exposure conditions and in nearly all other cases. A peak-
to-average ratio of 6 dB for the incident field in the area of the exposed person is
suggested in [110] for the exclusion of SAR,, assessment above 600 MHz. This
is, however, based on a very simplified quasi-optic analysis.

The calculation procedures for unperturbed fields, presented in [12], are
very helpful in the far field region. The calculation of the maximum field strength
is simple based on antenna gain and input power. These parameters are often
available for base stations. However, the far field method overestimates the
exposure significantly in the near field. Calculation methods providing more
accuracy in the near field, such as the ‘Synthetic method’ in [12] require detailed
information about the internal structures and feeding circuitry of the antenna,
and hence they are an applicable tool mainly for antenna manufacturers. This
thesis considers the practical safety evaluations, mainly in the near field of base
station antennas, and therefore these calculation methods are not discussed in
detail here.
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3.6 Measurements of the unperturbed fields in situ

If the exclusion criteria, described in the previous section, do not apply, the
safety evaluation has to be made based on measurements or simulations. It is
reasonable to start the evaluation from the easiest method. The effort required
for the assessment depends on the case, but the simplest method is often the
measurements of unperturbed free space field strengths in the areas where
exposed persons can go. Equipment for these measurements is presently
commercially available in adequate quality. These are therefore not considered
in more detail in this work.

In practice only E measurement is possible in situ in microwave frequencies.
The reliability of the measurement depends strongly on the distance between
the studied location and the antenna. In the far field of the antenna, the wave
impedance is known, and hence the energy of the wave can be calculated reliably
from E. In the reactive near field, the wave impedance depends on the type of
the source, and hence the measurement of the E gives only a rough estimate on
the energy.

In the far field of the antenna, fairly reliable estimation of SAR , can
be made based on the measured maximum value of E (E ) [110]. This is due
to the fact that at microwave frequencies the power absorption in the exposed
human is superficial and significant resonances do not occur. Moreover, the
field distribution is typically smooth in the far field of BS antennas due to the
relatively wide beams used in them. Therefore the local exposure does not differ
from the whole body average significantly and separate assessment of SAR 10g 18
not necessary. These claims are supported by the results presented in [108] and
[109] where the SAR , and SAR,, were analysed with numerical simulation
models of humans exposed to plane waves equal to the ICNIRP reference level.
In [108], the worst case SAR , was 47% of the SAR, = and worst case SAR 108
was 31% of SAR, ,, . The analysis was based on one heterogeneous numerical
human model (male). In [109] similar analysis was made with four numerical
human models including two models based on children, one based on an adult
female and one based on an adult male. The highest corresponding ratios were
143% for whole body and 44% for local exposure, correspondingly. In light of this,
the measurement of £ leads to fairly realistic estimate of both SAR , and SAR 10g°
The slight exceeding of the basic restrictions observed in [109], however, suggests
that the reference levels need to be revised in some frequency bands. Yet, the
exceeding is small compared to the safety margins of the basic restrictions and
the uncertainties related to in situ measurements.

In the radiating near field of an antenna the field distribution is highly
non-uniform and hence the SAR , and SAR 10¢ AT€, to some extent, independent
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on each other and the situation is much more complex. The assessment of SAR
could, however, be made reliably by £ measurements; the wave impedance is
fairly close to the free space conditions, and therefore the energy of the wave
can be estimated from E. By means of spatial averaging of the field a relatively
realistic estimate of the whole body exposure can be achieved. The local exposure,
however, can be significant in this region. The direct comparison of E_  to
reference level (E ) is very practicable way to check the compliance, yet the
reliability of this method needs to be further studied [P4], [P5].

In the reactive near field of an antenna the wave impedance is not
known which is why the compliance check by means of E measurement alone
is questionable. For example, due to the results presented in [111], the H field
strength, rather than E, defines the SAR value in objects close to the dipoles.
The coupling of RF power to biological tissues in the reactive near field has been
further studied for example in [112] and [113] showing that neither H nor E
field alone defines the SAR value but the local composition of the tissues affects
significantly. However, at microwave frequencies the £ measurements are the
only available method to estimate the exposure in the field conditions.

3.7 Dosimetric laboratory measurements

If the compliance of an antenna installation at a certain location cannot be
shown by means of exclusion criteria or in situ E measurements, the options are
either to decrease the radiated power or to define a larger safety region around
the antenna. Moreover, the compliance can still be possibly demonstrated by less
conservative methods, i.e. SAR measurements in a laboratory or by numerical
simulations.

The instrumentation and procedures for SAR measurements are
standardised for mobile phones and other small antennas radiating in the close
proximity of the body [12], [90], [91]. Moreover, SAR measurements provide
a good option for validating dosimetric simulations, as discussed later in this
chapter.

According to the standard EN 50383, the safety evaluation made with
SAR measurements is limited to local exposure [12]. Therefore, the whole body
exposure should be assessed otherwise, for example, by means of measurements
of unperturbed E.

3.7.1 Measurement methods
The SAR measurement setups specified in standards EN 50383 and IEC62209-1
and -2 are based on a SAR scanner [12], [90], [91]. In the measurements, the
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body of the exposed person is replaced with a box phantom whose cross section is
800 mm x 500 mm and liquid height up to 200 mm. The dimensions correspond
approximately to the outer dimensions of a trunk of an average adult. An
example of such a setup is shown in Fig. 10 [P4].

For the measurements, the antenna is positioned below the phantom
so that the main lobe points up. The requirement for the antenna, given in
the measurement standard, is that the cross section of the antenna is smaller
than 600 mm x 300 mm, i.e. smaller than the cross section of the phantom.
However, this requirement can be relaxed for the measurement of SAR,,_in some
cases. The base station antennas are typically long but narrow linear arrays of
radiating elements. The exposure maximum values in the close proximity of such
an antenna are caused by single radiating elements rather than the combined
field. Furthermore, the highest powers are typically fed to the elements at the
centre. This is why locating the centre of the antenna below the centre point of
the phantom gives reliable results on the SAR 108 maximum.

The measurement of SAR , is not included in the EN 50383 but, however,
suggestive data on the whole body absorption can be achieved by measuring
the total absorbed power in the phantom with the SAR scanner. If the antenna
under test is smaller than the phantom, or trunk, the situation between the
measurement and the actual exposure scenario does not differ significantly.
On the other hand, if the antenna is significantly larger than the phantom, the
total absorption in humans is most likely higher than in the phantom; the limbs
and head absorb power in addition to the trunk and therefore, box phantom
measurement underestimates the exposure.

3.7.2 Limitations and strengths
The main advantage in using dosimetric measurements for safety evaluation
is the insensitiveness against coarse errors. The actual antenna is used in the
measurements, thus knowledge on the inner structures of the antenna is not
necessary. Moreover, SAR measurement methods are well established and
reliable calibrations are available, too. Furthermore, the SAR measurement
setup can be checked, for example, by means of standard source measurement
(dipole) prior to the actual measurements to see that the results are reasonable.
Therefore, the risk of major flaws in the assessment is low. Moreover, the
assessments using a box phantom are very reproducible and commensurable,
which is an inevitable requirement for any compliance testing. The reliability
and reproducibility of the SAR measurements especially supports the use of
these measurements as a validation method for numerical simulations.

The use of the box phantom poses the main limitation of this assessment
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Fig. 10. A setup for measuring local SAR in the near field of base station antennas.
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method; it does not take into account the tissue layers and curvatures of the
body surface. Hence, the measurement result cannot be considered as the worst
case exposure directly, but correction factors as high as 2-3 have been suggested
[12], [114]. The other significant limitation is that the whole body exposure
cannot be assessed reliably by box phantom measurements. In case of general
public exposure this is a significant limitation, since the SAR , assessment has
to be made for all antennas whose radiated powers are above 1 W. In case of
occupational exposure, however, the whole body exposure assessment has to be
made only for antennas whose radiated powers are above 17 W and in practice
large fraction of mobile phone base stations fall below this exclusion level.

3.7.3 Uncertainty

The expanded uncertainty of +30% or better is required for the dosimetric
measurements in EN 50383. In practice, better uncertainties down to +20%
could be reasonably achieved [115], [116]. These values, however, include only
the error sources related to the measurement setup which are the measurement
uncertainty of the SAR scanner, positioning uncertainty of the antenna
under test, and uncertainties related to the measurement of the input power
and perturbation of the environment of the antenna. Additional errors, with
relation to the actual scenario, are mainly related to the difference of SAR in
the homogeneous box phantom and a human. This error can be up to 300% in
the worst case, as shown, for example, in [114].
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3.8 Numerical simulations

The most realistic, thus least conservative, safety assessment can be achieved by
the numerical simulations, as shown in [117] and [118], for example. The recent
developments in numerical human models and also in affordable computing
power have made the simulations a very reasonable option for dosimetric
assessment. Yet, the modelling of large structures and modelling the source
still pose many challenges to overcome.

The numerical methods and basic procedure of conducting dosimetric
assessment, discussed in Section 2.3.1, are used in practical safety evaluations
as well. In this section, the challenges specific to the simulations in practical
scenarios are discussed as well as the necessary validation procedures of these
simulations.

3.8.1 Simulation methods

In practical safety evaluations the sources are commercial antennas, whose
radiating structures are inside radomes and are often difficult to model without
opening the antenna. Moreover, mobile phone base stations are typically array
antennas, consisting of several dipole-type elements, where the field pattern
is formed by the amplitude and phase distribution between the elements. The
relative amplitudes and phases are important to determine, which can be
difficult if they are not given by the manufacturer. Also, the internal losses of
the antenna, caused by for example the feeding network, should be assessed for
accurate dosimetry. Therefore, the main challenge in practice is the modelling
of the source.

Many reports concerning studies of simplified base station antennas
have been published [96], [119]-[124]. The models are consisting of dipole or
patch-type elements and ground planes. The realistic amplitude and phase
distributions of the generic models can be selected based on antenna array
theories knowing the typical gains, side lobe levels and other parameters of the
base station antennas. These studies provide important qualitative knowledge
on the base station exposure, especially for the far field of the antennas. In the
close proximity of the antenna, however, the gains and other far field parameters
are less significant and the exposure is depending rather on the structure of
single radiating elements. The structures are varying between the different
antenna models, and therefore actual antenna models are worth studying as
well.

Studies of commercial antenna models have been reported for example
in [117], [121], [96], and [125]. In these studies the antennas are typically
deconstructed for the modelling of the mechanical structure of the radiating
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elements. Another possible option would be, for example, using X-ray or other
imaging methods for the modelling of the antenna.

The phase distribution of the array antennas is not significant for the
exposure in the close proximity because the local exposure maximums are
caused by single elements. Hence, the modelling can be simplified by using
constant phase. Amplitude distribution, however, is important. Only the total
power, fed to the antenna, is known in practice. Therefore the power fed to
single elements relative to the total power need to be known. In many cases
the distributions of amplitudes can be estimated from the deconstructed
antenna. A typical implementation for the feeding circuitry is a network of
power dividers. In this case, the number of dividers in the signal path before
each radiating element can be seen and the relative amplitudes of the elements
can be calculated. Otherwise, near field measurements of E can be utilised to
estimate the amplitude distribution of the elements.

Since the source model is generated, the safety evaluation proceeds to
find the worst case exposure scenario. The exposure is mainly depending on
the position of the exposed person relative to the antenna. The worst case is
therefore searched by running several simulations with different postures and
locations. Moreover, the effect of any possible obstacles in the close proximity of
the antenna should be studied.

The shortest possible distance between the body and the antenna is
obviously the worst case but also the direction and position of the antenna
has a significant effect. The SAR 108 depends strongly on the tissue types and
the shape of the surface at the maximum field, while SAR , depends on the
fraction of the radiated power absorbed in the person. Therefore, the antenna
direction and position should be searched independently for largest SAR , and
SAR,, . Moreover, important additional information is the distance dependency
of the exposure. This can be assessed by running simulations with different
distances.

3.8.2 Limitations and strengths
The main advantage in using simulations for dosimetry is that they enable
achieving very detailed information on exposure. Moreover, since the source
model is generated, different human models, postures and distances can be
analysed with relatively small effort.

On the other hand, the generation of the source model is difficult. Moreover,
especially in case of large antennas and whole body models, the calculation grid
becomes very large for even relatively small distances. Furthermore, even if
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there are several numerical models of humans, these are the only single cases.
For the assessment of whole body exposure, the difference between the body
size of the exposed human and the numerical model causes error to dosimetry
directly. This is due to the fact that SAR , is inversely proportional to body
weight. For the assessment of local exposure, the differences of the model and
the exposed person, for example, in skin and fat layer thicknesses, muscle sizes
and shapes of the bodies, can cause significant errors to SAR, .

3.8.3 Validation methods
The validation procedure for dosimetric simulations in practical exposure
scenarios is essentially the same as in the exposure setups discussed in Section
2.4; a simplified scenario is measured and simulated and the results compared.
If the results are in a good agreement, the numerical source model is valid.
For the measurements, the setup based on a SAR scanner and a box
phantom, described in Section 3.7, is a convenient choice since the setup is
widely used and validated and the modelling of such a simplified phantom is
easy. For further validation, data measured or given by the manufacturer on the
far field parameters of the directional pattern of the antenna can be compared
to simulated values.

3.9 Contributions of this thesis

The safety evaluation process, described above in Sections 3.4-3.8, is based
on standards. The main purpose of these standards is to provide systematic
methodology for manufacturers and users of base station antennas to show
the compliance of an installation with applicable regulations. For this purpose,
it is useful that the simple and low cost methodologies are available. On the
other hand, from the point of view of public authorities and practical safety
evaluations, it is crucial that these simplified methods are reliable. The reason
to execute the studies [P4] and [P5], included in this thesis, was to increase
the knowledge on the reliability of safety evaluations based on free space
measurements of unperturbed fields.

In [P4], six common commercially available mobile phone base station
antenna types were studied with SAR and E measurements. The smallest
antenna was 231 mm and the largest 1916 mm long and the gains varied from
7 to 18 dBi. The SAR measurements were conducted for the antennas according
to the measurement procedure described above in Section 3.7.1. The setup is
shown in Fig. 10. Measurements were made at four different distances between
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the antenna and the phantom. The distances were 10 mm, 100 mm, 300 mm
and 600 mm. The SAR in the whole phantom at each distance was scanned in
order to find the maximum local SAR. Moreover, the total power absorbed in
the phantom was assessed from the results. The measurements of unperturbed
E were made in the main lobe of the antenna at the same distances than the
SAR measurements. The same setup was used for the measurements phantom
removed.

Standard safety evaluation procedure (Fig. 9) allows bypassing the
exposure assessment for both local and whole body exposure, if local peak value
of E is below the reference levels. This method is the easiest and hence it should
be the most conservative compliance check. The validity of this approach was
evaluated based on the measurement data achieved in [P4]. It was shown that
the measurement of local peak value of E was sufficient measure for the antenna
types included in the study. The results showed, however, that the safety margin
was surprisingly small in some cases. The smallest ratio of the exposure estimate
basedonE, and SAR, inthe box phantom was 3.1 (SAR,, /SAR, , :E */E ?,
factor LEEF as in [P4]). Remembering that correction factors up to 3 have been
suggested to achieve SAR 108 in human from the SAR 106 in box phantom, the ratio
becomes as small as 1.1, hence the conservativeness of the exposure estimation
based on E cannot be guaranteed in all cases.

An interesting topic in the BS safety evaluations is the overall need of the
local exposure assessment. The spatial field distribution of any antenna gets
smoother when the distance to the antenna increases. Therefore, compared to
whole body exposure, the local exposure is evidently more significant in the close
proximity of an antenna than in the far field. Therefore, in [P4] distance ranges
were established inside which the SAR, 108 exceeds before the SAR, ,. The
distances were estimated for a 42-kg person. The results are shown in Table 5.
The longest distance was 240 mm.

In [P5], one of the BS antennas considered in [P4] was studied in more
detail by numerical simulations. The studied antenna was a small indoor antenna
typically used in picocells. The antenna was deconstructed for the modelling. The
antenna consisted of two radiating elements and a frequency selective circuitry.
The circuitry guided RF frequencies in the 900 MHz band to the other radiating
element and the frequencies between the 1.7 GHz and 2.5 GHz to the other. The
elements were close to each other, because they had to be included in the model,
yet only the upper frequency bands were studied here. The RF field in the model
was fed to the upper band element directly, which is why the feeding circuitry
was not modelled.
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The generated antenna model was validated by measurements. The SAR
and E distribution data at different distances, achieved in [P4], was compared
to corresponding simulation results with a flat box phantom. The median of the
pointwise difference of measured and calculated SAR and E was 3.4-11% and
-1.3-13%, correspondingly, depending on the distance. Hence, the model was
relatively accurate.

The numerical model of the antenna was utilised by calculating SAR in
a head of heterogeneous numerical model of a human (NORMAN, [68]) placed
at different distances from the antenna. Moreover, the fields radiated by the
antenna in free space were simulated. The SAR values in the head of NORMAN
were compared to unperturbed E, H and S with different averaging schemes in
order to find out how conservative different compliance check methods are in
this case.

According to the results presented in [P5], the most reasonable and always
conservative compliance check was achieved by comparing S to the corresponding
ICNIRP reference level. The use of spatial averaging over the standardised
400 mm x 700 mm plane leads to underestimation of the compliance distance
in the close proximity of the antenna, since the averaging scheme is aimed to be
The use

bri0g*
of local peak value of E or H leads to very conservative compliance distances in

used only in cases where the SAR, , is more limiting than the SAR

many cases, yet they do not underestimate the exposure in any case.

Table 5. The distance below which the local SAR limits the occupational exposure for
a person weighing 42 kg. The distance (D7) is calculated assuming that all power fed
to the antenna is absorbed to the exposed person. The distance (D2) is calculated by
assuming that the absorption in the exposed human corresponds to absorption meas-
ured in box phantom.

Antenna GSM 900, 947.5 MHz GSM 1800, 1842.5 MHz UMTS, 2140 MHz
D71 [mm] D2 [mm] D71 [mm] D2 [mm] D7 [mm] D2 [mm]
a 54 100 91 240 120 200
b 25 100
c 0 60 0 78 0 240
d 116 160 114 190
e 58 160 83 160
f 13 90 49 213
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4 Summary of publications

4.1 Setup and Dosimetry for Exposure of Human
Skin In Vivo to RF-EMF at 900 MHz

The aim of this study was a dosimetric analysis of an experimental setup used
in the exposure of 10 female volunteers to GSM 900 radiation. The exposure was
carried out by irradiating a small region of the right forearm of the volunteers for
1 h, after which biopsies were taken from the exposed skin for protein analysis.
The source of irradiation was a half-wave dipole fed with a computer-controlled
GSM phone. The specific absorption rate (SAR) induced in the skin biopsy was
assessed by computer simulations. The numerical model of the arm consisted
of a muscle tissue simulating cylinder covered with thin skin (1 mm) and fat
(3 mm) layers. The simulation models were validated by measurements with a
homogeneous cylindrical liquid phantom. The average SAR value in the biopsy
was 1.3 W/kg and the estimated uncertainty £20% (K=2). The main source of
error was found to be variations in the distance of the forearm from the dipole
(10+1 mm). Other significant sources of uncertainty are individual variations of
the fat layer and arm thicknesses, and the uncertainty of radio frequency (RF)
power measurement.

4.2 Setup and Dosimetry for Exposing Anaesthetised
Pigs In Vivo to 900 MHz GSM Mobile Phone Fields

The aim of this study was a dosimetric analysis of the setup used in the
exposure of the heads of domestic pigs to GSM-modulated radio frequency
electromagnetic fields (RF-EMF) at 900 MHz. The heads of pigs were irradiated
with a half wave dipole using three different exposure routines; short bursts
of 1-3 s at two different exposure levels and a continuous 10-min exposure.
The electroencephalogram (EEG) was registered continuously during the
exposures to search for RF-EMF originated changes. The dosimetry was based
on simulations with the anatomical heterogeneous numerical model of the pig
head. The simulation results were validated by experimental measurements
with the exposure dipole and a homogeneous liquid phantom resembling the pig
head. The specific absorption rate (SAR), defined as a maximum average over
10 g tissue mass (SAR ZOg)’ was 7.3 W/kg for the first set of short bursts and 31
W/kg for the second set of short bursts. The SAR 10g in the continuous 10-min
exposure was 31 W/kg. The estimated uncertainty for the dosimetry was +25%
(K=2).
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4.3 Space Efficient System for Whole-Body Exposure of
Unrestrained Rats to 900 MHz Electromagnetic Fields

The aim of this study was to design, implement and analyse a space-efficient
setup for the whole-body exposure of unrestrained Wistar rats to radiofrequency
(RF) electromagnetic fields at 900 MHz. The setup was used for 2 years in a
cocarcinogenesis study and a part of it in a central nervous system (CNS)
study for 5 weeks. Up to 216 rats could be placed in separate cages in nine
different exposure chambers on three racks requiring only 9 m? of floor area (24
rats per m?). Chambers were radial transmission lines (RTL), where the rats
could freely move in their cages and food and drinking water was provided ad
libitum except during the RF' exposure periods. Dosimetric analysis was based
on FDTD computations with heterogeneous rat models and was validated with
calorimetrical measurements carried out with homogeneous phantoms. The
estimated whole-body average specific absorption rates (SAR) of rats were 0
(sham), 0.4, and 1.3 W/kg in the cocarcinogenesis study and 0 (sham), 0.27, and
2.7 W/kg in the CNS study with an estimated uncertainty of 3 dB (K=2). The
instantaneous and lifetime variations of whole-body average SAR due to the
movement of rats were estimated to be 2.3 and 1.3 dB (K=1), respectively.

4.4 Specific Absorption Rate and Electric Field
Measurements in the Near Field of Six
Mobile Phone Base Station Antennas

In this article, the exposure to radio frequency electromagnetic fields was
studied in close proximity (distances of 10, 100, 300, and 600 mm) to six base
station antennas. The specific absorption rate (SAR) in 800mmx500mmx200mm
box phantom and the unperturbed electric field (E) in air was measured. The
results were used to determine whether the measurement of a local maximum of
unperturbed electric field can be used as a compliance check for local exposure.
Also, the conservativeness of this assessment method compared to the ICNIRP
basic restriction was studied. Moreover, the assessment of the whole-body
exposure was discussed and the distance ranges presented in which the ICNIRP
limit for local exposure could be exceeded before the limit for the whole-body
SAR. The results show that the electric field measurement alone can be used
for an easy compliance check for the local exposure at all distances and for all
antenna types studied. However, in some cases where the local peak value of
E was compared directly to the ICNIRP reference level for unperturbed E, the
exposure was overestimated only very slightly (by factor 1.1) compared to the
basic restriction for localised SAR in a human, and hence these results cannot
be generalised to all antenna types. Moreover, it was shown that the limit for the
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localised exposure could be exceeded before the limit for the whole-body average
SAR, if the distance to the antenna was less than 240 mm.

4.5 Numerical Specific Absorption Rate Analysis and
Measurement of a Small Indoor Base Station Antenna

A comparison of different compliance rules for a small indoor base station
antenna is presented at frequencies 1800, 2140, and 2450 MHz using a
computational model. The numerical model of the antenna is validated using
measurements of free space electric field values in close proximity of the antenna
and specific absorption rate in a flat liquid phantom. Losses of the antenna
are approximated using the measured radiation efficiency as a scaling factor
between the input and output power of the antenna. The compliance distances
are then computed using the reference levels for field values and equivalent
power density. Obtained values are compared to the basic restriction limit in
the upper torso of an anatomically realistic numerical model of a human body.
The results show that in this case the reference level of the maximum value of
equivalent power density gives conservative compliance distances.
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5 Conclusions

The ability to assess the exposure in practical scenarios is a prerequisite for
setting the exposure limits, and on the other hand, the dosimetry is also an
inevitable part of the research that forms the basis of these limits. The recent
development in simulation methods has exploded the possibilities for detailed
dosimetry with realistic human models and detailed sources. However, it
should be remembered that the reliability, in particular, is important in safety
assessment and therefore the experimental measurement methods remain
significant as a validation method.

In this thesis, the measurement methods were studied especially from the
point of view of validation of numerical simulations. Although good agreement
between the numerical simulations and measurements was achieved in all
cases, it was also recognised that this seldom succeeded without any further
corrections. The numerical models as well as the setups are very complicated
and some parameters are almost always defective at first. Most of the flaws
are trivial, e.g. forgotten cable attenuation in RF power scaling, which can be
corrected once recognised. However, without cross validation, many of these
flaws could remain in the final results. Therefore, the numerical simulations
alone are not a sufficient method for dosimetric problems but always require
experimental support.

The dosimetric analysis process in safety evaluation of the microwave
exposure was studied from two points of view in this thesis. The studies
presented in [P1]-[P3] introduced three setups for studying the health effects
of the exposure while studies presented in [P4] and [P5] concentrated on the
exposure assessment in practical safety evaluations.

The main objectives of the studies presented in [P1]-[P3] were to provide a
practical setup, a reliably defined exposure level and well reported methodology
for studying different types of biological hypotheses. These objectives were
successfully met. Ten volunteered humans were exposed with the setup presented
in [P1], 11 domestic pigs were studied with the setup presented in [P2] and two
long term exposure studies were executed with the setup presented in [P3]. To
ensure adequate reliability, validation phantom setups were designed for all
studies. SAR-scanner based validation measurements utilising case-specific
open top phantoms were used for human and pig exposures. In the rat exposure
study, the validation measurements were made with calorimetric approach. The
accuracy of these measurements was found adequate for validation and good
agreement with the simulation results was achieved.

The separate publishing of methodology was found to be a good practice. It
enables detailed descriptions of the setups and dosimetry to be reported and the
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peer review is made by the dosimetry experts. Later on, the biological results can
be introduced and discussed with no need to question the exposure methodology.
The ideal case is, if possible, that the methodological report is published before
the actual exposures are started, only this way the full advantage on the scientific
evaluation process is achieved and unnecessary loss of research work due to
flaws in the dosimetry is avoided.

The instant variations of the exposure seem to be caused mainly by the
positioning of the source relative to the exposed person / animal. On the other
hand, the trade off for good positioning accuracy is often for example the usability
of the setup (e.g. laborious adjustment) or ergonomics and convenience (e.g.
restraining, spacer touching the skin). For this reason the main task in the setup
design is the assessment of the required accuracy of the dosimetry. The use of
complex setup for just improving the accuracy is seldom justified. At this point of
knowledge, the studies are made to find out is there an effect at all rather than
trying to establish clear thresholds. In this light, the uncertainties of some tens
of percents do not seem important. In fact, more important for the future use of
the results is the reliable estimation of the uncertainty. Therefore, it is good to
keep the setups as simple as possible. This is also supported by the challenges
that are present in the practical execution of these studies.

The adequate accuracy is the key issue in practical safety evaluations
as well. The aim of the safety evaluations is to check the compliance with the
exposure limits rather than the accurate estimation on the exposure. Therefore,
many methods are used to simplify the assessment. The most important
simplification in the safety evaluations is the use of unperturbed E as a measure
of exposure.

In the far field conditions, the relation of whole body SAR and unperturbed
E is somewhat straightforward in the microwave frequencies. On the other
hand, for local SAR or near field conditions, the safety evaluation based on E is
questionable. However, in practice the measurement of unperturbed E is the only
feasible method for the safety evaluations of fixed antennas in situ. Therefore,
the relation of unperturbed fields and SAR was studied in [P4] and [P5]. The
studies concentrated on the exposure in the inhomogeneous near fields of mobile
phone base station antennas.

In [P4] it was shown that the E, compared directly to the ICNIRP reference
level, can be used as an easy compliance check for local exposure. The spatial
averaging routines, however, should not be applied in the near field, but the local
peak value should be used [P5]. This compliance check was valid for the studied
six commercial antenna models even at 10 mm distance from the antenna.
However, the safety evaluation based on the maximum value of £ was not
conservative in some cases compared to basic restriction for SAR . The studied
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antennas represented several of the most commonly used base station antenna
types, although not all, and therefore more research is needed to generalise these
results to all antennas. Especially study of antennas with significantly different
types of radiating elements would be an interesting addition.
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