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Wenn die Wissenschaft ihren Kreis durchlaufen hat, so gelangt sie nattirlicher
Weise zu dem Punkte eines bescheidenen Misstrauens, und sagt, unwillig liber
sich selbst: Wie viele Dinge gibt es doch, die ich nicht einsehe.

Immanuel Kant
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Introduction and objectives

There was a substantial development and persistent introduction of new
telecommunication devices in the past two decades. Mobile communication is
nowadays ubiquitous reaching a number of mobile-cellular subscriptions of around
6.8 billion in 2013 — almost as many as the entire population worldwide. This
widespread use of mobile telecommunication required an expansion of the network
to meet the new technological requirements and end-user demands. In the
meantime, a shift could be observed from text messaging and calls towards mobile
internet access through mobile devices which will continue to grow strongly. All these
developments led to a substantial change of the radiofrequency electromagnetic field
(RF-EMF) exposure situation and to concerns about potential adverse health effects
in the population. Countries thus started to introduce precautionary exposure limits in
order to decrease the exposure of the population. However, there is no study so far
scrutinizing what consequences such precautionary limits have on outdoor exposure
levels. The Research Agenda of the World Health Organization (WHO) classified
EMF research as a high research priority. Measurement devices allowing to quantify
personal RF-EMF exposure became available only some years ago. Accordingly,
several studies have been conducted using personal measurement devices
(exposimeters). However, such measurements had typically been conducted through
recruited study participants being allowed to use their own mobile phone during
measurements. This can limit data interpretation if one is interested to differentiate
between the exposure from the own mobile phone and from the exposure of other
people’s mobile phone. Still, little is known about the exposure situation in our
everyday life and how RF-EMF exposure changed over time. Exposure assessment
has become challenging, due to the high spatial and temporal variability of RF-EMFs,

questioning how reproducible personal exposure measurements are.

Objectives

In the framework of this dissertation, methodological and issue-specific questions
have been examined. From a methodological point of view, we aimed to investigate
the effect of the own mobile phone on personal measurements. As our
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measurements based on a repetitive data collection procedure at defined time
frames and with predetermined measurement sequences, we studied the
reproducibility of personal RF-EMF measurements over time using an exposimeter.
Furthermore, we aimed to inspect how the mobile station network affects exposure
situations in outdoor areas.

Issue-specific research questions focussed on the characterization of RF-EMF
exposure levels in typical everyday environments and how exposure changed over

time.

Methods

Measurements were conducted during different time periods between 3 weeks and 1
year in several environments and across several European cities, i.e. Basel
(Switzerland), Amsterdam (the Netherlands), Ghent and Brussels (Belgium). We
used an exposimeter of the type EME Spy 120 for quantifying RF-EMF exposure on
different frequency bands ranging from FM (Frequency Modulation, 88 MHz) to
WLAN (Wireless Local Area Network, 2.5 GHz), including all telecommunication
signals: GSM 900 (Global System for Mobile Communications), GSM 1800 and
UMTS (Universal Mobile Telecommunications System) in up- (UL, communication
from mobile phone to base station) and downlink (DL, communication from base
station to mobile phone) traffic. We included different typical everyday environments

in outdoor areas, public transports, and indoor settings.

Results

Primarily, results on methodological questions showed that the own mobile phone in
stand-by mode reached exposure levels up to a factor of 100 compared to a mobile
phone being turned off. These results were more pronounced during car rides
whether during rides in public transports, as the background exposure, especially in
trains, was relatively high. Analysis of variance (ANOVA) indicated that despite the
high spatial variability which was best explained by the type of area (30%) in urban
cities and the type of city (50%), mobile phone base station exposure in outdoor
urban areas was highly reproducible. Typical mobile phone base station exposure
levels in outdoor urban areas (all types of outdoor urban areas combined) across
different European cities ranged between 0.22 V/m in Basel and 0.43 V/m in
Amsterdam. Peak exposure levels reached values of up to 0.82 V/m (Amsterdam) for
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the 95" percentile and the highest percentage of exposure (99" percentile) showed
values which were between 0.81 V/m (Basel) and 1.20 V/m (Brussels).

Analyses relating to issue-specific questions showed consistently during all
measurements that highest total average RF-EMF levels occurred in trains with
exposure levels between 0.83 V/m (Ghent) and 1.06 V/m (Brussels) and in downtown
areas: 0.32 V/m (Ghent) to 0.58 V/m (Brussels). The total RF-EMF exposure
increased by 20% in Ghent, by 38% in Brussels and by 57% in Basel during the
study period of one year between April 2011 and March 2012 in all outdoor areas in

combination.

Discussion and Outlook

Characterizing RF-EMF exposure with personal exposimeters has shown to be
feasible for quantifying exposure levels and to investigate temporal trends. They
allow collecting large amounts of data with little effort and enable including a large
variety of different environments. In addition, our study demonstrated that
measurements were highly reproducible for mobile phone base station exposure in
outdoor urban areas which is a strength when planning exposure assessment studies
based on repeated measurements. However, when taking measurements it is
recommended to turn off the own mobile phone, as our results showed a
considerable impact of the own mobile phone on personal measurements. The
contribution to total RF-EMF exposure was predominantly influenced by
telecommunication technologies, i.e. mobile phones and mobile phone base stations,
representing the most important sources of exposure in outdoor areas, public
transports and indoor settings. All exposure levels were far below the frequency-
dependent reference levels (41—-61 V/m) proposed by the International Commission
on Non-lonizing Radiation Protection (ICNIRP) as well as below national imposed
precautionary limits implemented in the different countries (on average ten times
lower than ICNIRP levels). Furthermore, our study did not find any indications that
lowering the regulatory limits result in higher mobile phone base station exposure
levels so far; nevertheless, further studies including more cities with different
regulatory limits are needed. A monitoring of the exposure to RF-EMFs is important
nowadays, especially with the introduction and expansion of new technologies and
the increased usage of mobile telecommunication. Monitoring studies should help to
clarity how RF-EMF exposure levels change over time and allow identifying areas
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with critical exposure values. These studies may contribute to a better understanding
of potential adverse health effects. Global research efforts are highly needed to
translate findings in public policies. In the light of current uncertainties regarding
potential adverse health effects due to long-term low-dose exposure levels,

minimizing exposure might be reasonable and requested.
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Einfihrung

Seit zwei Jahrzehnten ist ein bedeutsamer Anstieg bei der Entwicklung und
Einflhrung neuer mobiler Telekommunikationsmittel zu verzeichnen. Die
Mobiltelefonie ist heutzutage allgegenwartig, was sich auch an der Anzahl
abgeschlossener Mobiltelefon-Vertrage weltweit zeigt, die mit 6.8 Milliarden beinahe
ebenso hoch liegt wie die Weltbevélkerung. Die weit verbreitete Mobiltelefon-
Nutzung erfordert eine laufende Anpassung des Netzwerks, um die technologischen
Anforderungen neuer Gerat zu erflllen. Inzwischen konnte eine Verlagerung von
urspringlichen Funktionen, wie Text-Nachrichten und Telefonie, hin zu drahtlosem
Internetzugang durch Mobiletelefone festgestellt werden; dabei wird erwartet, dass
dieser Trend weiter stark zunimmt. Insgesamt bedeuten diese technologischen
Fortschritte eine grundlegende Veranderung hinsichtlich der Exposition durch
hochfrequente elektromagnetische Felder (HF-EMF) und flhren folglich zu erhdhter
Besorgnis in der Bevdlkerung Uber mdgliche gesundheitsschadigende Effekte.
Einzelne Lander implementierten deshalb Grenzwerte, um die Exposition vorsorglich
zu reduzieren. Bis anhin existieren jedoch keine Studien, die den tatsachlichen
Einfluss solcher Vorsorge-Grenzwerte auf die Exposition in Outdoor-Bereichen
untersuchen. Die Forschungsagenda der Weltgesundheitsorganisation (WHO)
klassifizierte das Monitoring von HF-EMF als einen dringlich zu untersuchenden
Forschungsschwerpunkt. Messgeréate, welche es erlauben, die persénliche HF-EMF
Belastung zu quantifizieren, existieren erst seit einigen Jahren. Es wurden bis dato
diverse Studien mit persdnlichen Messgeraten (Exposimeter) durchgefihrt, bei
denen es den daflr rekrutierten Studienteilnehmer jedoch meistens erlaubt war, das
eigene Mobiltelefon zu verwenden. Dies kann die Interpretation der Daten
beeintrachtigen, wenn die Expositionsquellen differenziert untersucht und die
Exposition des eigenen Mobiltelefons und die Hintergrundbelastung anderer
Mobiltelefone unterschieden werden sollen.

Bis anhin ist wenig bekannt tber die Expositions-Situation im Alltag und wie sich HF-
EMF Ober die Zeit hinweg andern. Expositions-Abschatzungsstudien sind ausserdem
anspruchsvoller geworden aufgrund der hohen raumlichen und zeitlichen Variabilitat
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von HF-EMF, was die Frage nach der Reproduzierbarkeit von personlichen
Messungen aufwirft.

Ziele

Die vorliegende Dissertation behandelt methodologische und inhaltliche
Fragestellungen. Aus methodologischer Perspektive wurde der Einfluss des eigenen
Mobiltelefons auf persénliche Messungen untersucht. Da unsere Messungen auf
repetierenden Datenerhebungen basieren, gemass vordefinierten Zeiten und
festgelegten Messabfolgen, wurde weiter die Reproduzierbarkeit von persdnlichen
HF-EMF Messungen mit einem Exposimeter gepruft. Ferner wurde erforscht, wie
sich das Mobilfunkbasisstation-Netzwerk auf die Exposition der Bevdlkerung
auswirkt. Inhaltliche Fragestellungen fokussierten auf die Charakterisierung und
Quantifizierung der HF-EMF Belastung in typischen Umgebungen im Alltag und wie
sich die Exposition Uber die Zeit &nderte.

Methoden

Messungen wurden in Zeitfenstern von 3 Wochen bis zu einem Jahr in
verschiedenen Umgebungen und diversen europdischen Stadten (Basel (Schweiz),
Amsterdam (Niederlanden), Ghent und Brlssel (Belgien))durchgefihrt. Wir
verwendeten ein tragbares Exposimeter flr die Messungen, welches es erlaubt, die
relevanten Frequenzen zwischen Radio FM (Frequenzmodulation, 88 MHz) bis
WLAN (Wireless Local Area Network, 2.5 GHz) zu quantifizieren, mitsamt aller
Telekommunikations-Frequenzen: GSM 900 (Global System for Mobile
Communications), GSM 1800 und UMTS (Universal Mobile Telecommunications
System). Die Telekommunikationsfrequenzen wurden sowohl im  Uplink-
(Kommunikation vom Mobiltelefon zu der Mobilfunkbasisstation) als auch im
Downlink-Bereich (Kommunikation von der Mobilfunkbasisstation zum Mobiltelefon)
erfasst. Wir berlcksichtigten unterschiedliche typische alltdgliche Umgebungen,

einschliesslich Outdoor-Bereiche, 6ffentliche Verkehrsmittel und Innenrdume.

Resultate

Bezlglich der methodologischen Fragestellungen wurde gezeigt, dass das eigene
Mobiltelefon im Ruhemodus (stand-by) verglichen mit einem ausgeschalteten
Mobiltelefon erhéhte Expositionswerte bis zu einem Faktor von 100 verursachte. Die
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Resultate waren deutlicher wéahrend Autofahrten als wahrend Fahrten mit
Offentlichen Verkehrsmitteln, da die Hintergrundbelastung relativ hoch war,
insbesondere in Zigen. Die Untersuchung der Reproduzierbarkeit von persdnlichen
Messungen mit einem Exposimeter demonstrierte, dass die Expositionswerte von
Mobilfunkbasisstationen in Outdoor-Bereichen hochgradig reproduzierbar waren. Die
Varianzanalyse (ANOVA: Analysis of Variance) zeigte, dass die Art des Gebiets
(30%) und die Stadt (50%) den gréssten Teil der Datenvariabilitat erklarten. Typische
Expositionswerte durch die Strahlung von Mobilfunkbasisstationen in Outdoor-
Bereichen und verschiedenen europaischen Stadte lagen zwischen 0.22 V/m in
Basel und 0.43 V/m in Amsterdam. Spitzenwerte erreichten Belastungen von 0.82
V/m (Amsterdam) flr das 95. Perzentil und bewegten sich zwischen 0.81 V/m (Basel)
und 1.20 V/m (Brissel) fur das 99. Perzentil. Bei allen Messungen waren die
héchsten  Gesamtbelastungen  konsistent in  Zigen nachzuweisen  mit
Expositionswerten zwischen 0.83 V/m (Ghent) und 1.06 V/m (Brissel), wie auch im
Stadtzentrum: 0.32 V/m (Ghent) bis 0.58 V/m (Brissel). Die Studienresultate
suggerieren eine Zunahme der Gesamtbelastung durch HF-EMF in allen Gebieten
kombiniert um 20% in Ghent, 38% in Brissel und um 57% in Basel wéahrend eines
Jahres zwischen April 2011 und Mérz 2012.

Schlussfolgerungen und Ausblick

Exposimeter ermdglichen die Erfassung der Exposition in unterschiedlichen
typischen Umgebungen und zeitlichen Verlaufen. Solche Gerate erlauben die
Erhebung einer betréchtlichen Anzahl an Messdaten mit relativ wenig Aufwand und
gestatten es, eine Vielzahl von typischen Umgebungen einzuschliessen, wie
offentliche Verkehrsmittel und Innenraume.

Darlber hinaus zeigte unsere Studie, dass die Messungen der Exposition von
Mobilfunkbasisstationen in hohem Masse reproduzierbar sind. Dies ist von
besonderer Bedeutung, wenn Expositions-Abschatzungsstudien geplant sind, die auf
repetitiven Messungen basieren.

Bei personlichen Messungen ist es empfehlenswert, das eigene Mobiltelefon
auszuschalten, da unsere Ergebnisse zeigten, dass dieses einen erheblichen
Einfluss auf die persénlichen Messdaten hat. Den gréssten Einfluss auf die gesamte
Expositionsbelastung durch HF-EMF haben Telekommunikationstechnologien,
insbesondere Mobiltelefone und Mobilfunkbasisstationen, welche die wichtigsten
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Quellen der Exposition in Outdoor-Bereichen, o6ffentlichen Verkehrsmitteln und
Innenrdumen darstellen. Alle Expositionswerte lagen deutlich unter den
Referenzwerten (41-61 V/m), welche von der Internationalen Kommission fir den
Schutz vor nichtionisierender Strahlung (ICNIRP: International Commission on Non-
lonizing Radiation Protection) empfohlen werden, sowie unter den nationalen
gesetzlich implementierten Vorsorge-Grenzwerten der verschiedenen Lander (diese
liegen durchschnittlich zehnmal tiefer als die ICNIRP-Referenzwerte). Darilber hinaus
gab es in unserer Studie keinen Hinweis darauf, dass die Senkung der gesetzlichen
Grenzwerte zu unabsichtlich héheren Expositionswerten durch die Strahlung von
Mobilfunkbasisstationen fiihrt. Eine Uberwachung der Exposition der HF-EMF
Belastung ist heutzutage wichtig, da laufend neue Technologien und neue Gerate mit
unterschiedlichen Expositionscharakteristiken eingefiihrt werden. Monitoring-Studien
sollen Ansatze liefern fur die Untersuchung der zeitlichen Dynamik von HF-EMF und
erlauben es, Gebiete mit kritischen Expositionswerten zu identifizieren. Solche
Studien tragen zum besseren Verstandnis von potenziell gesundheitsschadigenden
Effekten bei. Forschung im EMF Bereich ist dringend erforderlich, auch hinsichtlich
der Implementierung o6ffentlicher Massnahmen. In Anbetracht der derzeitigen
Unsicherheiten, insbesondere fir die Langzeitwirkung von EMF im Niedrigdosis-

Bereich, ist eine Minimierung der Exposition angemessen.
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Inleiding en doelstellingen

De laatste twee decennia worden gekenmerkt door de introductie en sterke groei van
nieuwe telecommunicatietechnologie. Vandaag is mobiele telefonie
alomtegenwoordig; In 2013 zijn er circa 6.8 miljard mobiele abonnementen, bijna net
zoveel als de gehele wereldbevolking. Om aan de vereisten van dit wijdverbreide
gebruik van mobiele telefonie te voldoen dringt een uitbreiding van de huidige
draadloze netwerken zich op. Tezelfdertijd is er een verschuiving van het gebruik van
mobiele apparaten voor tekstberichten (sms) en gesprekken naar het maken van
internetconnecties via mobiele apparaten. De komende jaren zal deze trend zal zich
doorzetten. Al deze ontwikkelingen hebben geleid tot een substantiéle wijziging van
de radiofrequente elektromagnetische velden (RF-EMV) en zorgen voor bezorgdheid
bij de bevolking over mogelijke nadelige gevolgen voor de gezondheid. Sommige
landen voerden daarom, als voorzorgsmaatregel, strengere blootstellingslimieten in
om de blootstelling van de bevolking te verminderen. Er is echter geen studie die de
consequenties van een dergelijke voorzorgsmaatregel op de blootstellingsniveaus
buitenshuis onderzoekt. Meetapparatuur om de persoonlike RF—EMV blootstelling
op te meten is slechts sinds enkele jaren beschikbaar. Deze persoonlijke
meetapparatuur (exposimeters) wordt al in verschillende studies gebruikt om
metingen uit te voeren. Meestal mochten de deelnemers in deze studies hun eigen
mobilofoon gebruiken. Dit bemoeilijkt de interpretatie van de meetgegevens omdat
geen onderscheid gemaakt kan worden tussen de blootstelling van de eigen
mobilofoon en van de blootstelling van de mobilofoon van anderen. Tot nog toe is er
weinig bekend over de blootstelling aan RF-EMV in ons dagelijks leven en hoe deze
verandert in de tijd. Blootstellingsbeoordeling is zeer uitdagend vanwege de grote
spatiale en temporele variabiliteit van RF-EMV, daarom vragen onderzoekers zich
ook af hoe reproduceerbaar persoonlijke blootstellingsmetingen zijn.

Doelstellingen

Dit proefschrift onderzoekt zowel methodische als probleemspecifieke
onderzoeksvragen. Vanuit methodologisch oogpunt, proberen we om het effect van
de eigen mobiele telefoon op persoonlike metingen te onderzoeken. Al onze
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metingen zijn gebaseerd op een herhaalde sequentie van datacollectie op vaste
tijdstippen. Met een vooraf vastgelegde meetprocedure onderzoeken we de
reproduceerbaarheid van persoonlike RF-EMV metingen met behulp van
exposimeters in de tijd. Verder onderzoeken we hoe het mobiele netwerk de
blootstellingssituatie buitenshuis beinvioedt. De probleemspecifieke
onderzoeksvragen zijn gericht op het karakteriseren van RF-EMV
blootstellingsniveaus in typische alledaagse omgevingen en hoe de blootstelling
verandert in de tijd.

Methodes

De RF-EMV metingen worden uitgevoerd gedurende verschillende tijdsperioden
gaande van 3 weken tot 1 jaar in verschillende omgevingen en in Europese steden:
Basel (Zwitserland), Amsterdam (Nederland), Gent en Brussel (Belgié). We
gebruiken persoonlijke meetapparatuur (exposimeter) voor het kwantificeren van de
RF-EMV blootstelling voor alle relevante frequentiebanden variérend van FM
(frequentie gemoduleerde radio, 88 MHz) tot en met WLAN (Wireless Local Area
Network, 2.5 GHz), met inbegrip van alle signalen voor telecommunicatie: GSM 900
(Global System for Mobile Communications), GSM 1800 en UMTS (Universal Mobile
Telecommunications System) voor zowel uplink (UL, communicatie de gebruiker naar
het basisstation) als downlink (DL, communicatie van het basisstation naar de
gebruiker) verkeer. We onderzoeken verschillende typische alledaagse omgevingen

waaronder: openbare plaatsen buitenshuis, openbaar vervoer en binnenshuis.

Resultaten

De resultaten van het methodologisch onderzoek tonen ten eerste aan dat de eigen
mobilofoon in stand-by toestand blootstellingsniveaus bereikt tot een factor 100
hoger dan een mobilofoon die uitgeschakeld is. Deze resultaten zijn
onmiskenbaartijdens autoritten of ritten met het openbaar vervoer (vooral treinritten).
Een analyse van de reproduceerbaarheid van persoonlijke metingen met
exposimeters, waarbij “analysis of variance” (ANOVA) gebruikt werd, toont aan dat
de bepaling van de blootstelling door basisstations buitenshuis zeer reproduceerbaar
is, ondanks de grote spatiale variatie. Deze wordt het best verklaard door het type
gebied (30%) in stedelijke omgeving en de aard van de beschouwde stad (50%).
Buitenshuis varieert de typische basisstationblootstelling in verschillende Europese
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steden tussen 0.22V/m in Basel en 0.43 V/m in Amsterdam. De maximale
opgemeten 95%¢ percentiel van de blootstellingsniveaus bedraagt 0.82 V/m
(Amsterdam). De 99%° percentiel komt overeen met waarden die liggen tussen
0.81 V/m (Basel) en 1.20 V/m (Brussel). De Analyses van de probleemspecifieke
onderzoeksvraag tonen aan dat consequent de hoogste totale RF-EMV niveaus
optreden in treinen, met blootstellingsniveaus tussen 0.83 V/m (Gent) en 1.06 V/m
(Brussel), en in de binnenstad, 0.32 V/m (Gent) en 0.58 V/m (Brussel). De totale RF-
EMV blootstelling in all buitenomgevingen samen steeg met 20% in Gent, 38% in
Brussel en 57% in Basel gedurende de studieperiode van 1 jaar tusen april 2011 en
maart 2012.

Discussie en toekomst

In het kader van het karakteriseren van blootstelling aan RF-EMV, blijkt het haalbaar
om met persoonlijke exposimeters de blootstelling te kwantificeren en temporele
trends te onderzoeken. Exposimeters laten toe om grote hoeveelheden gegevens te
verzamelen met beperkte inspanningen en bieden de mogelijkheid om een grote
hoeveelheid verschillende omgevingen te onderzoeken. Bovendien toont studie aan
dat de metingen zeer reproduceerbaar zijn voor de basisstationblootstelling in
stedelijke  gebieden  buitenshuis. Dit pleit voor het plannen van
blootstellingbeoordelingsstudies op basis van herhaalde metingen. Gedurende de
metingen is het aanbevolen om de eigen mobilofoon uit te schakelen aangezien onze
resultaten een aanzienlijke impact vertonen van de eigen mobilofoon op persoonlijke
metingen. De totale RF-EMV blootstelling wordt voornamelijk bepaald door de
opgemeten telecommunicatie-technologieén, i.e., mobilofoons en basisstations voor
mobiele telefonie. Buitenshuis, in het openbaar vervoer en binnenshuis zijn deze de
belangrijkste bronnen van blootstelling. Alle blootstellingsniveaus liggen ver onder de
frequentie-afhankelijke referentieniveaus (41-61 V/m) van de internationale
commissie voor niet-ioniserende stralingsbescherming (ICNIRP), alsook onder de
nationale voorzorgslimieten van de verschillende landen (die gemiddeld tien keer
lager zijn dan de ICNIRP referentieniveaus). Verder levert ons onderzoek geen
aanwijzingen dat het verlagen van de blootstellingslimieten resulteert in hogere
basisstation blootstellingsniveaus, studies met meer steden met verschillende
limieten zijn echter nodig in de toekomst. Controle en metingen van de blootstelling
aan RF-EMV is belangrijk, vooral met de introductie van nieuwe technologieén en de
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toename van de mobiele telefonie. Controlerende studies moeten verduidelijken hoe
de RF-EMV blootstelling verandert in de tijd en laten toe om gebieden met hogere
blootstellingswaarden identificeren. Deze studies kunnen bijdragen tot een beter
inzicht in mogelijke nadelige gevolgen voor de gezondheid. Wereldwijde
onderzoeksinspanningen zijn zeker nodig om de bevindingen naar het openbaar
beleid te vertalen. In het licht van de huidige onzekerheden omtrent schadelijke
effecten voor de gezondheid als gevolg van een langdurige lage blootstellingsdosis,

zou het minimaliseren van de blootstelling acceptabel kunnen zijn.
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1 Introduction and background

1 Introduction and background

This thesis describes recently conducted research in the field of environmental
epidemiology dealing with radiofrequency electromagnetic field (RF-EMF) exposure
in everyday environments across different European cities.

1.1 What are radiofrequency electromagnetic fields (RF-EMF)?

The electromagnetic spectrum is subdivided into ionizing and non-ionizing radiation.
These types of radiation are differentiated by their physical and natural effects.
lonizing radiation is caused when electrons are released from an atomic structure
and thus induces damage to the desoxyribonucleic acid (DNA), whereas non-ionizing
radiation causes vibration of molecules (Levy et al., 2006). Electromagnetic fields
(EMFs) are part of the non-ionizing radiation of the electromagnetic spectrum (Figure
1) and can be subdivided into low-frequency (LF; up to 10 MHz) and radio-frequency
(RF; 10 MHz-300 GHz) EMFs. One of the main characteristics to classify EMFs is the
frequency (unit: Hz), where 1 Hz corresponds to 1 oscillation per second, and the

corresponding wave length (Figure 1).
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Figure 1: The electromagnetic spectrum.
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EMFs arise because of the interaction between electric and magnetic fields as
illustrated in Figure 2 (Tipler and Mosca, 2004).

Electric
field
vibration

Z

Direction
of wave
motion

Magnetic
field
vibration

Figure 2: Propagation of a wave with electric and magnetic field vibrations. (Source:

http://www2.astro.psu.edu/users/cpalma/astro10/class5.html, accessed on 4.11.2013)

The strength of EMFs can be measured using the electric field strength (E), whereby
the unit is expressed in Volt per meter (V/m), or using the power flux density (S),
measured in Watt per square meter (W/m?). These two units can be converted into
the other using the formula in Equation 1. The free space impedance, Zy, is a
physical constant describing the property of wave propagation through the air and is
approximately 377 Q (Levy et al., 2006). There is a quadratic relationship between

the two measurement scales, E and S, as given in Equation 1.

2
E=,SX%XZ, and Szi—
0

Equation 1: Formulas for calculating the electric field strength (E) and the power flux density (S).

Basically, there are two sources of EMFs, i) natural sources such as the static field of
the earth and ii) human-made sources, for example the emission of RF-EMFs from
mobile phone base stations and broadcast transmitters. A measure of dose for RF
energy is the specific absorption rate (SAR), which is defined as the power (W) which
is absorbed per 1 kg tissue (Moulder et al., 2005). EMFs are specifically used in the
field of information technology; typical sources and applications as well as
characteristics of RF-EMFs are presented in the following sub-chapter.
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1.2  Characteristics of radiofrequency electromagnetic fields

Radio-frequency electromagnetic fields are used in telecommunication technologies
to transfer wireless information over long distances between a transmitter (e.g.
mobile phone base stations and broadcast transmitters) and a receiver (e.g. mobile
phone handsets, televisions and radios). Depending on the direction of the signal, a
distinction will be made between downlink and uplink exposure, where downlink
exposure represents the communication from a mobile phone base station to a
mobile phone handset and uplink exposure vice versa. The most relevant
frequencies are listed in Table 1 and range between Radio FM (frequency
modulation, 88 MHz) to WLAN (Wireless Local Area Network, 2.5 GHz) signals,
including all uplink and downlink telecommunication frequencies, i.e. GSM (Global
System for Mobile Communications) and UMTS (Universal Mobile

Telecommunications System).

Source Frequency range (MHz) Description

Frequency Modulation

FM 88 — 108 )

Radio broadcast
TV3 174 — 223

Television broadcast
TV4&5 470 - 830

Professional radio
TETRAPOL 380 — 400 communication standard for

emergency units.

GSM 900 uplink 880 -915

GSM 900 downlink 825 - 960 Global System for Mobile
GSM 1800 uplink 1710 —-1785 Communications

GSM 1800 downlink 1805 — 1880

DECT 1880 — 1900 Digital Enhanced Cordless

Telecommunications
UMTS uplink 1920 — 1980 Universal Mobile

Telecommunications

UMTS downlink 2110-2170
System

Wireless Local Area
WLAN 2400 — 2500
Network

Table 1: Most relevant RF-EMF frequency signals and their characteristics.
3
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In everyday life, exposure sources to RF-EMFs can be basically classified into near-
field and far-field sources. Near-field sources, such as mobile phone handsets and
cordless phones operate near the body and can cause up to 100 times higher
exposure values than far-field sources (Figure 3). The maximal energetic local
absorption in the head is approximately 1’000 to 100’000 times higher during calls
when compared to far-field sources (Lauer et al., 2013). With increasing distance to a
source, the power flux density decreases ideally inversely proportional to the square
of the distance: 1/r%. Far-field sources are defined as “radiation from a source located
at a distance of more than one wavelength” (Réésli et al., 2010a). Representative
sources are mobile phone base stations and broadcast transmitters, but mobile
phones of nearby persons also account for far-field sources in this context. Far-field
sources cause markedly lower exposure levels than near-field sources, however the
whole body is continuously exposed and the duration of exposure can be strikingly
longer (Frei et al., 2009a; Ré6sli et al., 2010b). Exposure levels from wireless internet
(WLAN) sources can be regarded as near- and far-field exposure, depending on
position and distance to the human body.

Near-field Far-field

Mobile phones Broadcast transmitters

Cordless phones

Mobile phone base stations

GSM: 21 generation
UMTS: 31 generation

I\\\.‘\’
® b o
°© m]yim]
qh) B 50m
2 S 3
2 5=
- w L
=
Q.
2
=
c N ________
Mobile phones Mobile phone base stations

Figure 3: Near-field and far-field sources, illustrating differences of output power levels.
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Exposure from mobile phone base stations causes lower RF-EMF levels but is
constant over time. In contrast, exposure from mobile phone handsets radiate with up
to 100 times higher levels, people, however, are exposed only during short times,
e.g. while calling. Exposure patterns are complex, and several factors, such as
distance and radiation intensity, influence the exposure situation. People are
ubiquitously and constantly exposed to non-ionizing radiation for extended periods of
time. Consequently, guidelines for limiting exposure to RF-EMFs have been
elaborated following systematic reviews of the scientific literature in this area of

research.

1.3 Draw the line — Regulatory RF-EMF exposure limits

The International Commission on Non-lonizing Radiation Protection (ICNIRP), a
publicly funded body of independent scientific experts, proposed and published
guidelines for limiting RF-EMF exposure everywhere where people reside (ICNIRP,
1998). ICNIRP reference levels are frequency-dependent and are 41 V/m for 900
MHz, 58 V/m for 1800 MHz and 61 V/m for 2100 MHz (Table 2). The stated reference
levels rely on epidemiological and experimental studies investigating adverse health
effects caused by RF-EMFs. Indications based on experimental studies suggest that
EMFs producing a whole-body SAR between 1 and 4 W/kg result in an increase in
temperature of less than 1°C. SAR values exceeding 4 W/kg from more intense fields
can cause irreversible effects, compromising thermoregulatory processes and lead to
injurious tissue heating (ICNIRP, 1998). The EMF project of the World Health
Organization (WHO) established a database with worldwide standards
(http://www.who.int/docstore/peh-emf/EMFStandards/who-0102/Worldmap5.htm,
accessed on 4.11.2013). There is a large disparity among countries regarding their
regulatory limits implemented in their laws. A crucial question arises when talking
about safety of unknown risks: how safe is safe enough (Fischhoff et al., 1978)?
Several countries adopted ICNIRP reference levels, as for example the Netherlands,
whereas other countries like Switzerland and Belgium additionally introduced
frequency-dependent precautionary exposure limits (Table 2). One important reason
for applying precautionary limits was explained by the WHO (Wiedemann et al.,
2013):

“To address public health concerns that a potential or perceived but

unproven health problem is taken into account...” (WHO 2003, p. 3)
5
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In Switzerland, the ordinance related to protection from non-ionizing radiation’
(ONIR) has the purpose to protect people against potential adverse health effects or
nuisances caused by non-ionizing radiation (ONIR, 1999). The ONIR limits apply to
the radiation from one single base station and are only relevant for sensitive areas
where persons spend most of their time, such as residences, schools, kindergartens,
hospitals, nursing homes, workplaces, and playgrounds. In Belgium, even more
stringent limits are imposed than in Switzerland. In Ghent, exposure limits of the
Flemish region (Resolution? of the Flemish Region of Nov. 2010) regulate a
frequency-dependent cumulative exposure of 21 V/m for 900 MHz frequency,
whereas in indoor places and children’s playgrounds limits of 3 V/m at 900 MHz, 4.2
at 1800 MHz and 4.5 V/m at 2100 MHz are valid per base station. These
precautionary limits are estimated following equation 2 for the frequency range
between 400 MHz and 2 GHz.

E=01x.f

Equation 2: Formula for calculation of frequency-dependent precautionary limits per base station.
With fas the frequency in Hz and E as the electric field strength in V/m.

For the frequency range between 2 GHz to 10 GHz a limit of 4.5 V/m is imposed. In
Brussels, the most stringent limits are in the Brussels Capital Region (Ordinance® of
the Brussels Capital Region of 14 March 2007) and are implemented and valid at all
public places for cumulative exposure. For frequencies between 400 MHz and 2
GHz, limits are calculated using the formula in equation 3.

s=—L_ and E= [—L_x«377
40,000 40,000

Equation 3: Regulatory frequency-dependent limits for cumulative exposure for frequencies between
400 MHz and 2000 MHz. With f as the frequency in Hz, S (power flux density) with the unit W/m? and
E (electric field strength) with the unit V/m.

For frequencies between 2 GHz and 300 GHz, exposure values may not exceed 4.3

V/m (corresponds to 0.05 W/m? on power flux density level). The limits in Brussels

! Ordinance of 23 December 1999 relating to Protection from Non-lonizing Radiation (ONIR), SR
814.710.
2 Resolution of the Flemish Government of 23 January 2010.
® Resolution of the Brussels Capital Region of 14 March 2007 and active from March 2009.
6
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Capital Region will be adapted to enable the introduction of 4G (Long-term Evolution,
LTE) in Brussels.

Precautionary limits for places with

Frequency :'2::lalr2|:ce Lz(teherlands sensitive use and places of reSinriZ(s:z -
levels Switzerland (Belgium)
GSM 900 42 V/m 42 V/m 4 V/m 3 V/m 2.9 V/im
GSM 1800 58 V/m 58 V/m 6 V/m 4.2 V/m 4.1 V/m
UMTS 61 V/m 61 V/m 6 V/im 4.5V/m 4.3 V/m

Table 2: Overview of the different limits adopted in Switzerland, Belgium and the Netherlands
(Source: Federal Office for the Environment (FOEN), Resolution of the Flemish Government® and
Resolution of the Brussels Capital Region®).

1.4 Wireless mobile telecommunication — past and present

Since the introduction of mobile telecommunication in Europe, the US and Japan in
the second half of the 20™ century, there has been an extensive, sustained
development and dispersal of mobile phone handsets (Dunnewijk and Hultén, 2007).

“I'm ringing you just to see if my call sounds good at your end.”
(Martin Cooper, Motorola employee; statement after the first mobile call in
New York, 3" April 1973)

According to the latest published data of the International Telecommunication Union
(ITU, 2013, source: http://www.itu.int/en/ITU-D/Statistics/Pages/stat/default.aspx,
accessed on 4.11.2013), it is estimated that there are approximately 6.8 billion
mobile phone subscriptions worldwide (ITU, 2013, data of 2013), accounting for 1.6
bilion mobile phone subscriptions in the developed world and 5.2 billion
subscriptions in the developing world. In 2012 mobile data traffic grew by around
70% (CISCO, 2013). By the end of 2012, 10.5 million mobile phone subscriptions
were registered in Switzerland (Figure 4). In developing countries, represented by
Tanzania in Figure 4, there has been a strong increase since 2005.
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Figure 4: Development of mobile-cellular telephone subscriptions from 2010 to 2012 (ITU, 2013) in
Switzerland, Belgium, the Netherlands and Tanzania.

A feature introduced by second generation mobile phones (2G, GSM) is the adaptive
power control (APC): starting with maximal output power and down-regulate the
output power over time, after the establishment of a connection (L6nn et al., 2004). In
contrast, third generation mobile phones (3G, UMTS) use an enhanced APC with
100 to 1’000 times lower average output power radiation resulting in 1% of the
maximum (Gati et al., 2009; Kelsh et al., 2011; Persson et al., 2011; Wiart et al.,
2000). In addition, quad-band phones (3G), so-called smartphones, allow accessing
mobile internet through a variety of web-based applications, such as mobile
television, push notifications for e-mails, breaking news and much more.

To meet the requirements of new mobile phone handsets, especially smartphones,
new technologies and frequencies had to be implemented over the last few years.
After the second and the third radio standard, the fourth technology (4G) known as
Long-term Evolution (LTE) is gradually employed in several cities. LTE has a 3 to 4
times higher spectrum efficiency as UMTS/HSPA (High Speed Packet Access)
(BAKOM, 2013). LTE is allocated on 800 MHz, 1800 MHz (in France and Belgium)
and 2.6 GHz frequencies. With LTE, it is possible to reach and even surpass data
rates of 100 Mbit/s with maximal data rates of up to 326 Mbit/s on the downlink and
86 Mbit/s on the uplink (BAKOM, 2013).
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1.5 Potential health implications

Discussions on health effects of RF-EMFs are filled with controversy. In May 2011,
the International Agency for Research on Cancer (IARC) classified RF-EMF as
possibly carcinogenic to humans, representing category 2B (Baan et al., 2011).

The most exposed part of the body to RF-EMFs is the head during the use of mobile
phones. Thus, it is assumed that potential adverse health effects in terms of
carcinogenicity would manifest most likely tumours in the region of the head. Of
primary concern are different types of tumours of the brain (glioma and meningioma),
acoustic nerve (schwannoma, also known as acoustic nheuroma) and parotid gland
(Baan et al., 2011; IARC, 2010). Various studies have been conducted in order to
address the research question whether the use of mobile phone is associated with
potential adverse health effects. One of the largest studies was the INTERPHONE
study, coordinated by the WHO. It is an interview-based case-control study, including
2708 glioma and 2409 meningioma cases and matched controls across 13 countries
using a common protocol (INTERPHONE study group, 2010).

Overall, there was no observed increased risk associated with mobile phone use for
the different types of tumours. There were some indications of a statistically
significant increased risk of glioma (Odds ratio (OR*) = 1.40, 95% Confidence interval
(Cl) = 1.03 to 1.89) at the highest exposure levels for the 10" decile of the cumulative
call duration (21640 hours), but not for meningioma (OR = 1.15, 95% CI = 0.81 to
1.62). However, the increased risk is likely attributed to selection bias and recall
errors inhibiting a causal interpretation.

It has been hypothesized that children are a more vulnerable group than adults and
are at higher risk as children start to use their mobile phone earlier in life and
consequently have a higher cumulative lifetime exposure during (Béhler and Schiz,
2004). In children, brain tumours are the second most common type of tumours after
leukaemia (Michel et al., 2007). The CEFALO multicenter case-control study
investigated whether mobile phone use is associated with brain tumour risk in
children and adolescents. The study compiles data from Denmark, Sweden, Norway
and Switzerland, including all children and adolescents between 7 and 19 years.
They found no increased risk of brain tumours for areas of the brain absorbing the

highest amount of energy. Regular mobile phone users are not more likely to be

* Odds ratio: Measure of association between an exposure and an outcome (Szumilas, 2010).
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diagnosed with brain tumours compared to non-users (OR = 1.36, 95% CIl = 0.92 to
2.02). Children who started to use their mobile phone five years ago prior to the study
were not at increased risk compared with non-regular users (OR = 1.26, 95% CI =
0.70 to 2.28). The authors concluded that there is no causal association with respect
to an absence of an exposure-response relationship in terms of mobile phone use or
localization of the brain tumour (Aydin et al., 2011).

A systematic review of the scientific literature exploring a potential association
between mobile phone use and risk of brain tumours was conducted (Repacholi et
al., 2012). Meta-analysis of epidemiological studies showed no statistical evidence
for an increased risk for adult brain cancer or other head tumours being associated
with  mobile phone use. The same was found for in vivo oncogenicity, tumour
promotion and genotoxicity studies analyzing damage to brain cells or incidence of
brain or other types of tumours of the head (Repacholi et al., 2012).

The majority of studies scrutinizing the association between mobile phone use and
brain tumours do not support a causal relationship (Ahlbom et al., 2009; Aydin et al.,
2011; Frei et al., 2011; INTERPHONE study group, 2010; Repacholi et al., 2012).
Due to the fact that mobile phone use increased drastically in recent years, potential
risks of brain tumours should have been appeared in an increased incidence of new
cases. This has not been observed so far in different countries (de Vocht et al., 2011;
Inskip et al., 2010). Methodological limitations such as selection bias and
retrospective questionnaire data analysis complicate interpretation and could partially
explain some of the potential increases in risk found in some studies.

Apart from brain tumours, commonly described health effects are self-reported non-
specific symptoms of perceived EMF defined as electromagnetic hypersensitivity or
idiopathic environmental intolerance (Rubin et al., 2010). Such symptoms include
headache, sleep disorders and/or impaired concentration (Hug and R&6sli, 2012).
There is high evidence that low levels of EMFs cannot be perceived; this has been
tested in different experimental studies under double-blind and randomized
conditions (Hug and Rddsli, 2013; R66sli et al., 2010a). Potential effects of RF-EMFs
emitted by GSM mobile phones (2G) on subjective symptoms, well-being and
physiological parameters, showed little evidence for acute effects (Augner et al.,
2012). Various studies concluded that there is no association between RF-EMFs and
non-specific symptoms, and there are no indications of persons being able to

perceive or feeling sensitive to EMFs (Hug and Rdd6sli, 2012; Kundi and Hutter, 2009;
10
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Ro66sli et al., 2010a; Ré6sli and Hug, 2011; Rubin et al., 2005; Rubin et al., 2010).
Nevertheless, there are signs of nocebo effects. Nocebo effects are the inverse of
placebo effects and are adverse events caused by negative expectations which have
been examined in several studies (Augner et al., 2012; R&6sli, 2008; Rubin et al.,
2010). Markedly more, and stronger, symptoms appeared when patients knew to be
exposed.

Impairments of subjective sleep quality was investigated in several studies (Hinrichs
et al.,, 2005; Regel et al., 2007; Huber et al., 2002; Mohler et al., 2010). These
studies showed overall no association between RF-EMF exposure and objective
sleep measures (Mohler et al., 2010). Small differences for frequency bands were
observed in the EEG (electroencephalography) (Mohler et al., 2010).

The current landscape of research indicates that, in the short-term (<10 years), there
is no association between mobile phone use and an increase in health effects.
Nevertheless, there are uncertainties for long-term and heavy use (>10-15 years).
The COSMOS study (cohort study of mobile phone use and health,
http://www.ukcosmos.org/, accessed on 7.11.2013) is one of the largest research
studies worldwide aiming to carry out long-term health monitoring among a large
group of study participants (Schiz et al., 2011).

Experimental studies analyze only acute effects, and long-term risks have to be
investigated through epidemiological studies. In this context, exposure assessment is
one of the major challenges, since measurement devices became available only a
few years ago. In view of that, a better understanding of exposure assessment
methods and characterization of exposure levels may help to clarify open research

questions.

1.6  Overview of different exposure assessment methods

In general, near-field sources, such as mobile and cordless phones, and far-field
sources, like mobile phone base stations and broadcast transmitters, can be
differentiated as described in Chapter 1.2. Mobile phones of persons in proximity can
also be considered as a far-field source, as exposure to RF-EMFs drastically
decreases with increasing distance. Different measurement procedures have been
developed to assess RF-EMF exposure. The most common methods are

11
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e Broadband probes which allow performing a fast scanning of the environment
without specifying the exact source (Figure 5, left).

e Spectrum analyzers are very accurate measurement devices able to
differentiate between different sources as well as between different operators.
Measurements are taken on a fixed position (in-situ; as illustrated in Figure 5
(middle)). In the illustrated example, the spectrum analyzer was placed in a
car connected to a laptop. The probe was placed in free space and fixed on a
pillar at 1.5 m height).

e Exposimeters are very useful and feasible portable measurement devices
enabling personal measurements. They allow differentiating between different
sources, including all relevant telecommunication signals (Chapter 3.2).

A comparison in terms of strengths and limitations will be presented in Chapter 9.3 of

the Discussion.
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Figure 5: Different measurement devices for assessing RF-EMF exposure. Broadband probe (left),
spectrum analyzer (middle) and exposimeter (right).
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2  State of research and objectives of the thesis

2.1 Research gaps

Mobile telephony is nowadays ubiquitous and revolutionary new wireless
telecommunication devices have been introduced. With the innovation of new mobile
phones, the purpose of such smartphones is focused, apart from calls and texting,
more and more on web-based applications, such as mobile television (streaming), e-
mail access with push notifications and alerts for breaking news and a large variety of
other applications. New technologies are altering radiofrequency electromagnetic
field (RF-EMF) exposure patterns. New telecommunication standards had to be
implemented in order to meet the requirements of new mobile phones and to ensure
a widespread coverage. Currently, the upcoming fourth technology standard (LTE) is
gradually being introduced in cities across different countries worldwide. Thus, the
telecommunication network had to be expanded over time (Neubauer et al., 2007),
as previously described in Chapter 1.4, to satisfy on the one hand the increasing
usage of mobile phones, and, on the other hand, to fulfil requirements of new mobile
phones able to transfer high data rates for web-based applications. To date, it is
unknown how the mobile phone base station network impacts the exposure of the
population. The introduction and development of new wireless telecommunication
technologies in the last two decades led to a fundamental change of the exposure
situation of the population (Frei et al., 2010; Neubauer et al., 2007; Rb6sli et al.,
2010b) regarding far-field and near-field RF-EMF sources. Characterization of spatial
and temporal distribution of RF-EMFs in typical everyday environments, such as
different outdoor areas, public transports or indoor settings, is scarce so far. The
Research Agenda of the WHO considered monitoring studies to quantify RF-EMF
exposure as a high research priority need (WHO, 2010).

Measurement devices became available only some years ago. There are several
strategies and methodologies to monitor RF-EMF exposure as described in Chapter
1.6. One approach is the use of personal exposimeters, which has been applied for
all our measurements. The applicability of exposimeters is highly recommended to
characterize RF-EMF exposure and they have been widely used in various studies

13
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(Bolte and Eikelboom, 2012; Bolte et al., 2011; Breckenkamp et al., 2008; Frei et al.,
2010; Frei et al., 2009a; Joseph et al., 2008; Knafl et al., 2008; Neubauer et al.,
2007; Thuréczy et al., 2008; Viel et al., 2009). Exposimeters allow the collection of a
considerable volume of data in different environments, are of small size, and easy to
use. Advantages and disadvantages of different exposure assessment methods are
described in Chapter 9.3. In most studies, exposure measurements were conducted
by recruited study participants, whereas it was partly allowed to use the personal
mobile or cordless phone during measurements which might limit the interpretation of
data if being interested to differentiate between the exposure of the own mobile
phone and other people’s mobile phone. Furthermore, it may happen, that study
participants place the exposimeter at positions where high RF-EMFs are expected,
causing unreliable exposure data. A proposed study protocol for the conduct of
personal RF-EMF measurement studies was described by Ré6ésli et al. (2010b). To
date, reliable exposure assessment methods are lacking. In epidemiological studies,
only crude methods have been used so far, such as self-reporting of mobile phone
use (Roosli et al., 2010b). One of the major problems of previous studies aiming to
compare RF-EMF exposure between countries was the use of different exposure
assessment methods and different data analysis procedures, whereby observed
differences might have been influenced by methodological differences (Joseph et al.,
2010a; Roosli et al., 2010b).

2.2 Objectives

Methodological aspects Issue-specific perspectives

ntluence o

The effect of the mobile
the own mobile Reproducibility phone base Characterization Temporal

phone on of personal station network of RF-EMFs in variation of
personal RF- RF-EMF on the everyday RF-EMF
EMF measurements exposure environments exposure

measurements situation of the

population

Figure 6: Overview of the different objectives addressed in this thesis.
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Objective 1: The effect of the own mobile phone on personal RF-EMF
measurements.

Several epidemiological studies analyzed the mobile phone use of study participants,
the most common exposure surrogate in epidemiological RF-EMF research, with
personal exposimeters. However, personal measurements are affected by the
owner's mobile phone when measurements are conducted by study participants
using their personal mobile phone. This can limit the interpretation of data if one is
interested in differentiating between different exposure sources. In addition, with the
introduction of smartphones, mobile phone handsets do not only radiate during calls
or when texting, but also when being in stand-by mode because of updates and
notifications of certain applications. This is especially relevant when the person is
moving. A specific area is subdivided into different cells (location areas) which are
served by one or a cluster of mobile phone base stations (Figure 7).

Caller g e-stathons

Mobile
switching Cell
centre ﬂ Receiver .

=== Path through different location areas

} Location area update

Figure 7: Overview of the location areas served by one or a cluster of mobile phone base stations
(Source: adapted from http://casestudy-itgs.wikispaces.com/Terminology+-
+Cell+Phone+Mobile+Phone, accessed on 14.11.2013).

When changing the location area, the mobile phone handset sends a signal to the
mobile phone base station of the respective area providing information on its position
with the purpose of maintaining constant connectivity (Lin et al., 2002). These

activities are called ‘location area updates’. In contrast, ‘handovers’ occur when
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changing the location area during a call. So far, it is still unclear how location area
updates affect personal RF-EMF exposure and thus contribute to total RF-EMF
exposure while moving.

We performed two different studies: (1) in different modes of public transportation
including trains, buses, and trams and (2) in a car while driving in rural areas, on
highways and in cities.

Exposure from a mobile phone handset (uplink) was measured during commuting
using a randomized cross-over study with three different scenarios: disabled mobile
phone (reference), an activated dual-band mobile phone of the second generation
and a quad-band phone of the third generation. Presentation of the results are
described in Article 1 (Chapter 4).

Objective 2: Reproducibility of personal RF-EMF measurements.

A reliable approach to measure RF-EMF exposure is the use of personal
exposimeters, which has been described in several studies (Bolte and Eikelboom,
2012; Frei et