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Abstract
Exposimetry is a measurement technology with the goal of quantifying the immission
or absorption of fields and/or energy in specific ranges of the electromagnetic
spectrum. In this work, portable, small and accurate measurement instruments were
developed in order to provide tools for epidemiological research and environmental
monitoring. The target measurement quantity was the average amount of RMS field
strength that an average individual will experience in everyday environments. This
quantity can be used to classify different groups of the population or to track changes
in exposure scenarios within defined regions or along specified tracks.
In the first part of this thesis methods and tools for the assessment of the personal
exposure to low frequency magnetic fields (LF‐MF), radio frequency electromagnetic
fields (RF‐EMF) and pulsed RF emissions from radar installations have been developed,
characterized and tested. Exposure meter devices have been developed for low
frequency magnetic fields up to 2 kHz, for frequency selective measurements in the
RF frequency range including all relevant telecommunication frequency bands as well
as a device for the measurement of radar signals in the L, S, C, and X band.
In the second part of the thesis, two applications of the controlled exposure to
electromagnetic and magnetic fields are discussed. The first application is in the
medical domain: on the example of an out‐of‐body wireless communication link, a new
approach for modeling the anatomical variations of the biological tissue in the body is
presented. The second application was motivated by a research collaboration with the
brain research institute and consists in the modulation of neuronal activity by
controlled exposure of iron oxide nanoparticle to AC magnetic fields
(magnetogenetics). Various setups for the characterization and in‐vitro exposure of
nanoparticle suspensions have been designed and specifically optimized for different
phases of the research project.
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Zusammenfassung
Exposimetrie ist eine Mess‐Technologie mit dem Ziel, die Immission oder die
Absorption von Feldern und Energie in spezifischen Bereichen des
elektromagnetischen Spektrums zu quantifizieren.
In der vorliegenden Arbeit wurden kleine und präzise tragbare Messgeräte entwickelt,
die als Werkzeug für die epidemiologische Forschung und im Umweltmonitoring
eingesetzt werden. Die angestrebte Messgrösse war die RMS‐gemittelte Feldstärke,
der eine Person im normalen Alltag ausgesetzt ist. Diese Messgrösse kann dafür
verwendet werden, um die Bevölkerung in unterschiedlich stark exponierte Gruppen
zu klassifizieren oder auch um zeitliche Veränderungen der Exposition innerhalb
definierter Regionen oder Strecken zu verfolgen.
In dieser Arbeit wurden Werkzeuge und Methoden für die Erfassung der persönlichen
Feldstärke‐Exposition im Bereich niederfrequente magnetische Felder (LF‐MF),
elektromagnetische Felder im Radiofrequenzbereich (RF‐EMF) und gepulste
Aussendungen von Radar‐Anlagen entwickelt, charakterisiert und getestet. Es wurden
Exposimeter‐Geräte für niederfrequente Magnetfelder bis 2 kHz, für alle relevanten
Telekommunikations‐Bänder im Radiofrequenz‐Bereich sowie ein Gerät für die
Erfassung von Radarsignalen im L‐, S‐, C‐ und X‐Band.
Im zweiten Teil dieser Arbeit werden zwei Anwendungen kontrollierter Exposition mit
magnetischen und elektromagnetischen Feldern behandelt. Die erste Anwendung
betrifft den Medizinbereich: Am Beispiel einer Drahtlosen Nachrichtenverbindung für
implantierbare Geräte wird ein neuer Ansatz vorgestellt, wie die anatomischen
Variationen im Körpergewebe modelliert werden können. Die zweite Anwendung
stammt aus der Hirnforschung und ist durch eine Zusammenarbeit mit dem
Hirnforschungsinstitut motiviert. Ziel ist die Modulation neuronaler Aktivität anhand
von Eisenoxid‐Nanopartikeln, die einem magnetischen Wechselfeld ausgesetzt
werden («magnetogenetics»). Verschiedene Aufbauten für die Charakterisierung und
in‐vitro Exposition von Nanopartikel‐Suspensionen wurden entworfen und spezifisch
für die Anforderungen in den verschiedenen Phasen des Forschungsprojekts
optimiert.
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1 Introduction
Electronic systems and devices can generally be expected to emit a certain level of
magnetic and electromagnetic fields in operating conditions. These fields can interact
with matter by means of induced currents in electrically conductive materials and
polarization effects on isolators. In biological tissue, these interactions can take place
both on molecular and cellular level. Mechanical forces and heating can arise from
that depending on the properties of the affected material and the frequency of the
exciting field. There is an ongoing discussion on potential adverse health effects of
electromagnetic fields. Wireless communication systems and devices are ubiquitous
nowadays and form an integral part of the daily life for billions of people worldwide,
therefore, even small effects would have a significant impact on public health. Mobile
phones and the cellular infrastructure intentionally emit radio frequency
electromagnetic fields (RF‐EMF) at several different frequencies for data transmission
purposes. The usage of these devices has ever since raised certain concerns about
potential adverse health eﬀects caused by the exposure to electromagnetic radiation.
Similar concerns are associated with the fields generated by electrical power
distribution systems and electronics. High voltage power lines, transformers and
electric motors for example generate low frequency magnetic fields (ELF‐MF) in their
proximity.

Fig. 1.1: For a meaningful assessment of the personal and environmental exposure to magnetic and
electromagnetic fields a wide range of emitting sources must be considered. The contributions are
generally subdivided into different categories which call for specific exposure assessment tools and
methods.

At low levels, exposure to RF electromagnetic and ELF magnetic fields is mostly
considered harmless as no conclusive evidence of health issues directly related to the
exposure could be found so far. Regulatory bodies limit the maximum permissible
exposure to a level that is assumed to be safe based on the current state of knowledge.
Introduction
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However, due to fast evolution of the technology and its usage among the population,
the existence of long‐term and cumulative effects cannot yet be excluded. For this
reason, governmental agencies in Switzerland are discussing to introduce a regular
monitoring of the environmental and personal exposure to identify possible negative
effects in time [1].
While it is important to keep track of potential negative effects of EMF, there are
applications in the medical domain in which patients are deliberately exposed to
magnetic and electromagnetic fields because of the obvious benefits associated with
it. Examples range from wireless communication links for implantable and ingestible
devices to hyperthermia therapies. In this context, it may be appropriate to aim for
best quality of service rather than for lowest immission levels.
The wide range of different exposure scenarios encountered in practice represents a
challenge for the definition of suitable instruments and tools for the methodological
assessment of the exposure to EMF. This issue is further complicated by the variety of
possible coupling mechanisms to the human body (e.g. inductive, capacitive, radiative
etc.). These practical and physical constraints make it necessary to rely on more than
one metric for the description and quantification of the exposure to RF‐EMF and MF‐
ELF in order to get meaningful and reproducible data.
Regulatory bodies face the same challenge when it comes to the definition of
permissible exposure limits for the protection of the general public. This fact reflects
itself in the complexity and extent of current regulations. The ICNIRP guidelines [2, 3]
adopted by most countries in the world define separate immission limits for the
absolute field strength in an unperturbed environment, for the power density of
incident radiative fields as well as for the power absorbed by the tissue of the human
body in terms of absorbed power per mass of tissue (SAR Value). These metrics are
described in more detail in the second chapter. In a practical exposure assessment
scenario, however, many of these metrics are too abstract to be measured directly and
must be determined indirectly from other measurements. In the simplest case (e.g.
ELF‐MF), the conversion consists of a linear mapping based on a calibration
measurement. In more complicated situations like RF‐EMF near‐field exposure
however, the desired metrics must often be estimated based on proxies that rely on
certain assumptions together with other data such as personal phone usage and the
user location. An overview of the situation is given in Fig. 1.2.
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Fig. 1.2: In a practical exposure assesment scenario, measurement results must be converted to the
abstract metrics used by the regulations by means of mappings or exposure models.

This thesis is subdivided into two parts. In Part I, the theoretical and practical aspects
of the exposure assessment of modulated and pulsed RF electromagnetic fields and
extremely low frequency magnetic fields are discussed. For each of these topics,
measurement concepts and tools addressing the limitations of the state of the art are
developed, described, and evaluated. Chapters 2 to 4 of the thesis address RF
electromagnetic fields. In chapter 2, current and potentially useful exposure
assessment approaches are presented, compared, and discussed. Chapter 0 is
dedicated to the differentiation between near‐field and far‐field exposure. A
smartphone based approach is presented which enables a reduction of the large
uncertainties that are currently found both in the detection and the assessment of
near‐field exposure situations. In chapter 4, the development of a novel exposure
assessment tool for the measurement of pulsed RF‐EMF emitted by radar installations
is presented. Chapter 5 is dedicated to ELF magnetic fields. A flexible and versatile
exposure assessment concept including the realization of a fully functional personal
exposure meter hardware prototype is described.
In part II of the thesis, a medical and a biological application are discussed. In chapter
7, a new approach for modeling the anatomical variations of the biological tissue in
the body is presented on the example of an out‐of‐body wireless communication link.
Chapter 8 gives a brief overview about the contributions made to a collaboration
project with the University of Zurich with the goal of modulating neurons using a
magnetogenetic approach.

Introduction
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Part I: Methods and Tools for Exposure Assessment

Part I: Methods and Tools for Exposure
Assessment

2 RF‐EMF Exposure Assessment: Tools and Concepts
In this chapter, the physical concepts and the theoretical background of RF‐EMF
exposure assessment are outlined and discussed.

2.1.1 Far‐field conditions
At sufficiently high frequencies, i.e. the wavelength of a propagating electromagnetic
wave is several times smaller than the distance to its source, an electromagnetic field
is in far‐field conditions. Due to the relatively short wavelengths used by today’s
wireless communication systems (between 40 cm and 5 cm for the frequency range
from 0.7 to 6 GHz), far‐field conditions are met in most cases. Personal wireless devices
operated very close to the body however are an important exception (see chapter 0).
When the far‐field conditions are met, an electromagnetic wave can be regarded as
radiation with a power density vector S pointing away from the source and is
expressed in W/m2. The power density vector S (poynting vector) can be determined
by the relationship
(2.1)
Where E and H denote the electric and magnetic field vector, respectively. For an
electromagnetic wave propagating in free‐space (or in air), the ratio between the
electric and magnetic field strength magnitude is constant. This constant is referred to
as free space characteristic impedance (Z0 = 377 Ω). The magnitude of the power
density can therefore also be expressed as

| |

| |

| | ∙

(2.2)

Because of this fixed relationship, knowing one of these three variables is sufficient to
derive the other two. In RF exposure assessment community, the field strength of an
electromagnetic wave is commonly expressed in terms of the RMS magnitude of the
electric field component, i.e. in V/m RMS.

2.1.2 Known Effects and Risks from Exposure to RF‐EMF
Electromagnetic fields at frequencies in the GHz range like typically used for radar and
wireless communication systems are strongly attenuated in biological tissue. If not
reflected, the energy of an electromagnetic field impinging on a person is therefore
dissipated in form of heat, and mostly in the outer tissue layers. The rate of absorption
of electromagnetic energy in tissue depends on the field strength of the field and the
conductivity σ of the tissue. A widely‐adopted measure to quantify the absorbed
power is the Specific Absorption Rate (SAR). The SAR describes the absorbed power
per mass (W/kg) and is defined as

∙| |
2
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where ρ denotes the mass density of the material. In general, the strong attenuation
of biological tissue prevents electromagnetic waves from penetrating very deep into
the tissue. The magnitude of this effect depends on the dielectric properties of the
material and the frequency of the incident EMF. The penetration depth δp for a given
set of material properties (permittivity ε, permeability μ and conductivity σ) at the
frequency ω can be computed as [4]:

1
1

2

(2.4)

1

At one penetration depth, the power density of an electromagnetic wave impinging
on the material is reduced to 1/e2 (approx. 13%) of its value at the surface. Fig. 2.1
shows the penetration depth over frequency for skin, muscle, and fat tissue. In the
frequency range in which the majority of today’s telecommunication devices operate
(0.7 ‐ 6 GHz), the region where the strongest interaction takes place are the skin and
the first few centimeters below the body’s surface. However, in regions with high fat
tissue content RF‐EMF can penetrate much deeper due to its much lower attenuation
compared to other tissues.
500

40
Skin
Muscle
Fat

400

Skin
Muscle
Fat

30

300
20
200
10

100
0
10

100
1'000
Frequency [MHz]

10'000

0

1

10
Frequency [GHz]

100

Fig. 2.1: Penetration depth of electromagnetic waves for selected biological tissues from 10 MHz to
100 GHz [5].

It is well known that at high‐powered radio frequency electromagnetic fields (RF‐EMF)
can cause damage to humans. The known adverse effects at high radiation intensities
are direct or indirect consequences of the temperature increase caused by the
absorption of electromagnetic energy in the tissue which is converted to heat.
Symptoms reported at very high exposure levels range from warmth and heat
sensation to cataracts, swelling, skin burns and nerve damage [6‐8].
The thermal effects of RF‐EMF are scientifically well understood and can also be
predicted by numerical simulations with a reasonable degree of accuracy. The limiting
values for RF‐EMF emission suggested by ICNIRP [3] and adopted by the vast majority
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of national regulatory bodies, e.g. NISV in Switzerland [9] are based on the results of a
large number of experimental and numerical studies. The aim of the regulations is to
make sure that the temperature increase caused by RF‐EMF is well below the
threshold of thermal damage under any circumstances. Personal measurements and
studies have shown that the average RF‐EMF field strength the general public is
exposed to under everyday conditions is well below 1 V/m at RF frequencies [10, 11].
This value corresponds to a power density of 2.7 mW/m2, an intensity which cannot
be expected to produce any relevant thermal effect.
However, the range of potential interaction mechanism between electromagnetic
fields and living organisms is not limited to thermal effects. Biological systems are
extremely complex and many of the countless metabolic processes running in each
cell of a human being are still poorly understood. Many important biological
mechanisms are based on slight variations of thermodynamic equilibriums. Such
systems are in constant movement and can potentially be influenced by very weak
perturbations, as they do not exhibit an effect threshold. The main activity in the RF
exposure assessment community has therefore focused on the investigation of so‐
called 'non‐thermal' (i.e. less than 0.1°C temperature increase) and long‐term effects.
Several epidemiological studies have been investigating potential connections
between exposure to RF‐EMF and cancer incidence, cognitive or behavioral problems
in children and other negative health effects. Despite the relatively large number of
studies performed in the last years, no conclusive evidence of non‐thermal effects or
RF‐EMF triggered health issues could be found so far.
However, although RF‐Radiation may not be able to trigger cancer, a recent study
performed by Lerchl et. al [12] found a statistically relevant tumor‐promoting effect in
a tumor‐prone mice strain from life‐long exposure to UMTS modulated RF‐EMF (1966
MHz). This replication study confirmed the results of Tillmann et al. [13], who first
performed a comparable experiment on a smaller population of mice in 2010. It is
important to note that the field levels used in these studies (SAR of 0.04 – 2 W/kg and
intensity of 4.8 W/m2) were below the exposure limits for humans recommended by
ICNIRP.
Although most studies performed so far suggest that exposure to RF‐EMF is not likely
to have a significant negative impact on our health, it is inappropriate to declare it
harmless for humans. Being a relatively new and fast evolving technology, unknown
long‐term effects could still arise. In addition, wireless communication is very likely to
remain a fast‐evolving technology in the foreseeable future. Additional carrier
frequencies and modulation formats as well as an increasing number of wireless
devices used in close proximity of the body make it necessary to keep track of the
trends and potential long‐term effects resulting from the exposure to RF‐EMF. Regular
monitoring, i.e. measurements of the environmental and the personal exposure,
therefore, will allow for a continuous assessment of changes of the everyday exposure
situation.
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2.1.3 Limiting values
The limits for far‐field exposure are expressed in terms of the field strength of the
incident electromagnetic wave (typically in V/m), whereas for localized fields (i.e. near‐
field sources) the absorbed power (SAR) is assumed as the relevant quantity. Most
countries in the world have adopted the limiting values defined by the International
Commission on Non‐Ionizing Radiation Protection (ICNIRP) working group. These
guidelines have been proposed based on reported biological and physical effects
resulting from exposure to electric, magnetic, and electromagnetic fields from DC up
to 300 GHz [2, 3, 14]. An overview of the ICNIRP limits in the RF frequency range is
given in Table 2.1 and Table 2.2.
General Public
10 – 400 MHz
400 – 2000 MHz

Occupational

28 V/m
1.375 ∙

2 – 300 GHz

61 V/m
V/m

61 V/m

3.0 ∙

V/m
137 V/m

Table 2.1: Limiting values for far‐field RF‐EMF exposure defined by ICNIRP [3].

General Public

Occupational

0.08 W/kg

0.4 W/kg

Local SAR (Head and trunk)1

2 W/kg

10 W/kg

Local SAR (Limbs)1

4 W/kg

20 W/kg

Whole‐body average SAR

1

notes

The local SAR is value determined as the maximum obtained
using an averaging mass of any 10 g of contiguous tissue.

Table 2.2: Limiting values for localized RF‐EMF exposure of tissue in the range from 100 kHz to
10 GHz defined by ICNIRP [3].

2.2 Requirements
RF‐EMF monitoring can serve different purposes, each of them having specific
requirements. In its most basic form, environmental EMF monitoring is performed to
ensure compliance with the regulatory limits given in terms of field strengths defined
by the local regulation authorities in order to guarantee the safety of the general
public from known negative effects of too high levels of EMF radiation.
Besides the basic regulatory aspect, the most important purpose of environmental
EMF monitoring is tracking and recording trends in the usage of the radio frequency
spectrum. In order to support research to identify potential biological effects arising
from long‐term exposure to RF‐EMF it is essential to have access to a detailed and
complete record of the RF‐EMF exposure over several years, as it is usually the case
for air pollution, water quality and other environmental factors.
Epidemiological approaches have been used since many years to identify possible
correlations between exposure to RF‐EMF of the population and the incidence of
particular diseases such as different kinds of cancer, leukemia or cognitive and
behavioral effects amongst others. These studies did not observe any clear evidence
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or statistically relevant effect so far. Epidemiological studies about RF‐EMF exposure
are however faced with several political, technical and scientific challenges that pose
limits to the precision and robustness of the results due to misclassifications or missing
data. As an example, in Europe there is no common concept in the monitoring activity
of the various countries [15]. Because of the differences in the scope and
measurement methodology of the various databases, comparing or aggregating the
results of independent epidemiological studies between different countries is difficult.
Therefore, international studies often decide to take their own EMF measurements
using a common protocol [11]. A drawback of this approach is the limited sample sizes
and the resulting large confidence intervals which limit the robustness of the statistical
evaluations. The technical evolution of wireless communication systems is another
factor that complicates the assessment of the exposure to RF‐EMF. Mobile
communication standards are getting more and more flexible and complex. Additional
carrier frequencies are being used in combination with complex modulation schemes
and elaborate radio access procedures. The resulting RF‐EMF the general public is
exposed to therefore consists of a highly variable mixture of time and frequency
domain components originating from a wide range of different sources. Differences
and trends in the individual phone usage and behavioral patterns do also have a large
influence on the personal exposure. This situation increases the risk of
misclassifications in epidemiological studies, affecting the quality and statistical power
of the results. In fact, the classification of people into various exposure level categories
is a challenge of its own. In order to perform a classification, the definition of a single
exposure metric for the aggregation of all RF‐RMF contributions is necessary. Several
methods and metrics have been proposed in literature in the last years [16‐18]. These
models must however be kept up to date and keep pace with the technological
evolutions in order to adequately represent the total exposure.
For these reasons, the focus of epidemiological studies has moved towards personal
RF‐EMF exposure assessment in the last couple of years. Using personal exposure
meters, the EMF exposure can be measured at the individual level, allowing for a high
level of specificity that traditional monitoring approaches cannot provide (see chapter
2.3.4). The measurement data provides a basis for revising existing or defining new
exposure surrogates applicable to larger population samples in order to minimize the
likelihood of exposure misclassifications.
However, the output of every exposure metric strongly depends on the quality of the
input data. In this regard the assessment of the RF‐EMF contributions originating from
close‐to‐body sources is one of the biggest challenges to this day that has not yet been
solved satisfactorily [15]. Various publication have dealt with this issue and proposed
a variety of approaches on how to estimate the exposure from close‐to‐body sources
by means of other, correlated indicators (proxies) [17] [16]. There is however still room
for improvement in this regard as the existing approaches still affected by large
uncertainties, being based on bias‐prone questionnaires or generalized assumptions.
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In section 0 of this work, this issue is discussed in detail and a hybrid approach is
proposed as an alternative to the proxies currently proposed in literature.
We can summarize that for best results, following criteria must be fulfilled by EMF
monitoring:
Requirement

Reason / Benefit

High Specificity

Low number of misclassifications, increased statistical power

High Dynamic Range

Better statistics by reduction of out‐of‐range values

Frequency selectivity

Differentiation of exposure sources; Necessary for the separation
uplink and downlink contributions in mobile communication.

Common Measurement
Metric

Necessary to allow for field strength comparisons between
different standards and studies. Possible metric: RMS value

Assessment of close‐to‐
body sources

Near‐Field sources represent a large contribution to total exposure

Table 2.3: List of the most important requirements for high‐quality RF‐EMF monitoring

2.3 Exposure Assessment Approaches
This section gives an overview over commonly adopted methods and tools for the
assessment of environmental RF‐EMF exposure [15, 19]. The most widely adopted
measurement approaches are described and compared with respect to their
respective advantages and limitations.

2.3.1 Emission based exposure estimation
The electromagnetic field generated by radio transmitters that are part of a fixed
installation (e.g. TV/radio broadcasting antennas and mobile phone base stations) can
be modeled in geospatial propagation simulations using realistic approximations of
the environmental surroundings including buildings. Software tools like NISMap [20]
have become an established method for the prediction of the spatial field strength
distributions of mobile phone base stations in difficult urban environments. The main
advantage of this approach is its ability to provide an estimate of the field strength in
a full 3D environment at a comparatively low cost and effort and in a much shorter
time than measurement based approaches, especially if large urban areas have to be
considered.
Emission based model predictions have been shown to deliver meaningful results for
a coarse classification of a population’s level of exposure [21]. However, the accuracy
of these simulations highly depends on the quality of the input data. Accurate and
sufficiently high‐resolution 3D models of the environment have to be available. For
best results also the reflectivity and damping parameters of the buildings have be
known [22]. In addition, basic information about the antenna (output power,
mounting location, and approximate radiation pattern) must be provided by network
providers. In extreme cases the time and money effort required to obtain high‐quality
input data may lead to unfeasibility. The simulations have also to be updated if there
are significant structural changes in the environment, e.g. new buildings and
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renovations that could affect the propagation of the electromagnetic field. Up‐to‐date
3D building data has therefore to be available within a reasonable amount of time.
A major limitation of emission based models is their restriction to fixed installations.
Due to their fixed location in combination with a well‐defined antenna radiation
pattern and transmission power, the field strength at a given location originating from
this kind of sources can be expected to be well predictable and stable over time. The
RF‐EMF generated by private equipment (e.g. Wi‐Fi access points) as well as the uplink
activity of mobile devices however (i.e. mobile phones, laptops etc.) is not considered.
Furthermore, the prediction of indoor field strength is subject to rather large
uncertainties [23]. Even elaborate exposure evaluation metrics like the recently
proposed Exposure Index EI [18] ultimately rely on assumptions, calculations and
classifications whose accuracy and uncertainty is difficult to assess.

2.3.2 Spot measurements
Spot measurements allow for observing the trends of RF‐EMF exposure at a certain
location over time. This kind of measurements is often performed in a set of especially
sensitive locations like schools and residential areas and in locations where emission
based simulations predict field strengths close to the limiting values. In order to track
exposure trends with a high sensitivity, spot measurements must feature low
measurement uncertainties and be performed at regular time intervals. In order to
minimize the measurement uncertainties, spot measurements are in general carried
out by qualified personnel using relatively large calibrated antennas and high‐end
measurement equipment. The large effort per measurement therefore sets limits on
the viable number of monitored locations. Practical issues can also arise if the RF‐EMF
assessment shall be extended from public places to private locations.
Spot measurement can provide very accurate and high‐quality measurement results.
This assessment method is therefore well suited for the validation of numerical
simulations as well as compliance testing of fixed installations like base stations. Like
the emission based approach however, spot measurements are not representative for
the exposure at the personal level as they represent only the exposure trends at fixed
locations. Variations of the RF‐EMF exposure at the personal level, e.g. due to different
phone usage and behavioral patterns are therefore not taken into account.

2.3.3 Questionnaires and diaries
Questionnaires represent a cost‐effective way to determine the personal exposure of
relatively large population samples. Based on a number of questions related to the life
style of the test subjects (e.g. the personal mobile phone usage, workplace etc.) the
personal exposure level of the test subjects is estimated. This information is then used
to classify the people into various exposure level categories. In order to get more
detailed information, the test subjects can also be asked to keep an activity diary over
a period of time, tracking the activities and events that are expected to affect the EMF
exposure.
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The main limitation of this approach are the very large uncertainties and the potential
for systematic inaccuracies. Self‐reported data is known to be prone to recall bias,
incomplete answers, and other uncertainties [24, 25]. This issue is further aggravated
by the fact that telephony is only one of the many usages of a modern smartphone.
Noting the number and duration of the performed phone calls is therefore not a
representative proxy any more.
However, whereas it is not recommended to use questionnaires and diaries as a
primary data source for any exposure assessment studies, they can still provide
meaningful auxiliary information in conjunction with actual measurements, e.g. for
plausibility checks and exposure classification.

2.3.4 Personal exposure meters
In most recent studies assessing personal RF exposure, exposure meters are used [26].
These devices are carried around by the test subjects, measuring and logging local field
strengths over periods of one to several days. Exposure meters generally do not
require any interaction from the user and can therefore also be used by non‐
professionals. The main advantage of this approach is that it inherently takes into
account the behavior and usage patterns of the subject. Although the accuracy of the
individual field strength samples measured by an exposure meter is limited due to
shadowing and body proximity effects [27], overall error is expected to average out to
a large extent over the observation time. This is especially true in the case of far‐field
sources. In a typical urban scenario for example, many radio transmitters operate in a
multipath propagation environment. In such conditions the incident direction of the
RF radiation can often be approximated to be random. In order to minimize body
shadowing effects, the position of the device can be chosen to be at a certain distance
away of the body, e.g. by carrying the exposure meter in a backpack. Another concept
recently proposed consists of a wearable personal distributed exposimeter (PDE) [28,
29]. The PDE consists of several measurement modules spread over the body of the
volunteer. However, the current implementation measures only a single frequency
band and employs a narrowband antenna design. It has still to be shown that the
accuracy of using several close to the body antennas is increased regarding the
assessment of the regulatory reference levels.
Unlike emission and smartphone based exposure assessment, personal exposure
meters are able to detect uplink activity both from the own mobile phone and nearby
phones from other people. Taking latter contribution into account is especially
important in crowded and small environments (e.g. train stations, public transport
etc). The entire mobile frequency bands are measured regardless of the standard and
operator allocation. However, the measurement uncertainties in the assessment of
the uplink activity of the own mobile phone (near‐field exposure) are high because the
measured values strongly depend on the relative distance between the mobile phone
and the exposure meter.
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Non‐detects are a potential issue that must be dealt with using personal exposure
meters. The small size and weight of these devices often comes at the cost of a reduced
dynamic range (typically around 60 dB) compared to laboratory instruments. In
various studies collecting personal exposimeter data it could be observed that more
than 50% of the measurements were below the noise floor of the used instruments
[30]. This reduces the amount of useable measurement data makes it necessary to rely
on distribution estimations or similar extrapolation methods to classify the missing
values in the statistical evaluation [31]. From an epidemiological point of view, it is
therefore strongly desirable to use exposure meters featuring an as low detection limit
as possible.

2.4 The Smartphone as an Exposure Assessment Tool
The concept of smartphone based exposure assessment approach essentially relies on
the idea to use the hardware and software resources offered by a modern smartphone
to replicate the functionality of a dedicated RF‐EMF exposimeter device. Although a
phone is not primarily designed to perform RF power measurements, all cellular
mobile telecommunication standards in use today require the phone to perform
regular power measurements for cell re‐selection and for the adaptive transmit power
control mechanisms. These mechanisms are a fundamental component of all mobile
standards implemented to minimize interferences between the cells and mitigate
fading effects. Of special interest is the fact that not only the downlink signal strength
(e.g. signal strength bars) has to be monitored in this context but also the actual RF
transmission power. Furthermore, all measurements performed by a phone are
inherently frequency selective. In comparison to the use of a separate exposimeter,
the ability to measure the phone’s RF output power could also considerably reduce
the measurement uncertainties of the near‐field exposure caused by the own mobile
phone. An app running on the phone that collects this data over time would allow for
a low‐cost and easily deployable software based solution without the need of costly
additional hardware. The percentage of the population in developed countries having
a smartphone has been constantly increasing in the last years, especially among
younger people. In Switzerland, the share of smartphone users in the age category
between 15 and 29 years was already 90% in 2013 [32]. This wide adoption of
smartphones makes it easy to select representative population samples even for large
scale studies.
In practice there are however several technical difficulties and uncertainties that must
be discussed in the realization of a smartphone based exposure metering system. The
goal of this section is to give an overview and a differentiated analysis of the realistic
potential as well as the fundamental limitations of a smartphone based EMF exposure
metering approach based on the current technology. In order to achieve that it is
necessary to understand the software and hardware layers of a smartphone
architecture involved in the power measurement process. The review will focus on the
standards GSM, UMTS and LTE which represent main cellular telecommunication
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network technologies in use today and also the main contribution to the total personal
EMF exposure in Switzerland [10].

2.4.1.1 Existing Smartphone Apps for RF‐EMF Monitoring
There is a considerable number of apps exist have developed with the goal of turning
the smartphone into a monitoring device. The functionality of these apps ranges from
simple phone signal reception testers [33] to professional network planning and
testing tools [34]. There are also several apps specifically developed for RF‐EMF
exposure assessment purposes like XMobisense [35], Quanta Monitor [36] and
Tawkon App [37]. Whereas XMobisense can essentially be regarded as a data
collection tool with the goal to monitor general phone usage trends, the other two
apps claim to be able to determine RF exposure and SAR values caused by the phone
in real‐time by means of proprietary algorithms. There is however not much
independent information available about the performance and accuracy of these apps
as, to our knowledge, they have not yet been systematically tested for epidemiological
exposure assessment purposes.
2.4.1.2 Power Parameters and Tolerances of Mobile Standards
The vast majority of the information the following analysis is based on is extracted
from the technical specifications of the three standards which are publicly available
and maintained by the 3rd Generation Partnership Project (3GPP) [38]. Because of the
length and complexity of the technical specification documents, this section shall
summarize the aspects and parameters of the power measurement and control
mechanisms that are of relevance in the context of a smartphone based exposure
assessment. In particular, following points are addressed:
Potentially useful operational parameters: Which of the parameters that are
evaluated and stored as part of the standard under normal operation are somehow
related to physical RF power measurements?
Physical meaning of the parameters: What physical quantity do the parameter
represent? How closely are these parameters expected to correlate with the actual RF‐
EMF radiation in order to be useful as a proxy for EMF exposure?
Update rate: At which rate is a parameter expected to be adjusted based on the
requirements of the standard? How regularly is the phone expected to take power
measurements in active and idle mode?
Accuracy: What is the specified accuracy for the uplink and downlink power
measurements, i.e. the measurement tolerances defined by the various standards?
An overview of the most important power measurement parameters found in the
technical specifications with their respective definition (if available) is given in Table
2.4. Due to the substantial technological differences between the mobile network
generations, the power measurements parameters are based on different quantities
and therefore cannot be readily compared to each other. In the next two sections the
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measurement parameters are separated into uplink and downlink and analyzed
individually for each mobile standard.

GSM /
DCS

UMTS /
UTRA

Parameter

Name

Unit

Downlink:
RXLEV

Receive level
Average RMS power over 480 ms on the broadcast channel
of a cell.

dBm

Uplink:
PCL

Power Control Level
Output power setting of the phone; About 20 discrete levels,
defined as part of the GSM specification [39]

dBm

Downlink:
a) CPICH RSCP
b) RSSI
c) CPICH Ec/I0

a) Common Pilot Channel Received Signal Code Power
b) Received Signal Strength Indicator
The received wide band power, including thermal noise and
noise generated in the receiver, within the bandwidth defined
by the receiver pulse shaping filter.
c) Pilot power (Ec) to total cell power+noise (Io) ratio

dBm

Uplink:
UE Tx Power

User Equipment Transmitted Power
Mean power in a timeslot or ON power duration, consisting of
the sum of the total transmitted power on all configured
uplink carriers

dBm

Downlink:
a) RSRP
b) RSSI

a) Reference Signal Received Power
Linear average over the power contributions of the resource
elements that carry cell‐specific reference signals within the
considered measurement frequency bandwidth
b) E‐UTRA Carrier Received Signal Strength Indicator (RSSI)
Linear average Wideband power within the measurement
bandwidth over N number of resource blocks from all sources,
including co‐channel serving and non‐serving cells, channel
interference, thermal noise etc.

dBm

Uplink:
UE Tx Power

User Equipment Transmitted Power
Output power for any transmission within the channel
bandwidth. For UE supporting UL‐MIMO, the maximum output
power is measured as the sum of the maximum output power
at each UE antenna connector

dBm

LTE /
E‐UTRA

Table 2.4: Signal strength measurement parameters for GSM, UMTS and LTE

In all three standards, the reference point for all power measurements and tolerance
verification is the antenna connector in the phone.

2.4.1.3 Transmission (uplink) power measurements
Transmission power measurement in GSM: According to the GSM standard, a mobile
phone must be able to vary its output power over a range of about 30 dB in steps of 2
dB. Tables included in the technical specification of the standard [40] define the
mapping between the power control level (PCL) parameter and the actual output
power in dBm. Different mappings are used for GSM900 and DCS1800. During an
active phone call, the base station issues power level update commands every 480
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milliseconds. The GSM standard defines an upper limit for the maximum rate of
change of the mobile phone’s transmission power. If a power control command
represents a change of more than 2 dB, the phone is only allowed to set the new value
by switching through all intermediate power levels and holding each level for at least
60 milliseconds.

Transmission power measurement in UMTS: In contrast to GSM, power control in
UMTS is performed at a much higher speed that allows to compensate fast fading
effects in real‐time. The power is adjusted every frame, that is 1500 times per second.
Power adjustments are performed in steps of 1, 2 or 3 dB per update. The fast power
control could be an explanation for the large absolute power measurement tolerances
of UMTS. The absolute value of the transmitted power must only be known within a
range of ± 9 dB [41] which is considerably more than the GSM requirements (see
summary in Table 2.5).
Transmission power measurement in LTE: Uplink activity in LTE takes place on three
physical channels (PRACH, PUSCH and PUCCH) whose transmission power is
determined by individual algorithms based on base station information, path loss
estimations and modulation dependent constants. Out of these the Physical Uplink
Shared Channel (PUSCH) takes up the most resources and is therefore likely to account
for the majority of uplink RF activity. The output power of this channel is adjusted at
the rate of the LTE scheduling interval, which is 1 kHz. In contrast to UMTS there is no
limit in the power difference between two consecutive frames.
It is important to note that all three standards define the transmission power
parameters based on the instantaneous value reached during the active part of an RF
transmission.

2.4.1.4 Received (downlink) Power Measurements
In order to guarantee an interruption‐free service, all standards require the mobile
phone to monitor the signal strength of multiple cells contemporaneously. In addition
to the serving cell, the phone must observe other cells in the network in order to
initiate a handover procedure to a better cell when necessary. These measurements
are performed on dedicated frequencies or pilot signals broadcasted by the base
stations with at known transmission power. There are however fundamental
differences in the physical meaning of these reference signals between the three
mobile technologies. A schematic representation of how these reference signals are
embedded in the transmitted signal in the three considered mobile standards is given
in Fig. 2.2.
Downlink measurements in GSM: In GSM, the signal strength of a base station is
evaluated on the basis of its Broadcast Control Channel (BCCH). The BCCH is
broadcasted on a dedicated GSM carrier (200 kHz bandwidth) and carries a repeating
pattern of network and cell information that can be used to identify the ID and the
supported features of the cell. This carrier is always active regardless of the
communication activity of the cell and is continuously transmitted at full power. The
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signal strength parameter evaluated by the mobile phone consists of the RMS level of
the received broadcast (BCCH) signal over an interval of 480 ms. This value is further
averaged over a time of 15 seconds and mapped to signal strength value in dBm. This
variable must be evaluated for the serving base station as well as for the 6 strongest
neighboring cells of the same network. The identity and carrier frequency of the
neighbors are part of the BCCH message broadcasted by the serving cell, avoiding the
phone to do an exhaustive search through every possible GSM channel.

Downlink measurements in UMTS: The most notable difference in the physical layer
between UMTS and its predecessor GSM is the switch from time‐domain multiple
access (TDMA) to a spread‐spectrum approach referred to as wideband code division
multiple access (WCDMA). This has several implications on the definition and meaning
of the signal strength measurements. CDMA allows for several users to transmit
contemporaneously in the very same frequency band. Individual spreading codes
allow to discern the individual users from each other. As the number of users sharing
the same channel increases the signal to noise ratio (SNR) for each user gets
progressively worse. In contrast to GSM, where the SNR is mainly a function of the
absolute received signal strength, in CDMA systems the RSSI value alone is not a good
indicator of the connection quality. For this reason, the UMTS standard requires a
combination of values to be determined by a mobile phone for the evaluation of the
signal quality of a given cell:
‐ CPICH RSCP ‐ Common Pilot Channel Received Signal Code Power: Every base station
transmits a pilot signal (CPICH) with a pre‐defined power level (typically about 10% of
the total base station power). This signal is sent with a known spreading code that can
be received by all mobile phones. The CIPCH RSCP value is defined by the power
received on this specific code, usually reported in dBm.
‐ UMTS RSSI ‐ Received Signal Strength Indicator: RSSI is defined as the total power
measured within the channel bandwidth of 5 MHz, includes thermal noise and all
interference sources. This value is therefore always at least as high as the CPICH RSCP
value.
‐ CPICH Ec/I0 ‐ Signal to noise ratio of the CPICH signal: This value corresponds to the
ratio (or difference if expressed in dB) of the two measurements above. Because the
I0 measurement inherently includes the Pilot power, the Ec/I0 ratio is always less than 1
(or negative).
Like GSM the UMTS network does also provide a list of neighboring cells to be
monitored by the phone. An UMTS neighbor list can contain up to 96 entries that are
composed from up to 32 neighbors operating on the same frequency band (intra‐
frequency), 32 neighbors on a different band (inter‐frequency) and 32 GSM neighbors
(inter‐radio neighbors). However, the interval at which the signal strength of these
cells must be evaluated is not regular, as it is either triggered by external events or
depends from the number of visible cells as well as the specific network parameters
chosen by the operator of the mobile network. In idle mode the measurements of
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neighboring cells are not very frequent and it can take 30 to 60 seconds between two
measurements of the same cell, depending on its internal priority ranking and
frequency band of operation [42].

Downlink measurements in LTE: In LTE, the modulation and multiple access scheme
are based on OFDMA. In this multiple access method, the data of different users is
spread over frequency and time. The available spectrum is subdivided into a large
number of narrowband sub‐carriers, allowing for a very high degree of flexibility as
well as robustness against fading. Depending on the total channel bandwidth a
variable number of sub‐carriers is used. In LTE, the OFDM sub‐carrier spacing is 15 kHz.
The downlink transmission is organized into so‐called resource blocks. A resource
block is the minimum unit of data that can be assigned to a user. A resource block
consists of 12 adjacent OFDM sub‐carriers (i.e. 180 kHz total bandwidth) and a
duration of 0.5 milliseconds, which corresponds to 7 OFDM symbols in the time
domain. Each of the resulting 84 sub‐carrier / OFDM symbol combinations is referred
to as resource element (see Fig. 2.2). In addition to the user data every resource block
includes several resource elements that carry reference signals. These references are
transmitted with a known energy and form the basis of the received power
measurement. In contrast to the other two standards the pilot signals are therefore
not transmitted over a dedicated separate physical channel but interleaved with the
actual data. Similar to UMTS/WCDMA, signal strength evaluations include more than
one power measurement parameter:
‐ RSRP ‐ Reference signal received power: The RSRP is determined for a considered cell
as the linear average over the power contributions in Watts of the resource elements
that carry cell‐specific reference signals within the considered measurement
frequency bandwidth.
‐ LTE RSSI ‐ Carrier Received Signal Strength Indicator: The RSSI comprises the linear
average of the total received power in Watts observed within the assigned channel
bandwidth. This measurement is performed over several resource blocks, considering
only those that are known to be transmitted at the certain power level by the base
station. The measurement includes thermal noise as well as all interference sources.
Because the assigned channel bandwidth can vary between 1.4 and 20 MHz, the
reported RSSI values can strongly vary for a given power spectral density.
In LTE, the standard requires regular RSRP measurements only to be performed on
part of the neighboring cells. In exchange their value can be expected to be updated
relatively often. The RSRP of cells operating in the same frequency band for example
must be measured at least all 2.56 seconds. The actual timing requirements for the
other power measurements however cannot be determined in general as they largely
depend on parameters that can be chosen by the network operator for local cell site
optimizations.
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Fig. 2.2: Schematic representation of the location of the reference signals in time and frequency for
GSM, UMTS and LTE. The broadcast/pilot signals are highlighted in blue, the yellow blocks represent
user data.

2.4.1.5 Specified Level Accuracies
Table 2.5 gives an overview of the basic measurement accuracies that a phone must
meet in order to comply with the respective mobile standard. These values can be
regarded as the worst‐case uncertainty in the absolute value of the reported power
levels.
In general, the requirements on the absolute accuracy of the power measurements
are not very tight. The tolerances for the transmission power measurements range
from ±2 dB to ±9 dB, depending on the standard and operating condition. Similar
tolerance ranges are specified for the received power measurements. Furthermore,
these tolerances are relaxed by several dB if the environment is not within “normal
conditions”. These conditions are defined as an ambient temperature between +15°C
and +35°C with relative humidity between 25% and 75% [43]. This is a range that is
likely to be regularly exceeded in winter or summer in many countries as soon the
mobile phone is not carried in close proximity of the body.
These rather generous tolerances can be explained by the fact that ‐ regardless of the
standard ‐ the absolute value of the transmission power is only required at the very
beginning of a connection setup (also denoted as open loop power control). As soon
as an active connection is established, the adaptive power control loop takes over and
dynamically adjust the output power level of the phone to the optimal value (closed
loop power control). From a network perspective, relative power accuracy is therefore
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much more important than the absolute tolerance. Nevertheless, it is interesting to
note the considerable differences between the specifications of the three standards.
In addition to the power tolerances, Table 2.5 summarizes the time scales at which the
output power of the phone is updated within the power control mechanisms in the
uplink (closed loop power control) as well as the approximate intervals at which the
received power readings are updated by a phone in idle mode.
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GSM

UMTS / UTRA

LTE / E‐UTRA

±9 dB

±9 dB (includes RSRP
channel estimation
error)

Update rate: 480 ms
(each SACCH
multiframe)

Update rate: 1500 Hz
(adjusted every time
slot)

Update rate: 1000 Hz
(PDCCH scheduling)

GSM900:
34 dB (+5 to +39 dBm)
DCS1800:
36 dB (+0 to +36 dBm)

Band I:
63 dB (‐30 to +33
dBm)
Bands II to VI:
53 dB (‐30 to +23
dBm)

63 dB (‐40 to +23
dBm)

Max. relative power step

2 dB ±1.5 dB
Larger steps:
2 dB / 60 ms

1, 2 or 3 dB
(±0.5, ±1, ±1.5 dB
resp.)

n.a. (no limitation)

RX power measurements

Own BCCH + 6
strongest non‐serving
carriers are updated
and reported all
480 ms

CPICH (Common Pilot
Channel)
measurements.
Update rate largely
network dependent

Reference Signal
Receive Power (RSRP)
value;
measurement period
in idle mode: 2‐3 s

RX power measurement
Accuracy and range

±4 dB
(‐110 to ‐70 dBm)
±6 dB
(‐110 to ‐48 dBm)
±9 dB
(‐48 to ‐38 dBm)

±6 dB
(‐91 to ‐48 dBm)
±8 dB
(‐70 to ‐50 dBm)
Full range:
‐120 to ‐25 dBm

±4.5 dB
(‐118 to ‐70 dBm)
±8 dB
(‐70 to ‐50 dBm)
Full range:
‐140 to ‐44 dBm

Open loop power control:
±2 dB to ±5 dB
Absolute power tolerance
(depending on
Uplink
absolute power level)
Closed loop update rate
Uplink

Uplink power control
range

Table 2.5: Power control speeds and measurement tolerance specifications for the mobile cellular
standards GSM [39, 40], UMTS [41, 44, 45] and LTE [43, 46‐48]. The values in this table represent the
values defined under “normal conditions”

2.4.1.6 Access to the phone’s operational parameters by a smartphone app
In the previous section the potentially useful operational parameters of the phone
have been discussed. In order to be of relevance for the intended application however,
these parameters have to be actually accessible by a user application running on the
smartphone. As we will see, the access to this information is not straight forward and
partially depends on external factors that cannot be influenced by the software
developer. This has to do with the way the communication between the main
components of a smartphone is organized and managed. Fig. 2.3 gives an overview of
the most important functional blocks included in a smartphone.
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SDRAM
Flash
Display
Touch
Audio
Power
mgmt

Main Application
Processor + GPU
Android / iOS / Win
User interface

Bluetooth
Wi‐Fi

Shared
Memory

GPS

RIL /
HW driver

3G / 4G

Misc. Peripherals

Gyroscope, Accelerometer,
Proximity sensor… et c

GSM

CPU

Baseband
Modem/Processor

RF Front‐end
Transceiver
‐ Filtering
‐ RF Switches
‐ RF Mixers
‐ Power Amplifiers
‐ Envelope tracking
‐ Antenna Tuning
‐ Gain control
‐ LNA

Proprietary
Closed source OS

Fig. 2.3: Simplified high‐level block diagram of a typical smartphone architecture with its most
important components

The heart of a smartphone is the main application processor. This is the most powerful
processor in the device which runs the main operating system (i.e. Android, iOS etc.).
The apps on the phone as well as the user interface etc. are all handled by this unit. In
modern smartphones, the main application processor includes multiple cores as well
as a powerful graphics processing unit (GPU). Hence, all user data that is wirelessly
transmitted or received will eventually be handled by this processor. However, the
process involved in the generation of standard compliant modulated RF signals from
the digital user data and vice versa is carried out by a dedicated processing unit
referred to as Modem or Baseband Processor. The modem can be part of a System on
Chip (SoC) integrated circuit or located on a separate chip. The main task of the
Modem is the handling of the radio communication and the associated protocols.
Because of the complex and timing critical nature of these tasks, the Modem contains
a dedicated processor running a separate and highly specialized real‐time operating
system (OS) whose activity is completely independent from the main application
processor. In the vast majority of products on the market today the OS running on the
modem and baseband units is a proprietary, vendor specific and closed source piece
of software. The modem contains the analog‐to digital converters (ADCs), digital‐to‐
analog converters (DACs) and several specific digital signal processing blocks. Between
the modem and the antennas of the phone another component, the RF front‐end, is
required. The RF front‐end includes all analog RF circuitry required for the generation
and reception of the radio signals. This includes bandpass filters, mixers, RF switches
and the transmitter power amplifiers. Parameters like the operating frequency and
the output level of the RF power amplifiers are set in the RF Front‐end and managed
by the modem hardware.
The communication between the main application processor and the modem is
commonly implemented by a shared memory section that is accessible by both
processors. The access by the main operating system to this shared resource takes
place through a hardware abstraction layer referred to as Radio Interface Layer (RIL).
The core of the RIL is a software component referred to as RIL daemon. The RIL
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daemon is executed on the main application processor and provides the link between
the telephony services of the main operating system and the proprietary low‐level
driver of the modem hardware (vendor RIL). The vendor RIL is usually an
undocumented pre‐compiled library provided by the manufacturer of the particular
modem hardware of the phone (e.g Qualcomm, MediaTek, Intel etc.). These
abstraction layers are implemented for compatibility and security reasons. Android’s
telephony service framework provides a standardized and documented, however
limited set of telephony related information to any smartphone application and works
completely independent from the hardware of the phone. The same is true for the
communication between RIL and the operating system. In addition to greatly simplify
the development of user‐level applications, this indirect and restricted way to access
the phone’s hardware can greatly reduce the potential for damage of malicious user
applications. Under certain circumstances it is however possible to avoid these
restrictions, a fact that is clearly demonstrated by a test app developed by HTC (HTC
FieldTest). This app is part of the system installation of many HTC smartphones and
can be run by typing a defined character combination in the phone dialer. As it can be
seen from the screenshots of Fig. 2.5, this app includes a broad selection of status
information that is much more detailed than what is accessible by standard
applications. An analysis of this app revealed that it can communicate directly to the
RIL by means of so‐called AT commands. In Android, AT commands are classified as
system commands. Consequently, standard applications do not have the rights to
issue such commands. Only system applications and the operating system itself are
allowed to do so.

User

Smarphone app
Android OS
Telephony services

AT commands

system apps only

RIL daemon
Vendor RIL
(proprietary HW driver)

Baseband Processor

Operational Parameters
TX power, RSSI, Ch, Band

Fig. 2.4: Schematic representation of the software layers between a Smartphone app and the
operational parameters managed by the baseband processor on the example of Android.

For an Android app to be recognized as a system application, it must be compiled and
signed with the same cryptographic keys that were used to compile the operating
system. These keys belong to the phone manufacturer and are obviously not publicly
available. An alternative to using the manufacturer’s keys is to replace the operating
system on the smartphone with a version that has been compiled on the own
computer. This allows other apps created in the same environment to be accepted as
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system apps. This is however a time‐consuming procedure requiring physical access to
the phone and very likely to void the warranty of the device.

Fig. 2.5: Screenshots from the app ‘FieldTest’ developed by HTC. This app can show advanced
baseband information that is not available through the Android framework.

The ability to send AT commands to the RIL enables a broad range of possibilities.
However, this comes at the cost of losing the advantages of a standardized software
interface. In contrast to the tools provided by the telephony API of the Android
framework [49], there is very scarce documentation available on the communication
path using AT commands. The list of supported commands and the format of the
responses varies from device to device. Without support from the respective modem
hardware manufacturer, this information must typically be obtained by trial and error
and reverse engineering of existing test tools like the FieldTest app.
Bypassing Android’s telephony API to maximize the amount of retrievable information
may be very useful for single experiments, but it is certainly not a viable approach for
exposure assessment studies involving large population samples. In this case, broad
compatibility and ease of use are the top priorities. The goal of this section is therefore
to give an overview of the information that is provided by the Android framework and
therefore officially available to any regular app. Android provides an Application
Programmer Interface (API) that is dedicated to the management of telephony related
information (android.telephony). The entire list of methods implemented by this API
including a short description can be found in the corresponding section of the Android
reference [49]. The API provides a large selection of parameters related to the received
signal strength as well as various cell information, ID and even the list of neighboring
cells. The API does however not offer any information related to the transmission
power of the phone.
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Tests on various phone models have shown that also the telephony API does not offer
the same range of information on all phone models. Its full potential can only be
exploited in few cases. Just like for the approach based on direct RIL commands, the
available parameters that can be retrieved from the baseband chip are ultimately
limited by the capabilities of the vendor RIL. If a particular command is not
implemented by the baseband manufacturer in its proprietary driver, no valid
information will be available using this method. In these cases, the telephony API
returns an empty or an arbitrary out‐of‐range value.
Professional network monitoring apps (e.g. TEMS Pocket from ascom [34]) work
around this problem by specifying a selection of phone models with the most suited
chipsets and the use of external scanning devices [50]. For personal exposure
assessment purposes however, the monitoring app should be able to run on the
private smartphone of the study participants in order to interfere as little as possible
with their daily activities and habits. This requires the app to be compatible to as many
smartphone models as possible. It is therefore important to know the ‘least common
denominator’ in terms of network related information that is available on any
smartphone model. There is a basic set of network related parameters that is required
by the operating system to operate properly. This information can be expected to be
accessible on any smartphone model. As an example, the list of potentially useful
available parameters on a Galaxy Nexus smartphone is listed Table 3.3. The list
includes data from the built‐in accelerometer, proximity sensor, GPS and compass.
Although not directly related to EMF exposure, this data can be used to get additional
information about the exposure situation (e.g. holding position of the phone, motion
etc.). This topic is covered in more detail in section 0.

2.4.1.7 Strengths and limitations of smartphone based EMF exposure assessment
The advantages of a smartphone based RF‐EMF assessment are evident. As the study
participants provide their own measurement hardware, there is no need to acquire
and manage a pool of exposimeter devices. Once developed, the smartphone app can
be used to monitor a large number of people in parallel. These advantages come
however at the cost of large measurement uncertainties and missed exposure
contributions. The main issues are listed in the following:
Tolerances: Phones are not designed for precise power measurements and will
provide measurements with high error margins and subject specific systematic offsets.
This makes it more difficult to link personal records to the individual exposure. Large
population samples must therefore be monitored to get robust statistics.
Downlink measurement uncertainties: Mobile phones are usually carried close to the
body. This affects the efficiency of the antenna and attenuate the measured signal,
leading to an underestimation of the downlink exposure. In addition, the radiation
pattern of integrated mobile phone antennas is usually strongly non‐isotropic which
further increases the measurement uncertainty.
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Uplink measurement uncertainties: The uplink power values defined in the various
standards represent the power during active transmission. They are independent from
the actual duty cycle (on/off ratio) of the transmission over several time slots. Without
additional information, it is therefore not possible to determine the average or root‐
mean‐square (RMS) value of the transmitted power over a longer period of time. In
order to determine the 6 minute average defined in the ICNIRP guidelines [3] for
example, it would be necessary to estimate the transmission activity based on the call
history or data usage, which is very imprecise at the best. In addition, the power level
update rate in UMTS and LTE is much faster than the rate at which the smartphone
app can retrieve the parameters.
Missed contributions (downlink): Although capable to operate within all mobile
frequency bands, a mobile phone is never active on all bands at the time. Once
assigned to a cell on a certain frequency, signal strength measurements in other
frequency bands are performed only sporadically. Even within the operating frequency
band the RSSI measurements take place only on a fraction of the available bandwidth,
i.e. 200 kHz for GSM, 5 MHz for WCDMA. In case of LTE, the measurement bandwidth
varies between 1.4 MHz and 20 MHz. Contributions in the rest of the band will only be
measured if they are part of the neighboring cell lists provided by the network
operator.
In fact, the affiliation to a certain network operator is another limitation that must be
considered in phone based measurements. The SIM card of a phone determines to
which network it will register. Once connected to the network only cells and
frequencies belonging to this operator are considered for the signal strength
measurements and cell reselection (unless very bad reception conditions force the
phone into emergency call mode). In Switzerland, the mobile frequency bands are
shared among the three operators. The allocation in the 900 MHz and 1800 MHz band
is shown in Fig. 2.6 (status of 2016). In the 900 MHz band for example, Salt owns only
a bandwidth of 5 MHz which corresponds to 14 % of the total bandwidth. RSSI values
reported by a phone bound to this operator will therefore include only this small
portion of the band.

Fig. 2.6: Frequency allocation in the 900 MHz and 2 GHz cellular band to the three operators in
Switzerland [51]
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Missed contributions (uplink): The radiation caused by the uplink activity of nearby
phones is a relevant source of EMF exposure cannot be assessed using a smartphone
based approach. This is due to physical reasons. The vast majority of current mobile
networks relies on Frequency Division Duplexing (FDD), i.e. the separation between
uplink and downlink transmissions is performed in the frequency domain. Devices
relying on FDD typically integrate a duplexer filter as a part of the RF Front‐end to
prevent nearby transmitters or even the own uplink activity to overload the receiving
section of the device. This signal separation on hardware level prevents a phone to
measure uplink signals from other phones. The situation may change in future with
the adoption of Time Division Duplexing LTE, which is however not widely used in
Europe at the moment.

2.5 Combining Exposimeter and Smartphone: The ExpoM Platform
In 2011 a new measurement system for environmental and personal exposure
assessment approach has been proposed by the Laboratory for Electromagnetic Fields
and Microwave Electronic (IFH) – now the IEF – of ETH Zurich [52]. The system
introduced several novelties to address the shortcomings of previous measurement
platforms and devices.
The core of the system consists of a Bluetooth enabled portable RF exposimeter. The
device performs frequency selective measurements on the most important
broadcasting and wireless communication frequency bands. Thanks to true‐RMS
power detection, the exposimeter is able to accurately determine the average field
strength regardless of the wireless standards being used. This is a feature that has
become essential in view of today’s increasing number of different standards being
used in the same mobile frequency bands. Previously available RF exposimeters were
designed to measure a specific mobile standard or performed only peak detection.
This can lead to significant errors in the comparison of the average power of signals
using different modulation schemes or duty cycles [53].
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Fig. 2.7 ExpoM‐RF exposure meter (left) and real‐time measurement display using the smartphone
app (right)

The main novelty of the ExpoM concept consists in involving the smartphone in the
exposure assessment process by means of its Bluetooth interface. The exposimeter
itself is intentionally kept simple as it does only contain the essential electronics for
the actual RF measurement and logging of the data. If desired a smartphone app can
be used to display the measurements in real‐time and perform any required post‐
processing steps. This software based approach ensures maximum flexibility, longer
battery time and reduced development times. Furthermore, smartphone apps have
access to the variety of sensor and operational data from the smartphone (e.g.
acceleration, proximity, phone usage etc.) that can be logged simultaneously to
enhance the classification of exposure situations.
Streaming the measurement data to a smartphone in does not only enable novel
sensor fusion applications, but makes it also possible to react real‐time to the current
exposure situation. As an example, an app was developed that prompts exposure level
triggered electronic questionnaires based on a pre‐defined set of rules [54], allowing
to analyze the effects the short‐term temporal variations of the RF exposure.

2.5.1 Hardware Improvements
As a part of this thesis, the hardware of the original RF exposure meter prototype has
been re‐designed and significantly improved in several aspects. Following points have
been addressed:

Sensitivity: The lower detection limit of the exposimeter has been lowered by 10‐20
dB to 0.005 V/m or less on all mobile communication bands, greatly reducing the
number of non‐detects.
Additional frequency bands: The measurement frequency range of the exposimeter
has been extended. Capability to measure the FM radio band (87.5 – 108 MHz) and
the 5 GHz Wi‐Fi band was added to the device. In addition, the uplink and downlink
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sub‐bands of the 2600 MHz mobile frequency band are now measured separately as
they were merged in the first prototype.

Crosstalk: The crosstalk between adjacent frequency bands was significantly improved
by the design of additional filtering stages and improved shielding of the RF section.
Integrated GPS: A GPS receiver has been integrated into the exposimeter. Localization
data is therefore also available for measurements performed without smartphone.

The redesigned exposimeter hardware lead to a commercial product ‐ ExpoM‐RF [55]
‐ that is now produced by Fields at Work, a spin‐off company of the Institute of
Electromagnetic Fields (IEF) of ETH Zurich. Technical details about the internal
construction of the device are therefore not disclosed.
ExpoM‐RF has already been successfully applied in various epidemiological studies. It
is the instrument used for personal RF‐EMF measurements within the international
GERoNiMO project [56, 57] as well as in various national studies [54, 58, 59].

2.6 Overview of the Presented Methods
Table 2.6 summarizes the strengths and limitations of the presented exposure
assessment concepts and methods. Depending on the desired specificity, the size of
the observed population and available resources, different approaches may be used.
Emission based simulations can provide general indications for the average field
strength of large population samples. Best specificity, at the cost of significantly lower
sample sizes however, is obtained with personal exposimeter measurements.
Smartphone based personal exposure monitoring is very attractive in theory, as it
could potentially provide specific and fairly accurate data from large population
samples at moderate costs. However, in the current state, practical implementation
issues severely limit the viability of this approach. In order to solve these problems, it
would be necessary that the smartphone hardware and software manufacturers
implement the necessary API extensions and disclose part of their proprietary
software, which is unlikely to happen without political pressure.
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Uncertainty

Specificity

Sample
Size

Costs /
Subject
+1

downlink

uplink

downlink

uplink

NIS map calculations

+

n.a

‐

n.a.

++

Spot measurements

++

o

‐

‐‐

‐‐

+

‐

‐

o4

+

+

o

Questionnaire / Diary
Personal Exposimeter

+

+

++

+

‐

‐‐

Smartphone App

o

o/+2

o

+3 / ‐

++

++

o

++

o5

++

‐

‐‐

HW modified phones
1

notes

Largely dependent on the availability of 3D models and operator data
2
Lowest uncertainties require phone model specific calibration
3
Assuming access to the power amplifier level information
4
Depending on scope and depth of questionnaire
5
Depending on number of accessible phone parameters

Table 2.6: Overview and classification of the most common tools for the assessment of
environmental RF‐EMF

2.7 Summary and Conclusions
One of the challenges faced by every epidemiological exposure assessment study is to
find a good balance between highly specific measurements (exposimeter) and the size
of the population sample (emission modeling based studies). In the recent years,
however, the personal exposimeter based measurement approach has gained
increasing interest in the exposure assessment community. This can be explained by
following:
Due to the large variety of wireless technologies and the way these are used
nowadays, it is very difficult to make general assumptions or models about the
electromagnetic exposure. In addition, the emissions of the own mobile devices
contribute significantly to the total exposure. Unlike for older mobile phone
generations however, the radio transmission activity of today’s smartphones cannot
be estimated accurately just by counting the number and duration of the performed
phone calls. Having better access to the low‐level hardware and signaling parameters
of the smartphone via standard user apps would allow the smartphone to record its
own RF emissions and thus significantly reduce the uncertainty of the assessment of
the personal near‐field exposure. Unfortunately, the current mobile operating systems
and hardware implementations do not allow such a monitoring to be implemented on
a study participant’s own mobile phone. Although this issue could be eliminated by
using hardware modified phones, this would force the participants to rely on a
different phone maybe even without their personal settings during the duration of the
study, thus severely biasing the usage patterns. Personal exposure meters provide a
good balance between accuracy, specificity, and usability, although the cost and effort
for the purchase, deployment and collection of the devices strongly limits the size of
the population samples that can be assessed with a moderate study budget.
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3 RF‐EMF Exposure by Close‐To‐Body Devices
In this section, we investigate possible ways to improve the specificity of commonly
used proxies for the classification and estimation of the exposure to electromagnetic
fields generated by wireless devices operating close to body. In controlled GSM, UMTS
and 802.11 Wi‐Fi environments, field strength measurements from personal exposure
meters are taken in combination with data collected by the handset used by the
subject. A set of rules is derived from the measurement results.

3.1 Introduction
The proliferation of wireless communication devices is still ongoing. More and more
different sources of RF‐EMF are present in the environment. The number of users and
the number of different applications of wireless devices is continuously increasing.
Among those, the number of devices operated in the close vicinity of the body is
increasing. Exposure classification, i.e. the determination of the personal exposure of
an individual is a key element in epidemiological studies. In order to be able to
establish unquestionable associations or lack of associations between the exposure of
a person and unspecific or specific symptoms, an accurate as possible measure for the
incident electromagnetic fields on a person has to be assessed. Studies within the last
10 years addressed this issue carefully. In Frei et al. [60], a prediction model was
developed which can be used to predict mean RF‐EMF exposure from different sources
for a large study population in epidemiological research. Personal RF‐EMF exposure
measurements of 166 volunteers from Basel, Switzerland, were collected by means of
portable exposure meters, which were carried during one week. The authors used two
data sources as exposure predictors: 1) a questionnaire on potentially exposure
relevant characteristics and behaviors and 2) modeled RF‐EMF from fixed site
transmitters (mobile phone base stations, broadcast transmitters) at the participants'
place of residence using a geospatial propagation model. In another study by Frei et
al. [61], levels of exposure and the importance of different RF‐EMF sources and
settings in a sample of volunteers living in a Swiss city were assessed by means of
personal exposure meter measurements. The authors concluded that exposure to RF‐
EMF varied considerably between persons and locations but was reasonably
consistent within persons. Mobile phone handsets, mobile phone base stations and
cordless phones were important sources of exposure in urban Switzerland. In a third
study by Frei et al. [25] the prediction model was further extended. Personal
exposimeter measurements during one week and diary data from 166 study
participants were collected. In addition, spot measurements in the participants'
bedrooms and data on self‐estimated exposure, assessed residential exposure to fixed
site transmitters by calculating the geo‐coded distance and mean RF‐EMF from a
geospatial propagation model were collected. Based on this data an exposure
prediction model based on the propagation model and exposure relevant behavior
was developed. In conclusion, personal exposure measured with exposimeters
correlated best with the full exposure prediction model and spot measurements. Self‐
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estimated exposure and geo‐coded distance turned out to be poor surrogates for
personal exposure. During the last years, many studies assessing the average
environmental exposure in different countries were carried out. In the framework of
this project Roser et al. [16] developed an integrative exposure surrogate combining
near‐field and far‐field RF‐EMF exposure in a single brain and whole‐body exposure
measure using data from the HERMES study on adolescents.
In all studies up to now, the largest remaining unknown contribution to the personal
exposure was found to be the exposure from devices used close to the body.
Therefore, this study aims to identify different relevant aspects of these devices and
to assess their contribution to the personal exposure to further enhance the overall
assessment of the exposure. This will allow to further reduce the risk of
misclassification of study participants and increase the sensitivity of the statistical
evaluations regarding the symptoms of interest.
Exposure to electromagnetic fields can be subdivided into two categories, far field and
near field exposure. Radio transmitters located far away (several wavelengths at the
transmitted frequency) generate approximately planar propagating waves at the
measurement location. These conditions are generally met by Wi‐Fi and cellular base
stations as well as TV and radio broadcasting installations. Wireless devices that are
operated in proximity of the body generate less predictable field patterns and exhibit
much larger spatial variations. If the transmitter is placed very close (e.g. phone call),
the human body basically becomes part of the antenna and absorbs a significant
amount of the transmitted RF power [62].
In most studies assessing personal RF exposure, exposure meters are used [26]. These
devices are carried around by a person, measuring and logging local field strengths
over a period of one to several days. The main advantage of this approach is that it
inherently takes into account the behavior and usage patterns of the subject. Although
the accuracy of the individual field strength samples measured by an exposure meter
is limited due to shadowing and body proximity effects [27], overall error is expected
to average out to a large extent over the observation time. This is especially true in the
case of far‐field sources. In a typical urban scenario for example, many cellular
transmitters operate in a multipath propagation environment. In such conditions the
incident direction of the RF radiation can often be approximated to be random.

3.2 Near‐ and Far Field Exposure
Compared to the scenario of a person moving through different environments
irradiated by distant sources, i.e. far‐field exposure situations, for the case of near‐
field exposure, the averaging assumption does not hold. Cell phones and other close‐
to‐body radiation sources are mainly operated in specific scenarios (e.g. device in the
pocket, at the head, on the lap etc.). Because of the typically very large variations in
field strength encountered in the near‐field region of any antenna, the position of the
exposure meter on the body relative to the near field source has a very large influence
on the measurement values. Differences in body size between individuals as well as
46
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their preferred holding position during phone calls or operating tablets introduces
systematic measurement offsets that make a comparison between different
individuals very difficult.
The obvious solution to this problem would be the knowledge of the RF power
measurement at the device’s antenna feed. As a matter of fact, many EMF exposure
assessment metrics rely on this value [17], [18] as an input parameter for their
evaluation models. The direct measurement of the RF power transmitted by a wireless
device however requires the test subjects to use hardware modified devices instead
of their own equipment. Most studies therefore rely on predictors like questionnaires,
personal diaries, and mobile operator data as a basis for the modeling of the near‐field
dose. Besides the limited reliability of user reported data [24] the versatility of modern
smart phones extends their utilization to much more than phone calls. Collecting all
smart phone, tablets and other device’s activities affecting the personal RF exposure
by means of diaries would require a disproportionate effort from the study
participants. In addition to that, depending on the phone configuration, data transfers
are also performed by background services that do not depend from direct user
interactions.

3.3

Objective

In this work, we investigate the possibility to define a proxy allowing for discerning and
estimating the EMF exposure originating from the own handset and the contributions
of other people’s devices based on a combination of exposure meter and Smartphone
data. We consider the wireless technologies GSM, UMTS and Wi‐Fi. Based on
measurements in various physically controlled environments we define a classification
method and determine the most relevant parameters as well as their specificity.

3.4 Material and Methods
Using an RF signal generator capable of producing standard compliant artificial
communication signals, a mobile phone base station is emulated in our laboratory. A
test person with a Smartphone that is connected to a radio tester makes phone calls
holding the phone in different positions. This setup allows to create a variety of near‐
field exposure situations in a controlled RF environment. As a reference, the first series
of measurements is carried out in the anechoic chamber. In addition, a moderately
reflective and a highly reflective environment are defined in order to assess the
influence of the RF propagation conditions on the exposure meter measurements. A
comparable setup is used for the assessment of the exposure to the radiation caused
by Wi‐Fi. Instead of the radio tester a commercially available Wi‐Fi access point is used
as base station.
During all experiments the person carries multiple RF exposure meters in different
locations on the body. This allows to determine the variations of the measurement
caused by the position of the exposure meter. On the Smartphone used by the test
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person a custom‐made App is running in the background. This App collects and records
all available data from the built‐in sensors as well as status information of the
Operating System in a regular time interval. In order to validate the synthetic
scenarios, various measurements are also performed in a real‐world environment
around the campus of ETH Zurich.

3.4.1 Tested wireless Standards and Frequencies
The wireless communication standards evaluated within this work are summarized in
Table 3.1.
Service

Frequency band [MHz]

Base station / emulator

Handset

GSM900

880 – 960

Agilent A8960A

Galaxy Nexus

DCS1800

1710 – 1880

Agilent A8960A

Galaxy Nexus

UMTS

1920 – 1980

(outdoor experiments only)

Galaxy Nexus

Wi‐Fi

2400 – 2485

802.11 b/g/n Wi‐Fi Router

Galaxy Nexus

Table 3.1: Wireless communication standards considered in this work

3.4.2 Radio Tester / Antenna
The GSM and UMTS measurements were performed using a radio tester. Primarily
used for characterization and compliance testing of mobile phones, these instruments
emulate a cellular base station and establish a connection to the handset. Once
connected, the handset can be set into all operational states allowed by the
corresponding wireless standard. The ability to arbitrarily control the transmit power
level of the handset by overriding the power control loop is of special interest for
exposure assessment studies. Adaptive power control in GSM is implemented by list
of power control levels (PCL) spaced by 2 dB that the handset switches upon request
of the base station [40]. Because the number of supported levels varies between
phone models, the extreme values supported by the handset used in this work have
been determined manually. For the experiments, three power levels are used: A value
close to the highest and lowest level supported by the handset as well as an
intermediate value. The chosen levels are listed in Table 3.2.
Service

Uplink Channel

GSM900

CH 38 (897.6 MHz)

DCS1800 CH 698 (1747.4 MHz)

Base Station Handset power Handset power Handset power
TX Power
(Low PCL)
(Medium PCL)
(High PCL)
0 dBm

PCL 5 (31 dBm) PCL 12 (19 dBm) PCL 19 (5 dBm)

0 dBm

PCL 0 (30 dBm)

PCL 6 (18 dBm)

PCL 13 (4 dBm)

Table 3.2: Radio tester settings and handset power levels (PCL) used in the experiments.

A broadband log‐periodic antenna (Schwarzbeck USLP‐9143) was used for all
GSM/UMTS frequencies. The polarization was set to 45 degrees. The distance between
antenna and test subject was approximately 3.5 m for all indoor environments.
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3.4.3 Wi‐Fi Base Station and Network Data Generation
For the Wi‐Fi experiment, is an 802.11b/g/n dual antenna router (Model P‐660HN‐F1Z)
is used. The firmware of the router allows to select between three different TX power
settings (max, medium and min, without further description). The router is configured
as access point operating on a fixed frequency (Channel 4 at 2427 MHz) in 802.11g/n
mixed mode. The built‐in antennas of the router are used for all Wi‐Fi experiments. In
order to generate a constant and controlled amount of uplink data traffic, an android
based TCP/UDP packet generator App [63] is installed on the Smartphone. The
generated packets are addressed to the Wi‐Fi access point. The packet rate is set to
generate an uplink traffic of approximately 50 kB/s.

3.4.4 RF Exposure Meter
Three exposure meters of the type ExpoM RF from Fields at Work GmbH [55] were
used in this work. This instrument performs frequency band selective measurements
on 16 pre‐defined frequency bands covering all major broadcasting and wireless
telecommunication services. The measurement interval of the devices was set to the
minimum value of 3 seconds. For the static measurement scenarios, the Bluetooth and
GPS options of the device were disabled whereas for the outdoor experiments GPS
was enabled.

3.4.5 Smartphone and Operational Data Logging
The Smartphone model used in this study was the Galaxy Nexus (Google, Inc.) running
Android version 4.3. Android contains ‘Application Programing Interface’ (API) classes
that provide access to a variety of Smartphone state parameters. A custom app has
been developed which collects this data together with all available sensor information
at a rate of one update per second. The data is time stamped and conveyed to a
database that can be exported to a CSV file at the end of each measurement series.
Table 3.3 lists the name including a short description of all relevant sensor data and
operational parameters available on the Galaxy Nexus Smartphone.
Sensor Data
MPLAccelerometer
MPLGravity
MPLLinearAcceleration
MPLGyroscope
MPLOrientation
MPLMagneticField
MPLRotationVector
GP2ALightsensor
BMP180Pressuresensor
GP2AProximitysensor

Description
3‐Axis acceleration, includes motion and static earth gravity
3‐Axis acceleration excluding acceleration due to device motion
3‐Axis accelerometer data excluding static gravity component
3‐Axis gyroscope data
Detects portrait / landscape phone orientation
3‐Axis DC magnetic field strength (compass)
Absolute 3D phone orientation (software based result)
Ambient light intensity measurement
Ambient air pressure in hPa
Possible states: near / far
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Telephony

Description

LISTEN_MESSAGE_WAITING_INDICATOR
LISTEN_SERVICE_STATE
LISTEN_SIGNAL_STRENGTHS
CELL_INFOS
CALL_STATE
NETWORK_COUNTRY
NETWORK_OPERATOR
NETWORK_TYPE

Data Traffic
DATA_STATE
DATA_ACTIVITY
DATA_RX_MOBILE
DATA_TX_MOBILE
DATA_RX_TOTAL
DATA_TX_TOTAL

Description
Cellular data connection status (connected / disconnected)
Possible states: none / In / out / inout
Cumulative data received over cellular networks (Kbytes)
Cumulative data transmitted over cellular networks (Kbytes)
Cumulative data received including Wi‐Fi traffic (Kbytes)
Cumulative data transmitted including Wi‐Fi traffic (Kbytes)

Wi‐Fi
WI‐FI_STATE
SCAN_RESULTS

Tells whether an SMS message is waiting (true / false)
Possible states: in service / out of service
RSSI values, GSM signal strength, CDMA Ec/I0
Cell information (not always available, depends on
phone model and network operator)
Possible states: idle / ringing / off hook
Name of the country (abbreviation)
Name of the cellular network operator
Currently active network: GSM / GPRS / HSDPA etc.
Depends from the standards supported by the phone.

Description
Possible states: enabled / disabled
Name and RSSI of visible Wi‐Fi access points

Table 3.3: List of the most important available sensor data and operational parameters accessible by
default on the Galaxy Nexus smartphone used in this study.

The detailed description of the operational parameters can be found in the Android
reference [64]. In case of the sensor data, the number of available sensors and their
exact parameter names depend on the phone specific sensor set. Nevertheless,
virtually every Smartphone features at least the hardware to sense acceleration,
orientation, and proximity. If enabled, the position information provided by the
localization services of the Smartphone is also logged.

3.4.6 Measurement Locations
The environments for the measurements are located in the basement of ETH. This
location has been chosen because it provides the best achievable isolation from the
Wi‐Fi and cellular base stations operating around the campus that would interfere with
our measurements performed on the very same frequency band. Fig. 3.1 gives an
overview of the indoor locations.
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Fig. 3.1: Floor plan with pictures of the locations of the controlled experiments: bottom right:
Anechoic chamber; top right: highly reflective; top left: moderately reflective environment

3.4.7 Environment 1: Anechoic Chamber
The anechoic chamber measures 7 x 3.5 x 3.5 m and is used as the reference location.
Although not very close to a realistic scenario, the absence of reflections and
interferences from the outside ensures the highest possible degree of reproducibility.

3.4.8 Environment 2: Moderately Reflective Environment
A large elongated room (8.001 on the floor plan in Fig. 3.1) is chosen for the
moderately reflective environment. The room measures about 40 x 7.5 x 4 m. Despite
the presence of several metallic objects and surfaces, the large room size is expected
to attenuate non‐line‐of‐sight signal components as they must travel over relatively
long distances compared to the direct path.

3.4.9 Environment 3: Reflective Environment
The presence of large metallic heat exchange reservoirs and the close‐by wall are
expected to represent a highly reflective environment. This environment shall mimic
the propagation conditions encountered in small rooms, elevators, public
transportation, and similar reflective environments.
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3.4.10 Outdoor Scenarios
A route around the University Hospital Zurich (USZ) and through the ETH campus was
defined (Fig. 3.). The route starts at the ETZ building and runs along the southeastern
end of USZ. In this part of the route it is common to cross people using their cell phone.
In the following we reach a main street (Rämistrasse) where the University of Zurich
as well as the main building of ETH are located. In this area, there are many students
circulating during most of the time during the day. The west end of the route follows
the outer edge of Polyterrasse, a large terrace with free sight to large parts of the city
of Zurich. The way back to the start of the route leads through fairly narrow streets
surrounded by high buildings. During the last 100 m of the route there is a mostly
unobstructed line of sight to nearby cellular base stations installed on the roof of a tall
USZ building (Frauenklinikstrasse, Building Nord).

Fig. 3.2: Route around USZ and ETH campus. Three phone calls are made along the way (circles)
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3.5 Experimental Procedure
All experiments are performed with the test person carrying three exposure meters.
The following positions that have been chosen for this work:

Backpack: The exposure meter is placed in a backpack worn by the test subject. A
sweater and a jacket are in the bag as well and make sure that the exposure meter is
at a certain distance (approx. 15 cm) from the body surface.
Pocket: The exposure meter is put into the right trouser front pocket.
Shoulder: The exposure meter is strapped to the right upper arm by means of an
armband.
Prior to each measurement, the internal clock of the three exposure meters and the
clock of the test phone are synchronized to avoid timing errors in the post‐processing
of the four data sets.

3.5.1 Indoor experiments
The test person is positioned about 4 m from the transmitting antenna. In each of the
indoor environments a set of near‐field exposure scenarios is replicated (see Table
3.4).
Phone
position

Description

Use case

Left Ear

The phone is held in the left hand on the left ear.

Phone call (left handed)

Right Ear

The phone is held in the right hand on the right ear

Phone call (right handed)

Front

Phone is held in the right hand in front of the body

Hands‐free / Web surfing

Shirt Pocket

The phone is put in the left shirt pocket

Standby / Hands‐free call

Belt Holder

Phone is placed at the right hip

Standby / Hands‐free call

Table 3.4: Phone usage scenarios considered in the indoor experiments

Two additional experiment are performed for the analysis of the exposure caused by
Wi‐Fi. In contrast to the vast majority of today’s cellular mobile radio communication
implementations that are based on Frequency Division Duplexing (FDD), Wi‐Fi relies
on time division duplex (TDD). This means that the uplink and downlink are take place
in different time slots but share the same frequency band. Therefore, even band
selective measurements do not provide any information about the source of the
measured EMF. Hence, all measurements in the 2.4 GHz ISM band represent the
combined contributions of the handset and the access point.
The first Wi‐Fi specific experiment is performed in the large room of environment 2
(see 3.4.8). First, a constant rate of uplink traffic is created on the Smartphone using
the packet generator app. Then the distance between the test person and the access
point (AP) is varied from less than 1 m to about 30 m. The goal is to determine the
distance from the access point at which the EMF contribution of the handset
dominates over the one of the access point. Whereas the electric field strength
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generated from the AP is expected to decrease linearly in function of the distance, the
contribution of the phone should not depend from the distance to the Wi‐Fi access
point.
One of the parameters logged by our Smartphone is the cumulative amount of data
transmitted over Wi‐Fi. It can be expected that this information could provide an
estimate for the near‐field exposure caused by the phone’s Wi‐Fi activity. To verify this
assumption, the field strength near the Smartphone is measurements for a variety of
different uplink patterns created with the help of the android packet generator.

3.5.2 Outdoor experiments
The route shown in Fig. 3.2 is walked six times in total using different configurations
as listed in Table 3.5. Each scenario is measured both with the phone set to
automatically choose a 2G or 3G network and with the phone configured to only use
2G networks, a setting that is sometimes used to improve the phone’s battery life.
Outdoor scenario

Network setting

Phone activity

1+2

2G only

3 calls at specified locations

3+4

2G / 3G auto

3 calls at specified locations

5

2G only

Continuous phone call

6

2G / 3G auto

Continuous phone call

Table 3.5: Phone usage scenarios and configurations used in the outdoor measurements

While the route is the same for all measurements, the phone activity is varied. In the
outdoor scenarios #1 to #4 the phone is only actively used at the three spots marked
in red. At these locations, a call of about one minute is made. During this time the
walking is interrupted. As a comparison, a continuous phone call while walking is
performed in measurement 5 and 6.
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3.6 Measurement Results
3.6.1 Controlled Environment: GSM / DCS Experiments
3.6.1.1 GSM/DCS Transmit Power Level vs. Exposimeter Measurement
The first analysis consists in the verification of the linearity of the power control
mechanism and the dynamic range of the exposure meter. This is done by comparing
the field strength measured by the exposure meter averaged over all controlled
environment scenarios when the transmission power of the handset is varied. The
values lying outside the specified measurement range of the exposure meter are
discarded. The results are shown in Table 3.6.
Nominal Power
Increase

Measured Power
Increase

From PCL19 to PCL12

+14 dB

+13.97 dB

‐0.03 dB

From PCL12 to PCL6

+12 dB

+12.92 dB

+0.92 dB

From PCL13 to PCL6

+14 dB

+13.97 dB

‐0.03 dB

From PCL6 to PCL0

+12 dB

+12.82 dB

+0.82 dB

Difference

GSM900

DCS1800

Table 3.6: Nominal and measured difference of the uplink level for the tested transmission power
levels of the handset.

3.6.1.2 Influence of the Exposimeter Position
In classic exposimeter based surveys, the only data available for the estimation of the
uplink exposure is the field strength measured by the exposure meter in the various
uplink frequency bands. This is the simplest available measurement based proxy,
which is however expected to exhibit large position dependent uncertainties. In this
section the extent and the cause of the variations encountered in the controlled
environment measurements are determined. To include all measurements in this
comparison we define following normalized conversion factor F:
,

where

Ω

This conversion factor F thus represents the EMF power density measured by the
exposimeter relative to one Watt GSM (peak) power. Although the absolute value of
this metric is of little information without a calibration against the phone’s SAR, it can
be used to compare the sensitivity of different exposure meter positions in a given
scenario. This has been done for all controlled environment indoor experiments. The
plots in Fig. 3.3 show the resulting conversion factor for the three exposure meters
(Shoulder, Pocket, and Backpack) as a function of the handset position. The power
density measured by each exposure meter is averaged over 75 seconds for each
experiment. Due to the lack of power control during call setup in the GSM standard, a
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short peak is measured at the beginning of each call. Because of its non‐continuous
measurement protocol, there is a certain probability for the exposure meter to not
fully capture this short peak. To maximize the reproducibility of the different power
levels for the relatively short measurement time, this call setup period is not
considered for the computation of the conversion factors.
The results show strong variations in the conversion factor for all positions of the
exposure meter. The tested phone positions lead to very different distances between
the handset and the exposure meter. In general, the exposure meter in the backpack
detects the lowest field strengths. This effect is more pronounced at 1800 MHz than
at 900 MHz, which is most likely due to weaker diffraction effects around the body as
well as higher tissue absorption towards higher frequencies. As expected, the highest
values are recorded when the phone is close proximity of the exposure meter (e.g.
phone on belt ‐ pocket exposure meter). The propagation environment on the other
hand has a comparatively low influence on the results. The differences between the
three environments are in the same order of magnitude as the variations between two
measurements performed within the same environment.
10 0

10 -2

10 -4

10 -4

10 0

Conversion Factor F

10 0

10 -2

10 -6

left ear right ear front shirt pocket belt
Phone position
GSM900: POCKET exposimeter

10 -6

10 0

10 -2

10 -2

10 -4

10 -4

10 -6
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GSM900: SHOULDER exposimeter

left ear right ear front shirt pocket belt
Phone position

10 -6

GSM1800: SHOULDER exposimeter

left ear right ear front shirt pocket belt
Phone position
GSM1800: POCKET exposimeter

left ear right ear front shirt pocket belt
Phone position
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GSM900: BACKPACK exposimeter

Conversion Factor F

10 0

10 -2

10 -2

10 -4

10 -4

10 -6

GSM1800: BACKPACK exposimeter

10 0

left ear right ear front shirt pocket belt
Phone position

10 -6

left ear right ear front shirt pocket belt
Phone position

Fig. 3.3: Distribution of the exposimeter measurements as a function of the phone position. The
values represent the power density measured by the exposure meters relative to the phone’s
transmission power. Top row: GSM900, bottom row: DCS1800; from left to right: shoulder, pocket,
and backpack exposimeter

The plots in Fig. 3.3 show that large part of the overall uncertainty of the conversion
factor is due to the variable distance between the handset and the exposure meter. If
the conversion factor is observed for each handset position individually however, the
variations are several orders of magnitude lower. In addition, the exposimeter worn
on the shoulder tends to exhibit lower variations than the other two exposimeter
positions. Table 3.7 lists the experimentally determined average conversion factors for
the shoulder mounted exposimeter.
Left ear
‐4

Right ear
‐3

Front

Shirt pocket
‐3

GSM 900

2.8 ∙ 10

4.2 ∙ 10

3.1 ∙ 10

DCS 1800

3.5 ∙ 10‐4

5.2 ∙ 10‐3

2.0 ∙ 10‐3

Belt

‐4

1.3 ∙ 10‐2

7.3 ∙ 10‐4

3.2 ∙ 10‐3

3.2 ∙ 10

Table 3.7: Experimentally determined conversion factors F = SRMS Exposimeter / PMax, Phone for the shoulder
mounted exposimeter

It is interesting to note that the values do not differ drastically between the two tested
frequencies and follow a very similar pattern. Due to the limited capabilities of the
available radio tester this measurement could only be performed at 900 MHz and 1800
MHz. Although this pattern is not likely to significantly change at 800 and 2100 MHz,
this should be validated by additional measurements at these frequencies.

3.6.2 Controlled environment experiments: Wi‐Fi Results
3.6.2.1 Exposimeter position and access point power level
Compared to the results presented in 3.6.1.2, the average measured field strength
during Wi‐Fi usage is less affected by the position of the exposure meter. The
measurement results are shown in Fig. 3.4. The values measured by the backpack
exposure meter are mostly insensitive to the phone position. However, the backpack
measurements show a clear correlation with the transmission power of the access
point. The shoulder and pocket exposimeter positions are more sensitive to the
RF‐EMF Exposure by Close‐To‐Body Devices

57

location of the phone and record higher field strengths when the phone is operated in
close proximity of them. The differences are much smaller than for the GSM
measurements, though.
Access Point @ FULL Power
Backpack; Anechoic chamber
Backpack; Moderately Reflective Env.
Backpack; Reflective Environment.
Shoulder; Anechoic chamber
Shoulder; Moderately Reflective Env.
Shoulder; Reflective Environment
Pocket; Anechoic chamber
Pocket; Moderately Reflective Env.
Pocket; Reflective Environment

Field strength [V/m]

0.4

0.3

0.2

0.1

0

Access Point @ MEDIUM Power

0.5

Backpack; Anechoic chamber
Backpack; Moderately Reflective Env.
Backpack; Reflective Environment
Shoulder; Anechoic chamber
Shoulder; Moderately Reflective Env.
Shoulder; Reflective Environment
Pocket; Anechoic chamber
Pocket; Moderately Reflective Env.
Pocket; Reflective Environment

0.4
Field strength [V/m]

0.5

0.3

0.2

0.1

left ear

right ear

front
shirt pocket
Phone position

Field strength [V/m]

0.3

0

left ear

right ear

front
shirt pocket
Phone position

belt

Access Point @ LOW Power

0.5

0.4

belt

Backpack; Anechoic chamber
Backpack; Moderately Reflective Env.
Backpack; Reflective Environment
Shoulder; Anechoic chamber
Shoulder; Moderately Reflective Env.
Shoulder; Reflective Environment
Pocket; Anechoic chamber
Pocket; Moderately Reflective Env.
Pocket; Reflective Environment

0.2

0.1

0

left ear

right ear

front
shirt pocket
Phone position

belt

Fig. 3.4: Average field strength detected by the three exposure meters in the Wi‐Fi measurements for
different output power levels (full, medium and low) set in the Wi‐Fi access point.

The EMF emitted by the access point (AP) therefore contributes to a large extent to
the field strength measured by the exposure meters. This holds true even for the
lowest possible output power of the AP. Although the induced variations by the phone
position are somewhat larger in this setting, no value measured by the exposimeters
falls below 0.02 V/m.

3.6.2.2 Distance to Wi‐Fi access point
Fig. 3.5 and Fig. 3.6 show the distance dependent field strength curves recorded for
the ‘distance experiments’. This experiment has been performed twice using different
settings. In both cases the test person is walking away from the access point holding
the phone in the ‘front’ position (see 3.5.1). The backpack is therefore always oriented
towards the access point with a direct line of sight to it. In the first iteration (Fig. 3.5),
the access point is set to its maximum output power. The uplink data rate is set to 50
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kB/s like the other indoor measurements. Being oriented towards the access point,
the backpack exposimeter is subject to the most pronounced distance dependent field
strength variations. Up to a distance of about 20 m the recorded field strength
decreases and is therefore mainly determined by the access point. For distances
greater than 20 m the values reach an average field strength of around 0.02 V/m. A
similar behavior is observed in the recordings of the pocket and shoulder mounted
exposimeters. However, the field strength plateau is reached at a somewhat lower
distance. At the final distance of 30 m all three exposimeters record roughly the same
field strength.
Field strength vs distance from WiFi Access Point

0.5

Access point power:
Uplink activity:
Phone position:

0.4

HIGH
50 kB/s
FRONT

ISM2.4 Backpack
ISM2.4 Shoulder
ISM2.4 Pocket

0.3
0.2
0.1
0

0

5

10

15
Distance [m]

20

25

30

Fig. 3.5: Field strength measured by the exposure meters in function of the distance to the access
point. The AP is set to its maximum output power. The uplink data rate is set to 50 kB/s.

In a second measurement, the situation is repeated with the AP set to its lowest output
power. At the same time the uplink data rate of the phone is increased about 100 kB/s
by doubling the packet rate in the packet generator. The measurement results can be
seen in Fig. 3.6.
Field strength vs distance from WiFi Access Point

0.5

Access point power:
Uplink activity:
Phone position:

0.4
0.3

LOW
100 kB/s
FRONT

ISM2.4 Backpack
ISM2.4 Shoulder
ISM2.4 Pocket

0.2
0.1
0

0

5

10

15
Distance [m]

20

25

30

Fig. 3.6: Field strength measured by the exposure meters in function of the distance to the access
point. The AP is set to its low power setting and data is uploaded at 100 kB/s.

The effect of the reduced AP output power is clearly visible. The maximal measured
field strength is about three times lower than in the first experiment. For the pocket
and the shoulder mounted exposimeter the final field strength is already reached after
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a few meters. The backpack exposimeter values take again a bit longer to settle, but
considerably less than in the high‐power experiment. Due to the low AP power the Wi‐
Fi connection was not as stable as in the first experiment. Several short connection
interruptions occurred during the experiment resulting in the notches visible in the
curve shown in Fig. 3.6.

3.6.2.3 Wi‐Fi Data Rate and measured Field Strength
For this evaluation, the Smartphone and the Wi‐Fi access point are placed at a distance
of several meters at a fixed position in a laboratory room. The field strength generated
by each device is monitored by placing an exposure meter at a distance of about 30
cm from each of the devices. In order to keep interferences from the access point to
minimum, the low output power setting is used. Using the android packet generator
on the Smartphone, packets with three different fixed payload sizes of 15, 300 and
1200 Bytes are generated. The packets are transmitted at different rates between 100
and 2000 packets per second.
The RF activity under these conditions is first evaluated as a function of the data rate
in Bytes per second logged by the Smartphone app. The results are shown in Fig. 3.7.
The average output power of the access point and the Smartphone scale both almost
linearly with the data rate reported by the phone. However, large differences are
observed if the payload size is varied. For a given data rate, the use of small packets
generates much higher average EMF intensities. In case of the access point, this fact
can be explained by the higher number of (fixed size) Wi‐Fi acknowledgement frames
that must be transmitted for a given data rate. The output power of the phone on the
other hand is expected to be almost constant because the smaller size of the individual
packets should compensate for the higher number of packets.
a) RF power density @Phone

3.5

0.2

Payload 15 Bytes
Payload 300 Bytes
Payload 1200 Bytes

3
2.5

b) RF power density @AP
Payload 15 Bytes
Payload 300 Bytes
Payload 1200 Bytes

0.15

2

0.1

1.5
1

0.05

0.5
0

0

500

1000
1500
Data Rate [kB/s]

2000

0

500

1000
1500
Data Rate [kB/s]

2000

2500

Fig. 3.7: Measured RF power density near the phone (left) and the access point (right) in function of
the Wi‐Fi uplink data rate reported by the phone for different fixed payload sizes.
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Fig. 3.8: Measured RF power density near the phone (left) and the access point (right) in function of
the packet rate set in the packet generator for different fixed payload sizes.

The measurement results however show that the transmission of a Wi‐Fi frame
involves a considerable amount of overhead. For small payload sizes, the preamble
and management information of the Wi‐Fi frame account for the large majority of the
RF activity.
This fact can be verified by looking at the measured RF power in function of the packet
rate selected in the packet generator app. The left plot in Fig. 3.8 shows the RF power
density generated by the phone in function of the packet rate. Despite the 20 times
higher amount of data being transferred at the same packet rate, switching from 15‐
bytes packets to 300 bytes packets shows no measurable differences in the RF activity.
Only with a further increase to 1200 bytes packets the effect of a larger payload
becomes visible in form a higher average output power. The RF power measured at
the access point does mainly scale with the packet rate and is insensitive to the size of
the received packets.
A dip in the measured power can be observed in all measurements for a payload size
of 1200 bytes at the highest selectable packet rate. This effect is probably due to
limitations of the packet generator app and the test phone. At the highest selectable
packet rate the reported number of packets per second is much less stable than at the
lower rate settings. This is likely the result of dropped packets due to the limited
processing power of the phone. The measurements performed at the highest data rate
must therefore be treated with caution.

3.6.3 Outdoor measurements
3.6.3.1 Downlink Exposure vs. Position of the Exposimeter:
Although not directly related to near‐field exposure, it is worthwhile to look at the
effect of the exposimeter position in case of downlink exposure as a comparison to
the measurements in 3.6.1.1. Based on the data of all 6 outdoor scenarios, the average
detected field strength detected by the three exposure meters is compared for all
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downlink bands measured by the exposure meters (Fig. 3.9 and values in Table 3.8).
As one would expect in case of far‐field exposure, the measurements confirm that the
position dependent variations are much less of a concern than in the uplink case. Even
though this comparison is based on a relatively low number of samples taken on a pre‐
defined route, the average downlink field strengths detected by the tree exposure
meters converged to a level approaching the basic calibration uncertainty of the
devices.
0.25
Shoulder
Pocket
Backpack

0.2
0.15
0.1
0.05
800 MHz

900 MHz

1800 MHz
2100 MHz
Frequency Band (Downlink)

2600 MHz

Fig. 3.9: Measured downlink field strengths averaged over all 6 outdoor scenarios.

Frequency band

ExpoM Shoulder

ExpoM Pocket

ExpoM Backpack

800 MHz downlink

0.015 V/m

0.009 V/m

0.015 V/m

900 MHz downlink

0.122 V/m

0.159 V/m

0.170 V/m

1800 MHz downlink

0.122 V/m

0.071 V/m

0.082 V/m

2100 MHz downlink

0.104 V/m

0.085 V/m

0.145 V/m

2600 MHz downlink

0.066 V/m

0.063 V/m

0.060 V/m

Table 3.8: Average downlink field strengths measured in all 6 outdoor scenarios. The numbers
represent the mean values averaged over all 6 outdoor measurements.

3.6.4 Relationship between phone TX power and received signal strength
Today’s mobile phone standards implement elaborate transmission power control
mechanisms. In order to minimize interferences and accommodate a maximum
number of users, a control loop dynamically adapts the transmitted power of the
handset to the minimum level necessary to maintain good communication quality. The
transmission power is adapted several times per second depending on the path loss
introduced by the wireless channel. If interference effects are neglected, this loss can
be assumed to be approximately symmetric, i.e. very similar in the uplink and
downlink. When the handset has a bad signal reception, the base station is likely to
detect a weak signal as well and thus ask the handset to raise its transmission power.
Because the power transmitted by the handset is expected to correlate inversely
proportional to the received signal strength, the latter parameter has already been
proposed as a proxy for the near field exposure during phone calls. This dependence
62

RF‐EMF Exposure by Close‐To‐Body Devices

could also be verified by Gati et al. [65] in real‐world measurements, although the
encountered uncertainties are quite large.
In order to verify this correlation, we performed a similar comparison based on the
outdoor scenarios #5 and #6 (continuous phone call, see Table 3.4). In contrast to
Gati’s work, which is based on operational data provided by a network provider, here
we compare the instantaneous RSSI value logged by the phone with the field strength
measured by the exposimeter. The field values of the shoulder mounted exposimeter
are used for this comparison. Being located at a close and almost constant distance
from the handset during a call it is the device that is expected to follow most closely
the phone’s instantaneous transmission power. The top plot of Fig. 3.10 shows the
measured field strength in the 2G and 3G uplink bands over the duration of scenario
#5. Because the phone is set to 2G only, no uplink activity in the 2100 MHz band is
expected as this band is reserved for UMTS. The measurements confirm this
assumption as the measured field strength in this band is negligible compared to the
activity in the 900 and 1800 MHz bands. In the latter two bands several handovers can
be observed. The lower plot shows the RSSI value and the call duration logged by the
phone during the same time interval.
a) Measured Uplink Activity (Scenario #5)

3

900 MHz UL Shoulder
1800 MHz UL Shoulder
2100 MHz UL Shoulder

2

1

0
0:00

2:30

5:00

7:30

10:00
Time [min:sec]

12:30

15:00

17:30

20:00
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Fig. 3.10: a) Uplink field strengths measured by the shoulder mounted Exposimeter; b) phone
reported RSSI value plotted over the same time period (Scenario #5). The red line in the bottom plot
indicates the period in which the phone call was performed.
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In scenario #6 the same route is walked with the phone set to freely choose between
the available 2G and 3G networks. Compared to scenario #6 a very different uplink
pattern is observed (Fig. 3.11). According to the phone data, the 3G network is now
exclusively used. This fact is also confirmed by the exposure meter measurement,
which shows that the activity in the UMTS‐only 2100 MHz band now dominates. It
should also be noted that the average measured field strength is about one order of
magnitude lower compared to the 2G only scenario.
a) Measured Uplink Activity (Scenario #6)
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Fig. 3.11: a) Uplink field strengths measured by the shoulder mounted Exposimeter; b) phone
reported RSSI value plotted over the same time period (Scenario #6). The red line in the bottom plot
indicates the period in which the phone call was performed.

Table 3.9 lists the spearman correlation factors between the RSSI value reported by
the phone and the field strength recorded witch the shoulder mounted exposimeter.
In order to reduce the influence of synchronization errors and measurement noise, the
data is smoothed with a moving average filter prior to the calculation of the correlation
coefficient. For the GSM900 and 1800 uplink the computation is based on all
exposimeter samples in which the respective frequency dominates the uplink field
strength. The GSM900 + 1800 value is computed by selecting the stronger values of
both uplink frequencies in each sample. The UMTS value is based on scenario #6 that
includes exclusively 3G phone calls.
In Fig. 3.12 and Fig. 3.13 the data is presented as a series of scatterplots. All plots show
the same trend and confirm the assumption that a under good signal conditions the
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uplink power of the phone is generally lower. The short‐term correlation is only
moderate. The comparison of the data sets smoothed over one minute however
exhibit stronger correlation factors.
Data source

Spearman correlation
12 s moving average

Spearman correlation
60 s moving average

GSM900 uplink

Scenario #5

‐ 0.45

‐ 0.67

GSM1800 uplink

Scenario #5

‐ 0.39

‐ 0.59

GSM900 + 1800 uplink

Scenario #5

‐ 0.39

‐ 0.52

UMTS 2100 uplink

Scenario #6

‐ 0.31

‐ 0.48

Frequency Band

Table 3.9: Spearman correlation factors between the exposimeter measurements (shoulder mounted
device) and the RSSI reported by the phone. The comparison is made in V/m.
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Fig. 3.12: Outdoor measurement #5: Phone reported RSSI and measured field strength averaged over
12 seconds (left) and 60 seconds (right). Top: GSM900 uplink; Middle: DCS1800 uplink; Bottom:
both 2G uplink bands combined.
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Scenario #6: UMTS 2.1 GHz

Scenario #6: UMTS 2.1 GHz
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Fig. 3.13: Outdoor measurement #6: Phone reported RSSI and measured field strength on the UMTS
2100 MHz uplink band averaged over 12 (left) and 60 seconds (right)

3.6.5 Classification of the phone positions
The quality of any proxy for the near‐field exposure can greatly benefit from the ability
to determine the position and usage of the phone in real time. The RF power being
transmitted by the phone is a very important parameter for the assessment of near‐
field exposure. However, in order to translate this information to actual Specific
Absorption Rate (SAR) values it is necessary to know how the phone is used. The
standard talking positions on the left or right ear for example result in high SAR values
in the head [66]. In comparison, the usage of hands free kits is expected to lead to very
different SAR distributions peaking in other parts of the body [67].
Based on the measurement series made in this work, we aimed at identifying a set of
rules based on the phone sensor data that could be used to determine the holding
position of the handset. The parameters that have been found to provide useful
information for this classification are the built‐in accelerometer and the proximity
sensor. The accelerometer data can be used to determine the 3D orientation of the
handset relative to the earth surface. In the normal talking positions (“left ear” / “right
ear”), the phone is oriented in a very characteristic way that is usually not encountered
when the phone is not actively used. The evaluation of the proximity sensor provides
an additional parameter that further reduces the probability of a false classification.
The last important parameter used for the classification is the CALL_STATE variable.
This parameter tells whether a phone call is currently in progress (“off hook”) or not
(“idle”) and can therefore be used to ensure that the phone is actually being used to
make a call. The empirically derived set of rules is listed in Table 3.10.
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Left ear

Right ear

Front

Shirt
Pocket

Belt

Accelerometer: X axis

X>4

X < ‐3

|X| < 2

X<3

X<3

Accelerometer: Y axis

Y>4

Y>4

Y>2

Y>7

Y>7

Accelerometer: Z axis

Y<0

Z<0

7>Z>4

|Z| < 3.5

|Z| < 3.5

Proximity sensor

near

near

far

‐

near

off hook

off hook

off hook

off hook

off hook

Parameter

CALL_STATE

Table 3.10: Empirically derived classification rules for the determination of the phone position during
a phone call. Acceleration data is given in m/s2.

With this set of rules, it was possible to determine the first three positions (left, right
ear and front) with a success rate close to 100% from all the measurements. The belt
and shirt pocket scenario however showed very similar characteristics and could
therefore not be reliably separated from each other. Both are characterized by a
mostly vertical position. In addition, in both scenarios the proximity sensor data
cannot be reliably used. In the case of the shirt pocket position it depends on whether
the top of the phone is sticking out of the shirt pocket or not. In the case of the belt
holder it highly depends on the specific belt holder model used.

3.7 Discussion and Conclusion
Near‐field RF exposure is caused by a variety of sources operating on different
frequencies, protocols, and technical standards. In order to combine all these sources
to a meaningful exposure metric it is important to correctly weight the various
contributions. Current RF‐EMF exposure metrics like proposed by Lauer et al. [17] base
their calculations on several input parameters for the calculation of the total dose. The
authors suggest to determine far‐field contributions from personal exposimeter
measurements, whereas near‐field contributions are derived from literature and
questionnaire data. However, the reliability and specificity of latter sources of
information has been shown to be prone to different bias. In addition, the data based
on questionnaires does not provide the degree of detail necessary to consider
individual differences in usage patterns. In order to improve the accuracy and the
specificity of the near‐field exposure assessment, it is desirable to determine most of
the required model parameters directly from personal measurements instead of
generic or averaged values.
Our measurements support the assumption that personal exposure meters are a good
tool for the assessment of EMF exposure originating from far‐field sources. We could
observe that variations caused by the position of the exposure meter average out to a
large extent already after a short time of usage. Furthermore, the use of RMS
responding devices makes it possible to make meaningful field strength comparisons
between different wireless standards and operating conditions.
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For the assessment of the fields caused by close‐to body devices however, the raw
exposimeter values are only of limited informative value due to the very large situation
dependent measurement variations. In order to be translated into an equivalent EMF
exposure contribution, the data of the exposure meter has to be interpreted together
with the context in which it was recorded. The most important factors influencing the
measurement results are the origin of the measured RF‐EMF, and in case of near‐field
exposure, the position of the RF source relative to the exposure meter.
The operational and sensor data of the smart phone represents a complementary
source of information that allows to estimate how the phone is being used. Although
the data collected by the smartphone is neither very precise nor completely
unambiguous, it has the advantage of being unaffected by the typical issues
encountered in other phone usage assessment methods. The data is automatically
logged continuously and is therefore free of recall bias, incompleteness, or self‐
reporting errors. For the fusion of the exposimeter and phone data we propose
approach that consists on a distinction of cases and the subsequent application of
case‐dependent weighting factors to the EMF. Depending on the degree of detail and
the effort that is put in the calibration and characterization of the assessment setup,
the classification can yield substantial reductions in the measurement uncertainty. It
is evident that the presented results are based on a limited number of measurements
and can therefore not be readily generalized. Nevertheless, they provide a basis for
the identification of the major sources of uncertainty as well as the potential
improvements that can be achieved by simple precautions and an appropriate design
of the exposure assessment experiment. Because of the large differences in the mode
of operation of the various radio standards that are operating today, it is not
appropriate to use a single procedure that is valid for all use cases. Therefore, we
suggest different classification approaches for the exposure caused by cellular
telephony and the exposure caused by Wi‐Fi.

3.7.1 Near‐field exposure caused by GSM and UMTS telephony
The scheme proposed for the classification of mobile network uplink activity is shown
in Fig. 3.14. As long as the preferred duplexing implementation in GSM and UMTS
relies on frequency division duplexing (FDD), frequency selective measurements allow
to discern the EMF contributions of base stations and handsets just by looking at the
EMF with the corresponding carrier frequency. The use of frequency selective
measurement devices is therefore of prime importance. However, without any
knowledge of the phone position relative to the exposure meter, the uplink field
strength measured by a personal exposure meter should not be used as a proxy for
the near‐field exposure as it is affected by huge uncertainties. For an absolute
quantification of the near‐field exposure, our measurements suggest that even an RSSI
based estimation derived from the observations presented in 3.6.4 is expected to
represent a more reliable proxy.
The situation changes dramatically if additional information about the phone and its
position are available. First, the call activity indicator and the data counter of the
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phone allows to tell whether the RF activity measured in the uplink bands has to be
attributed to the own phone or to another handset in proximity. If the exposimeter
measurements are adjusted for the position dependent conversion factors
determined in 3.6.1.2, the transmission power of the own phone can be estimated
within a range of 10 dB. This represents an improvement of two orders of magnitude
compared to what an estimate based exclusively on exposimeter data is able to
provide. Furthermore, the position of the phone allows to deduce which part of the
body is being exposed from its radiation.
a) Mobile Phone Frequencies
Exposimeter data

No

Frequency:
Uplink?

Far-field
Exposure

Yes
Phone data
- Call state
- Data counter
Phone data
- Accelerometer
- Proximity sensor
Weighting factors
Transfer functions

No

phone call /
mobile data?

Far-field
Exposure

Yes
Near-Field:
Classification &
Correction

Near-field
Exposure

Exposimeter data

b) ISM 2.4 GHz Band
Exposimeter data

Phone data
- Data counter

No

Wi-Fi data
activity?

Far-field
Exposure

Yes
Phone usage:
close to body?
Phone data
- Accelerometer
- Proximity sensor

Tests & Literature
average TX power

No

Far-field
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Yes
Near-Field:
weighting

Near-field
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Fig. 3.14: Proposed classification scheme for the measured RF‐EMF exposure a) from mobile
telephony and b) for wireless technologies operating in the ISM 2.4GHz band (e.g. Wi‐Fi)
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It is of course not realistic to determine the exact position of the Smartphone using
the typical sensor set of a Smartphone (at least at the current state of technology).
However, a typical phone usage involves only a limited number of usage patterns. The
situations typically involving the highest near‐field EMF exposure (e.g. ongoing phone
calls and heavy data activity) can be reliably detected by means of the operational data
and the sensors of the phone. The necessary granularity in the detection of various
holding and carrying positions of the phone as well as the amount of variability
between test subjects must be determined in real‐life situations. Nevertheless, we
expect the phone positions considered in this study to cover the majority situations
involving high uplink activity and according near‐field exposure.

3.7.2 Wi‐Fi exposure
The concept of the Wi‐Fi standard and its technical implementations differs in several
points from the cellular network standards and must also be treated differently in
terms of RF‐EMF exposure. The lack of separate uplink and downlink frequency bands
and the undetermined correlation between transmitted data rate and the resulting RF
activity prevent most classification steps that can be done in the case of mobile
telephony (Fig. 3.14a). The data counter of the phone allows to discern pure far‐field
from potential near‐field exposure situations. A reconstruction of the near‐and far‐
field components based on the exposure meter data like in the case of GSM and UMTS
is however not very realistic given the way the Wi‐Fi standard operates.
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4 Exposure Assessment of Pulsed Electromagnetic Fields
4.1 Introduction
Personal RF exposure meters are usually designed to deal with telecommunication and
broadcast signals that in most cases contribute the large majority of the everyday
exposure to RF‐EMF. For people living or working near airfields and airports however,
radar installations represent an additional potential source of RF‐EMF exposure that
must be considered. Due to the special signal shapes transmitted by radars and the
use of specific carrier frequencies, conventional personal exposure assessment tools
are not able to reliably assess radar signals. In this work, the concept and realization
of a radar exposure meter prototype is presented. The resulting hardware is tested in
a real environment and compared to reference measurements performed using
laboratory equipment.
Radar signals typically consist of short and powerful RF bursts. The transmitter is
therefore only active for a short fraction of the time (0.1 ‐ 10%). In Fig. 4.1 an example
of a measured radar signal is shown. This signal has been recorded in a field
measurement and originates from a radar installation belonging to a military airfield.
The peak power of primary radars can reach values in the order of megawatts. Due to
the use of high gain directional antennas like parabolic dishes, the effective radiated
power (ERP) can even be several orders of magnitude higher.
0.3

Aplitude [V]

0.2
0.1
0
-0.1
-0.2
-1000

-500

0

500

1000

Time [microseconds]

Fig. 4.1: Measured signal shape from an area surveillance radar located near an airfield in Emmen,
Switzerland.

In contrast to the extremely high peak power, the average field strength at a given
location on the other hand can be expected to be much lower. The combination of the
rotatory scanning movement of most radar antennas and the narrow beam width
inherent to highly directive antennas, the peak field strength of a radar installation is
only experienced for the short fraction of time in which the antenna is directly pointed
towards the observer.
For the monitoring of mobile phone and broadcasting signals, the measurement of the
average (RMS) field strength is considered adequate. Although advanced modulation
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formats like OFDMA [68] adopted by LTE lead to more complex waveforms and
increase the signal’s peak‐to‐average power ratio (PAPR), The PAPR is still very low
compared to radar signals (see Fig. 4.2). The very large difference between peak and
average field strength over time found in radars signals makes it necessary to monitor
both the peak and average field strength separately. EMF exposure limits and
guidelines, e.g. ICNIRP [3] include in fact dedicated safety limits for the peak field
strength. In the ICNIRP guidelines, the maximum allowed peak field strength
corresponds to 1000 times the maximum power density of the allowed 6 minutes RMS
average (see Table 4.1).
RADAR Signals

Peak power

Peak power

RF Power

RF Power

Mobile communications (GSM, UMTS, LTE)

Peak‐to‐average
power ratio
typically < 10:1

Peak‐to‐average
power ratio
> 1000:1

Average power

Average power

Time

Time

Fig. 4.2: Schematic representation of the radiated power over time for typical mobile communication
base stations (left) and radar systems (right). Although the resulting average field strength may be
similar in both cases, the peak radiated power of radar systems can be orders of magnitude higher
compared to mobile phone and broadcasting antennas.

Despite being 1000 times higher, the peak limiting value is likely to be reached before
the 6‐minute average limit due to the extreme peak‐to‐average power ratio of the RF
exposure near these installations.
Limiting value: RMS
(6 min average)

Limiting value: Peak

ICNIRP
Occupational

Swiss ONIR
(Public)

Swiss
ONIR
Inst. Limit

ICNIRP
Occupational

Swiss ONIR
(Public)

Swiss ONIR
Inst. Limit

1 GHz

95 V/m

43.5 V/m

5.5 V/m

3000 V/m

1375 V/m

n.a.

2 GHz

137 V/m

61 V/m

5.5 V/m

4330 V/m

1950 V/m

n.a.

3 GHz

137 V/m

61 V/m

5.5 V/m

4330 V/m

1950 V/m

n.a.

5 GHz

137 V/m

61 V/m

5.5 V/m

4330 V/m

1950 V/m

n.a.

9 GHz

137 V/m

61 V/m

5.5 V/m

4330 V/m

1950 V/m

n.a.

Carrier
Frequency

Table 4.1: ICNIRP limiting values recommendations and precautionary installation limits defined in
the Swiss Ordinance relating to Protection from Non‐Ionizing Radiation (ONIR) [9] for selected
frequencies in the range from 1 to 10 GHz.
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4.2 Requirements
Many of the fundamental requirements of a radar capable exposure meter are very
similar to those of conventional personal exposure meters. There are however
important differences in the required technical specifications and the measurement
protocol of a radar capable device which are described in the following overview:

Peak detection capability: The exposure meter must be able to detect both the
average and the peak value of the measured electromagnetic field. Because of the
quickly varying field strength, the maximum amplitude in a measurement period is
only reached for the duration of a few radar pulses. The duration of the individual
pulses depends on the specific radar system. Typical values range from several
microseconds for long distance radars down to 250 nanoseconds or less for precision
tracking and ranging radars [69].
Dynamic range: Radar signals cover a very large dynamic range due to their potentially
very high peak EIRP and relatively low average power. The goal of a radar capable
exposure meter is to correctly determine the peak field strengths of more than 1000
V/m while keeping the detection limit as low as possible to allow for a meaningful
analysis of low field strength situations [31]. In order to provide this functionality, the
instrument must be able to cover an input dynamic range of at least 60 dB. Although
it is acceptable to subdivide the dynamic range into more than one sensitivity range,
the high expected peak field strengths pose high demands on the RF Frontend of the
device (input protection, filtering) as well as on the shielding of the electronics. The
peak power that is expected to reach the RF frontend during measurements close to
the limiting values can be determined from the gain of the receiving antenna:
∙

∙
4 ∙

(4.1)

An electrically small non‐resonant isotropic antenna is expected to have a gain of 0 dBi
at the higher frequencies and a gain decreasing with the square of the wavelength for
frequencies where the wavelength is large compared to the antenna size. This results
in received RF peak power levels in the range of 1 – 10 Watts in the frequency range
from 1 GHz to 9 GHz (see Table 2.4). Appropriate design measures have to be taken in
order to make sure that these high power levels can be tolerated by the RF electronics
without damage.
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Frequency

Antenna Gain

Field Strength (peak)

Received Power (peak)

1 GHz

‐9.5 dB

1375 V/m

36.05 dBm / 4.0 W

2 GHz

‐3.5 dB

1950 V/m

39.06 dBm / 8.1 W

3 GHz

0.0 dB

1950 V/m

39.04 dBm / 8.0 W

5 GHz

0.0 dB

1950 V/m

34.60 dBm / 2.9 W

9 GHz

0.0 dB

1950 V/m

29.50 dBm / 0.9 W

Table 4.2: Expected peak power levels at the antenna connector of the exposimeter when exposed to
the field strength corresponding to the limiting values defined by (ONIR) [9].

Frequency range: Radars operate on several different bands and frequencies that
range from the UHF band for very long‐range surveillance radars up to Ka Band (27‐40
GHz) and higher for short range and high‐resolution radars. In terms of personal EMF
exposure, the focus must be laid on high powered systems and installations operating
close to working environments like airports and airfields. Based on information
provided by the Swiss Federal Office for Defense Procurement (Armasuisse), the
highest exposure in military environments is expected to be caused by systems
operating in the L, S, C and X bands. The operating frequency of these systems covers
a range of approximately 1 to 10 GHz. In Table 4.3 a selection of radar systems used in
Switzerland is listed with the specific signal parameters.
System

Operating Frequency

Pulse Duration

Pulse Repetition Rate

FLUR

S Band (2.75 ‐ 3.05 GHz)

20 µs

900 – 1200 Hz

RIR‐980

C Band (5.5 ‐ 5.9 GHz)

0.25 / 0.5 / 1 µs

146 ‐ 1170 Hz

PAR

X Band (9 GHz)

20 µs

2250 Hz

Table 4.3: Signal parameters of selected radar systems used in Switzerland

Frequency selectivity: In order to distinguish the contributions of various radar
installations operating in the same area (e.g. airport), frequency selective
measurements are necessary. The crosstalk between the various frequency bands
must be kept as low as possible to avoid high‐powered out‐of‐band signals power to
interfere the active measurement.
Performance and Cost: For exposure meters, it is important to find a good balance
between performance and cost. Very tight tolerance specifications will increase the
hardware complexity as well as the manufacturing and calibration costs.
One of the largest sources of uncertainty is the fact that these devices are often carried
close to the body. The associated proximity effects like absorption, shadowing and
antenna detuning can be somewhat mitigated but not eliminated by the design of the
device. For this application, we estimate a device measurement uncertainty in the
order of ±3 dB to be good enough to not represent the limiting factor of the total
measurement uncertainty.

Size and weight: The goal is the realization of a device as small and light as possible as
it has to be carried by the user during its daily activities.
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4.3 Measurement Methods and Concepts
This section gives an overview of the available and commonly used methods to
perform Radar radiation measurements. Table 4.4 lists various approaches, roughly
ordered by measurement accuracy. In general, a good measurement accuracy comes
at the cost of heavier and more complex instrumentation. The goal of this section is to
show the strong points of each approach in order to find balanced measurement
concept that can be implemented within the limited resources of a portable personal
exposure meter.
The reference measurement method consists in recording the waveform in the time
domain using a calibrated reference antenna connected and a digital oscilloscope. If
necessary, the measured signal can be down‐converted to a lower intermediate
frequency with a mixer in order to relax the bandwidth requirements of the
oscilloscope. The advantages of a time domain recording is that the full signal
information is captured and stored. It is therefore possible to determine arbitrary
signal parameter like Peak and RMS value with high accuracy in a post processing step.
A spectrum analyzer can also be used instead of an oscilloscope. Handheld spectrum
analyzers are available since several years and allow to work independent of the power
grid. The main advantages of a spectrum analyzer are its very good frequency
selectivity and a high dynamic range. However, measuring pulsed signals with a
spectrum analyzer requires some knowledge and a careful selection of the
measurement parameters. In addition, accurate measurements of both the peak and
the RMS field strength require the instrument to feature a sufficiently wide resolution
bandwidth (up to several MHz) as well as a RMS detector option, which can result in a
relatively high purchase cost. Like for the oscilloscope, a calibrated measurement
antenna is needed for the reception of the RF signals, adding size and weight to the
measurement setup.
Wideband field probes are another popular measurement method. RF field probes are
in general less expensive than the equipment necessary for the previous approaches
and are also easy to use. Another advantage is the fact that the probe itself acts as the
receiving structure, so that no additional external measurement antenna is required.
However, for the measurement of pulsed signals it is critical to choose the right type
of probe. The vast majority of field probes are based either on a thermocouple or a
diode detector. Thermocouple detectors inherently react to average power and are
therefore an excellent choice to determine the RMS field strength. These detectors
are however not able to detect the peak value of the electromagnetic field as they
response time is orders of magnitude too slow (hundreds of milliseconds). Diode
detectors on the other hand react much faster but are limited in the ability to detect
the average power of complex signal shapes. Compensation techniques can be used
to reduce the measurement uncertainties, however detailed a‐priori knowledge about
the measured signal is required for best accuracy [70]. As the name implies, wideband
field probes do not provide frequency selectivity. In locations where multiple radar
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systems operate at the same time (e.g. airports) it can therefore be difficult to discern
the contribution of each system to the total exposure.
Currently available personal exposure meters [55, 71] fulfill the size and usability
related requirements described in section 4.2. Being however tailored to the
measurement of telecommunication and broadcasting signals, these devices do not
provide the necessary flexibility to measure radar signals. Unlike spectrum analyzers,
the measured frequency bands are usually hard‐wired and cannot be modified by the
user. In addition, no separate peak detection is performed. Performance wise,
portable exposimeters exhibit the highest measurement uncertainties of all presented
approaches. Being usually carried close to the body, shadowing and absorption effects
influence the signal reception. In addition, the measurement antenna is usually
integrated into the housing of the device which makes it very hard to achieve the
required isotropic radiation pattern over the entire measurement frequency range.
Method

Advantages

Limitations

Time domain
1 measurements

‐ Very accurate and repeatable
‐ Full signal information available
‐ Detailed waveform analysis
possible

‐ Multiple instruments required
‐ RF measurement experience
required
‐ Size and weight
‐ Usually external power required

Handheld
Spectrum Analyzer
2 + External
Antenna

‐ Accurate
‐ Portable and battery powered
‐ Frequency selective
‐ High dynamic range

‐ External antenna required
‐ User knowledge necessary
‐ RMS detector and wide RBW
required
‐ Limited battery lifetime (2‐4 hours)

3 Probe

‐ Compact (no separate antenna)
‐ Portable, good battery lifetime
‐ Easy to use

‐ No frequency selectivity
‐ limited frequency response flatness
‐ Diode detectors: Limited RMS
accuracy
‐ Thermistor detectors: Slow
response time

Personal Exposure
4 Meter for telecom
bands

‐ Ideal for personal exposure
assessment
‐ Size and weight (internal
antenna)
‐ Frequency selective
‐ No user interaction necessary

‐ No separate RMS and peak
detection
‐ Low upper detection limit (typ.
5V/m)
‐ Fixed / unsuitable frequency bands
‐ Rather high uncertainties

Wideband Field

Table 4.4: Existing instruments and solutions for the assessment of pulsed EMF.

4.4 Exposimeter for the Measurement of Pulsed EMF at 1‐10 GHz
Based on the discussed requirements and available measurement methods, a radar
capable exposimeter based on the concept of the ExpoM‐RF exposure meter (see
section 2.5) has been developed upon which a functional prototype was been realized.
This section describes the involved design decision, the realization and testing of a
hardware prototype. In section 0 the evolution of the current design towards a more
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flexible architecture covering a continuous frequency range is discussed. The feasibility
of the new hardware concept is investigated and the most important functional blocks
are realized in hardware.

4.4.1 Specifications and design
The target specifications for the first device prototype are summarized in Table 4.5.
These specifications have been set based on a set of practical requirements provided
by Armasuisse which initiated and financed the project. The primary target application
of the device is to measure the field strength exposure of people working in proximity
of the radar installations described in Table 4.3 as well as long‐range surveillance
radars operating in the 1 GHz range found in many airports. Simultaneous RMS and
peak field strength detection shall be performed in order to determine the compliance
to ICNIRP and ONIR guidelines. As an exposimeter the device shall continuously log the
data internally. A possibility to observe the measurements in real‐time is highly
desirable.
Requirement

Target

Frequency Range

Four pre‐defined frequency bands around 1, 3, 5 and 9 GHz:
1 GHz band: 1.0 – 1.2 GHz
3 GHz band: 2.6 – 3.2 GHz
5 GHz band: 5.5 – 5.9 GHz
9 GHz band: 8.8 – 9.2 GHz

Selectivity

> 50 dB rejection of out‐of‐band signals

Measurement

Simultaneous detection of RMS and Peak field strength

Dynamic Range

60 dB or more

Form Factor

Battery powered handheld device with integrated antenna

Antenna

Isotropic antenna for orientation independent measurement results

Data Handling

Measurement data logger and real‐time display

Other

GPS localization

Table 4.5: Target specifications for the radar exposimeter functional prototype

Based on the target specification in Table 4.5 the hardware architecture concept
shown in Fig. 4.3 has been designed. The antenna (1) consists of three separate
orthogonal elements for an isotropic reception of the electromagnetic waves. In order
to prevent the receiver to saturate when subjected to high power bursts, the front‐
end includes a switchable attenuator element (2). The subsequent filter bank (3)
selects the desired frequency band, rejecting out‐of‐band signals that could influence
the measurement result. The filtered signal is then split and fed to both an analog RMS
detector and an envelope detector (4). The output of the envelope detector is used to
determine the signal’s peak power (5). These signals are digitized and processed by
the digital section (6, Microcontroller Board).
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Microcontroller Board
Antenna
Switch

1

Attenuator
ATTEN

2

Filter Bank

Date & Time

RMS
Detector

1/3/5/9 GHz

3

Envelope
Detector

Peak
Detector

4

Envelope
Filter

ADC

x
y
z

Storage

Bluetooth

5

7

GPS

6

Android App:
Processing & Display

Fig. 4.3: Concept and hardware block diagram of the proposed radar exposimeter

In addition to a data, logger, real‐time clock and GPS, the microcontroller board
features a Bluetooth module, allowing for the raw measurement data to be streamed
to a smartphone in real‐time (7). Calibration, post‐processing, and display of the data
is taken care of inside the smartphone app.

4.4.2 Antenna
The antenna is a crucial element of any EMF measurement device as it performs the
conversion from the electromagnetic field to the electrical signal that can be processed
by the electronics. The most important requirements for the measurement antenna
of the radar exposimeter are the following:

Size: The antenna must be small enough to be part of a handheld device. Ideally, the
antenna shall be completely integrated in the exposimeter housing
Radiation Pattern: For exposimetry applications, where the incident direction of the
electromagnetic field is in general not known a priori, the measurement antenna must
exhibit an isotropic receive characteristic, i.e. it must be equally sensitive to EMF
arriving from any angle and polarization. This ensures consistent measurement results
independent from the orientation of the device. Using an antenna with non‐isotropic
characteristics can introduce systematic measurement errors.
Frequency Dependence: The antenna must keep its desired properties over the entire
frequency range of the device, i.e. 1 GHz up to 9 GHz. It is especially important that
the characteristics do not change abruptly within the bandwidth of the four specified
frequency bands because it is only possible to perform one amplitude calibration per
frequency band.
In contrast to many other applications, the sensitivity and efficiency of the antenna
are not a primary concern and have a low priority in the optimization process. Due to
the high field strengths that are expected to be measured with the exposimeter (see
Table 4.2), the signal delivered to the RF‐Frontend is expected to be several orders of
magnitude stronger than the noise floor even if an antenna efficiency of less than 5%

80

Exposure Assessment of Pulsed Electromagnetic Fields

is assumed. It is therefore also not necessary to aim for a low return loss (S11) over
the entire measurement frequency range.
These requirements lead to the design concept shown in Fig. 4.4. The antenna consists
of three spherical monopole radiators sharing a common spherical ground. Spherical
elements have been used because of their ability to work over a wide bandwidth
without sharp resonances. This property has been demonstrated and extensively used
in the design of Ultra‐Wideband antennas [72]. Three orthogonal radiators are used
to achieve the required isotropic reception characteristics by combining their
individual radiation patterns. The three radiators share the same sphere as the ground
reference. This combination allows to keep the overall size of the antenna very
compact.

Fig. 4.4: Design concept of the wideband isotropic antenna for the radar exposimeter

In order to achieve the desired radiation pattern superposition, the received signal
from the three radiators must be demodulated before it can be combined. Using a
power combiner right after the three antenna inputs is therefore not an option.
Instead, an RF multiplexer is installed inside the ground sphere of the antenna,
allowing to select each radiator individually. By switching through all radiators at the
rate of about 1 kHz during the duration of one measurement, the desired
superposition is achieved by averaging the switched RF signal over time.
4.4.2.1 Simulation
The proposed antenna concept has been simulated in CST and evaluated in terms of
isotropy. Because the structure exhibits a 120° periodicity in the axis of the SMA
connector, the radiation pattern of the tree radiators is expected to feature this
symmetry as well. In order to simulate the combined radiation pattern, the simulation
results for one active radiator are averaged with a version rotated by 120° and 240°.
The other two radiators are terminated with a 50 Ω load, which corresponds to the
specified impedance of the inactive ports of the RF multiplexer that will be used in the
final design. The results of the isotropy simulation are shown in Fig. 4.5. The plots show
a 2D mapping of the combined radiation pattern at for four selected frequencies. It is
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important to note that due to the 3D to 2D mapping the pattern is distorted in a similar
way as a world map, i.e. the region towards the poles (theta near 0° and 180°) is heavily
stretched. The actual area of these regions is therefore considerably smaller than
suggested by the 2D representation. On the other hand this representation allows to
display the entire radiation pattern in a single plot.

Fig. 4.5: Simulated antenna radiation pattern at four selected frequencies. The figures show the
planar representation of the combined radiation pattern of the three radiators. The plots are
normalized with respect to the average gain.

The simulation results show that the antenna has a fairly smooth radiation pattern
without any pronounced peaks or nulls at any of the tested frequencies. Still, the
pattern is not perfectly isotropic. These isotropy deviations have been analyzed using
two different methods. First, the worst‐case isotropy errors were determined. These
values represent the absolute maximum and minimum value of the antenna gain over
the entire radiation pattern and are listed in Table 4.6.
Frequency
Band

Maximum Gain

Minimum Gain

1 GHz

+0.7 dB

‐0.6 dB

3 GHz

+2.4 dB

‐3.1 dB

5 GHz

+1.4 dB

‐2.2 dB

9 GHz

+3.2 dB

‐4.9 dB

Table 4.6: Worst case isotropy deviations according to the simulation results.

However, the values in Table 4.6 represent only the absolute worst case and are not
entirely representative for a typical measurement result. The solid angle in which the
extreme gain values are reached represents only a small fraction of the total radiation
pattern. The probability of a single measurement to be affected with this error is very
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low. In order to get a more comprehensive overview about the expected error
distribution due to antenna isotropy deviations, the pattern was analyzed in more
detail. Fig. 4.6 shows the probability distribution for a measurement to be affected by
a certain isotropy error, assuming a random angle on incidence.
Antenna Isotropy Deviation

±5

1 GHz
3 GHz
5 GHz
9 GHz

±4
±3
±2
±1
0
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40
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30

20

10

0

Fig. 4.6: Simulation result: Isotropy deviation in function of the considered coverage area.

From the plot it can be seen that in 90% of the cases the expected isotropy error is
below ±3 dB at any frequency. The largest isotropy deviations are found in the highest
frequency band at 9 GHz (blue curve). In general, the antenna tends to exhibit less
isotropy variations at lower frequencies due to its electrically small size.
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4.4.2.2 Realization
The first realization of the antenna is shown in Fig. 4.7. The common ground sphere
consists of two hollow copper hemispheres with a wall thickness of 2 mm. The
radiators are made from massive brass spheres. The radiators are soldered on the
inner conductor of semi‐rigid cables driven through holes in the upper hemisphere.
This first realization does not contain the RF multiplexer yet. The three radiators are
accessible by means of individual SMA connectors. This antenna was used for the
measurements in the anechoic chamber (see section 4.4.2.3).

Fig. 4.7: First prototype of the antenna that was used for the measurements in the anechoic
chamber.

For the exposimeter a second exemplar of the antenna was fabricated (Fig. 4.8). Its
geometry is identical to the first version. This exemplar does however include the RF
multiplexer in order to route the signals of the three elements to a single RF connector.
The electronics is placed on a small printed circuit board that fits inside the ground
sphere. The supply and control lines of the multiplexer and the SMA connector can be
directly interfaced with the RF‐frontend of the exposimeter.

Fig. 4.8: Final antenna design with integrated RF multiplexer for the three elements.

84

Exposure Assessment of Pulsed Electromagnetic Fields

4.4.2.3 Radiation pattern measurement
The radiation pattern of the antenna (Fig. 4.7) was measured in the anechoic chamber
in the plane (theta = 90°) at 1, 3, 5 and 9 GHz. The pattern of the tree radiators has
been measured individually and combined in MATLAB in a post processing step. The
results can be seen in Fig. 4.9.
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Fig. 4.9: Measured radiation pattern perpendicular to the antenna’s symmetry axis (theta = 90°)
compared to the simulation results from CST.

Regarding the shape of the radiation pattern, the measurement and the simulation do
not match very well. Especially the result at 1 GHz does not only show a much larger
anisotropy in the pattern, but lacks also the expected 120° symmetry. This fact is most
likely due to the small electrical size of the antenna and the fundamental limitations
of the measurement method. In order to be measured in the anechoic chamber, the
antenna must be connected with a long coaxial cable. Being electrically connected to
the ground sphere of the antenna, the cable becomes a part of the antenna and
influences its radiation pattern [73]. Although it has been attempted to minimize this
effect by putting several ferrite beads on the feed cable, the pattern is very likely to
be influenced by the connecting cable. Although the shape does not agree very well
with the simulations, the low magnitude of the isotropy deviations could be confirmed
in the measurements.

4.4.3 Filter Bank
In order to make sure that the signal of only one radar transmitter is measured at the
time, the signal received by the antenna is filtered before reaching the detector (see
Fig. 4.3). The switched filter bank makes sure that only one spectral component is
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measured at the time. However, the 1 GHz and the 3 GHz radar band are located
spectrally close to various heavily used telecommunication frequency bands (see
spectral representation in Fig. 4.10). In order not to interfere with the measurements
in the radar bands, the filter bank must be able to attenuate these unwanted
frequencies as much as possible. Because of the close spacing of these bands, it is
necessary to use highly selective bandpass filters with fast roll‐offs at the passband
edges. Due to the very specific frequency ranges of the bands to be measured, there
are no commercially available filter components that would allow to create the desired
filter characteristics.
Radar 1 GHz
Radar 3 GHz
Radar 5 GHz
Radar 9 GHz
Mobile 800
Mobile 900
Mobile 1800
Mobile 2100
ISM 2.4 GHz
Mobile 2600
Mobile 3500

0

1000

2000

3000

4000
5000
6000
Frequency [MHz]

7000

8000

9000

Fig. 4.10: Spectral overview of the four radar bands (blue) and their relative position within the
cellular telecommunication (mobile) and other heavily utilized frequency bands.

It was therefore necessary to design and realize custom band pass filters. Microstrip
based distributed element filters were used for this purpose. The principle of
distributed element filters relies on transmission line effects. Band pass filters are
realized by means of several half or quarter wavelength resonators that are
capacitively or inductively coupled to each other. The coupling factor is set by the
physical distance between the resonators whereas the order of the filter is determined
by the total number of resonators.
The wide range of possible topologies and substrate choices enables to design filters
with relative bandwidths of up to 50% at any frequency in the microwave range. There
are however practical limits to this approach. Low frequencies require physically large
structures whereas the upper frequency limit is determined by the minimum available
substrate thickness and the achievable fabrication tolerances. Each of the four filters
required for the radar exposimeter was optimized with respect to rejection of adjacent
bands, size and manufacturability. The filters were designed and optimized using
Advanced Design System (ADS) from Keysight. The final filter designs are depicted in
Fig. 4.11. The measured filter responses are shown in section 4.4.3.1.
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1 GHz Band Filter
Topology: Interdigital Filter
Substrate: Rogers Ro3010
Substrate thickness: 50 mils

3 GHz Band Filter
Topology: Hairpin Filter
Substrate: Rogers Ro3010
Substrate thickness: 25 mils
5 GHz Band Filter
Topology: Edge Coupled Filter
Substrate: Rogers Ro3010
Substrate Thickness: 25 mils
9 GHz Band (Preselection Filter)
Topology: Hairpin Filter
Substrate: Rogers Duroid 5880
Substrate Thickness: 10 mils
Fig. 4.11: Custom band pass filters designed for the radar exposimeter. The choice of the filter
topologies was made based on electrical performance, size, and manufacturability.

4.4.3.1 Filter Responses
The following figures show the measured reflection (S11) and transmission (S21)
responses of the four planar filters. SMA connectors were soldered to the filters and
measured using a network analyzer. A typical property of these planar filter topologies
is the presence of re‐entrant modes in the response. Re‐entrant modes are unwanted
pass bands at frequencies above the actual design frequency. Re‐entrant modes are
found at frequencies at which higher order modes of the filter’s resonators are excited.
Re‐entrant modes are therefore typically found at or close to multiples of the design
frequency. This effect is very apparent in the response of the 3 GHz filter (Fig. 4.13).
These additional passbands are usually undesired as they degrade the wideband
rejection of the filter. In the final layout, the re‐entrant frequency bands are rejected
by cascading the planar filters with commercially available LTCC low pass filters.
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Fig. 4.12: Wideband (left) and passband (right) response of the planar filter for the 1 GHz band
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Fig. 4.13: Wideband (left) and passband (right) response of the planar filter for the 3 GHz band
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Fig. 4.14: Wideband (left) and passband (right) response of the planar filter for the 5 GHz band
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Fig. 4.15: Wideband (left) and passband (right) response of the planar filter for the 9 GHz band

A rejection of more than 50 dB of the mobile frequency bands could be achieved for
almost all configurations (Table 4.7). There are however two exceptions. The upper
band edge of the mobile 900 MHz downlink band is very close to the lower specified
limit of the 1 GHz radar band (960 MHz and 1.0 GHz, respectively). A filter of
unpractically high order would have been required to achieve an attenuation of 50 dB
within 40 MHz. A similar situation is found between the 3 GHz radar filter and the ISM
2.4 GHz Wi‐Fi band. This limitation must be considered when measurements are
performed near cellular base stations or personal mobile phones.
Mobile
900 MHz

Mobile
1800 MHz

Mobile
2100 MHz

ISM 2.4 GHz

Mobile
2600 MHz
> 55 dB

1 GHz Filter

20‐30 dB (uplink)
6‐17 dB (downlink)

> 50 dB

60 dB

> 55 dB

3 GHz Filter

> 65 dB

> 50 dB

> 50 dB

27 – 50 dB

n.a.

6 GHz Filter

> 70 dB

> 60 dB

> 55 dB

> 55 dB

> 53 dB

9 GHz Filter

> 70 dB

> 65 dB

> 65 dB

> 65 dB

> 65 dB

Table 4.7: Rejection of selected mobile frequency bands

4.4.4 RMS and Peak Detector
Based on the device requirements it has been decided to implement the RMS and peak
power detection in the analog domain. While technically feasible, the implementation
of a fully digital signal processing chain would require considerable additional design
effort, cost more, and consume too much power for a battery powered device. In
addition, at microwave frequencies the required dynamic range is much easier to
achieve using analog electronic approaches.
The concept of the detector signal chain is shown in Fig. 4.16. The RF signal, after being
filtered by the filter bank is split into two equal branches. One is fed to an RMS detector
and the other to an envelope detector. Both detectors are relatively low‐cost
commercially available parts (ADL5906 and AD8318 from Analog Devices, Inc.).
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Internally, the RMS detector applies the input signal to a diode biased in its square law
region. In the square law region, the current flowing through the diode is proportional
to the square of the applied voltage and therefore to the instantaneous power of the
input signal. A more detailed description of the operating principle of this component
can be found in the ADL5906 data sheet (available at www.analog.com). In order to
get the RMS value of the signal, the detector output is simply averaged over time by a
low‐pass filter. The ideal averaging time of the detector output depends on the
application and kind of input signal and can be set by appropriately sizing an external
capacitor. The resulting slowly varying DC voltage (RMS output, see Fig. 4.16) is
sampled by the microcontroller board’s analog to digital converter (ADC).

Fig. 4.16: Schematic representation of the analog signal processing steps performed between the
bandpass filtered RF signal (RF input) and the analog to digital converters (ADC) of the
microcontroller board.

The envelope detector tracks the instantaneous level of the RF signal and therefore
acts as an amplitude demodulator (ENV waveform in Fig. 4.16). Compared to the RMS
detector, the envelope detector must react much faster to variations of the input
signal. The rise time of the envelope detector has been measured to be around 30 ns,
which offers enough margin to accurately track even the short pulses generated by
the RIR‐980 radar (see Table 4.3). In order to determine the peak value of the input
signal, the envelope detector is followed by a resettable peak‐hold circuit. The output
of the peak hold circuit is a DC voltage representing the highest value seen at its input
since the last reset (Peak output). The peak hold circuit is reset at the beginning of
every measurement. Fig. 4.17 shows the operation of the implemented peak hold
circuit in an actual measurement.
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Fig. 4.17: Measured operation of the peak detector circuit. The output of the peak detector (green
curve) tracks and holds the absolute peak value of the pulsed input signal (yellow) over the duration
of the measurement period. The circuit is able to capture and correctly measure the peak value of
pulses as short as 250 nanoseconds.

In addition to the normal peak detection path the additional experimental value (Peak‐
LPF) is derived from the envelope detector output. The Peak‐LPF value is determined
the same way as the normal peak value, except that the envelope signal is filtered by
a first order RC low‐pass filter before it is fed to the peak hold circuit. The goal of this
additional path is to get additional information about the input signal when its duty
cycle is extremely low.
As depicted in Fig. 4.18, the low pass filter limits the rise time of the envelope signal.
If the pulse length of the envelope signal (blue) is longer than the time constant of the
low pass filter, the Peak and Peak‐LPF value are equal (Fig. 4.18, bottom). If the pulse
duration is shorter than the time constant of the low pass filter however, the filtered
version of the envelope signal does not reach the full peak amplitude of the unfiltered
signal (Fig. 4.18, top). This feature can therefore be used to estimate the duration of
the measured pulses when they are very short. An experimental evaluation of the
implemented Peak‐LPF detector is given in section 4.5.3.6.
Unfiltered Envelope Signal

Filtered Envelope Signal
Peak

Short Pulse

Peak‐LPF

Peak = Peak‐LPF
Long Pulse

Fig. 4.18: Difference between the Peak and the Peak‐LPF values recorded by the exposimeter. The
shorter the duration of the input pulse, the more the Peak‐LPF value is attenuated compared to the
actual peak value
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4.4.5 Hardware: RF‐Frontend
After a successful test of all important RF building blocks of the exposimeter described
in the previous sections, a printed circuit board (PCB) integrating the RF section and
the detectors in a compact form factor was designed and fabricated. A picture of the
board including the arrangement of the components is shown in Fig. 4.19. The RF
frontend board measures 60 x 90 mm and is therefore small enough to fit into a hand
sized case.

Fig. 4.19: Hardware implementation and layout of the RF‐Fronted board including the filters, RF
amplifiers and detectors.

4.4.6 Hardware: Microcontroller board
The digital section and the power management are implemented on a second board
(Fig. 4.20). This board includes a microcontroller which performs the management and
logging of the recorded data. In addition, this board contains a real‐time clock for the
timestamp of the measurements, a Bluetooth module for the wireless connectivity, a
GPS receiver, and an USB interface. This board contains also the power electronics for
the supply voltage regulation of the RF board and the circuitry required for charging
and monitoring of the device’s lithium ion battery status.

Fig. 4.20: Hardware implementation of the digital section including Microcontroller, Bluetooth
module, GPS receiver, battery management and data logger storage.
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4.4.7 Detector Dynamic Range
The dynamic range of the prototype was tested by connecting a signal generator
directly to the RF input of the RF frontend board. The applied power was swept from
‐80 dBm up to the saturation level of the detector. The measurement was repeated
for all four frequency bands.
The measured response of the RMS detector is shown in Fig. 4.21. The useable
dynamic range is between 65 dB (5 GHz band) up to 75 dB in the 1 GHz band. There
are clear frequency dependent differences in the slope of the detector response and
the behavior near the upper and lower end of the measurement range. These
differences will be accounted for in the final device calibration.
The Envelope detector (Fig. 4.22) exhibits a similar dynamic range as the RMS detector.
The useable dynamic range is found to be between 65 dB and 70 dB in all four
frequency bands.
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Fig. 4.21: Measured dynamic range of the RMS detector

Dynamic Range: Envelope Detector
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Fig. 4.22: Measured dynamic range of the envelope detector
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4.4.8 Functional Prototype
After having successfully tested all components of the exposimeter, the electronics
and the antenna were combined into a handheld case including the battery, the USB
connector, and a status LED. A picture of the resulting prototype is shown in Fig. 4.23.
The case makes it easier to carry around the device and provides a fixed arrangement
of the various parts which is necessary in order not to alter the reception
characteristics and allow for a calibration of the device.

Fig. 4.23: Assembled prototype of the radar exposure meter

Fig. 4.24: Screenshots from the smartphone app for the real‐time display of the measurements
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4.5 Measurement Results
4.5.1 Device Calibration Measurement
In order to convert the raw values recorded by the exposimeter into field strength
values it is necessary to perform a device calibration. The used calibration setup is
shown in Fig. 4.25. The device was put in the anechoic chamber and exposed to an
electromagnetic field of a pre‐defined field strength. The RMS electric field strength at
the location of the exposimeter can be computed from the power at the feed point of
the transmitter antenna (PTX), the gain of the transmitter antenna GTX, and the distance
d between the transmitting antenna and the measurement location:

∙

∙

(4.2)

4 ∙

The maximum field strength that could be generated using the available power
amplifiers and calibrated antennas at the four chosen frequencies was 6 V/m.
The field strength was then reduced in steps of 5 dB and a calibration measurement
was performed at each power step. The relatively high number of calibration points
allows to compensate for any non‐linearity of the exposimeter detectors. A rough
uncertainty estimation of the setup was performed by placing a reference antenna at
the device position. The received power was then compared to the expected value.
None of the bands showed a difference larger than 0.7 dB (see Table 4.8).
Anechoic Chamber

RF Power
meter

RF Power
meter

Power
Amplifier

Exposimeter /
Verification Antenna

TX Antenna

Distance: 4m
RF Signal
Generator

Fig. 4.25: Calibration setup for the radar exposimeter

The non‐ideal antenna isotropy was accounted for by performing a separate
calibration measurement with the exposimeter oriented in three different directions.
The calibration values were then averaged over the three device orientations. The
obtained mapping between field strength allows the smartphone app and the desktop
software to convert the raw data into the corresponding field strength values.
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Band Frequency

TX
TX
TX Antenna
Verification Verification
Antenna Power
Difference
Model
Theory
Measured
Gain
for 6 V/m

1 GHz

1.1 GHz

USLP 9143
Log‐Periodic

6.8 dBi

35.7 dBm

+4.1 dBm

+3.5 dBm

‐0.6 dB

3 GHz

2.9 GHz

USLP 9143
Log‐Periodic

5.7 dBi

36.8 dBm

‐3.6 dBm

‐3.8 dBm

‐0.2 dB

6 GHz

5.7 GHz

Narda 642
Horn

15.3 dBi

27.6 dBm

‐9.3 dBm

‐10.0 dBm

‐0.7 dB

9 GHz

9.0 GHz

IFH‐1
Ridged horn

12.7 dBi

30.3 dBm

‐14.9 dBm

‐15.1 dBm

‐0.2 dB

Table 4.8: Calibration setup settings and estimated uncertainties from antenna gain variations and
chamber reflections

4.5.2 Measured Device Isotropy
The four plots in Fig. 4.26 show the raw exposimeter values recorded during the
calibration measurement. The tree ramps in each measurement represent the device
response to the calibration signal for the three tested device orientations. The device
isotropy is generally very good and is maintained at all four tested frequencies.
Comparing the 5‐dB step between two consecutive power levels with the absolute
height of the three ramps allows for a quantitative estimate of the device’s antenna
isotropy. The largest deviations are found in the 3 GHz band (approx. ±4 dB) whereas
in the other bands the deviation from an isotropic pattern is less than ±2.5 dB and
therefore in the same range as predicted by the simulation (see Table 4.6).
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Fig. 4.26: Calibration measurement results for the four frequency bands (raw data). The exposimeter
was exposed to a field strength of 6 V/m in decreasing steps of 5 dB. The measurement was repeated
3 times using different device orientations.
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4.5.3 Field Test of the Prototype
The performance of the radar exposimeter was tested on three different radar
installations in Emmen and Payerne with very different signal shapes. The exposimeter
measurements were compared to a reference measurement performed with
laboratory equipment and a calibrated horn antenna.
4.5.3.1 Reference Measurement Setup
The reference setup is shown in Fig. 4.27. The signal captured by a ridged horn antenna
is down‐converted to an intermediate frequency between 100 MHz and 200 MHz
using a mixer and a signal generator tuned close to the carrier frequency of the radar
signal. This approach greatly reduces the memory and bandwidth requirements for
the oscilloscope that digitizes the signal while preserving the envelope of the signal.
The required calibration factors and losses had previously been determined in the lab,
allowing for absolute field strength measurements.

Fig. 4.27: Reference setup used for the field strength measurements of the radar installations in
Emmen and Payerne.

The computation of the RMS value of the recorded signals is performed in Matlab. For
periodic signals, the RMS field strength value is determined over one period according
to (4.3)
1

∙

(4.3)

Where Esignal(t) is the instantaneous field strength signal in V/m determined from the
oscilloscope measurement and t2‐t1 represent the period duration.

4.5.3.2 Measurements in Emmen
We were able to perform measurements on the military airfield in Emmen on the two
radars Mini Echo Range (MER) and Range Instrumentation Radar (RIR‐980). The airport
was not using these radar installations on the day of the measurement and we were
therefore able to set constant operational parameters over the duration of the
measurements which represents optimal test conditions. The two radars are installed
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on the same building and transmit their signals using steerable parabolic antennas (see
Fig. 4.28).

Fig. 4.28: Antennas of the measured radar installations in Emmen: Mini Echo Range (MER, pair of
antennas on the left turret) and Range Instrumentation Radar (RIR, large antenna on the right
turret).

The comparison between exposimeter and reference measurement was performed at
a distance of about 150 m from the radar antenna. The actual arrangement is shown
in Fig. 4.29. Because it was possible to keep the radar parameters constant, the
reference measurement and the exposimeter measurement were performed
consecutively at the exact same location.

Fig. 4.29: Measurement setup and location for the comparison measurement in Emmen

4.5.3.3 RIR‐980 (Range Instrumentation Radar) in Emmen
The RIR‐980 is used for precise passive ranging applications. In order to achieve a good
ranging resolution, this radar does transmit very short pulses and has a much lower
duty cycle than most other radar systems typically found at an airport (see Table 4.3).
Being a system relying on the detection of passive signal reflections from the target,
the transmitted peak power must be very high (RIR‐980: up to 1 Megawatt) to achieve
the required range. The RIR‐980 operates in the 5 GHz band and allows to choose
between three different pulse durations (250 ns to 1 µs). The measured signal shapes
of the RIR for the tree different pulse lengths are shown in Fig. 4.30.
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Fig. 4.30: Single pulses of the RIR‐980 waveform recorded with the reference setup at the location
shown in Fig. 4.29

The results of the comparison measurement are shown in Table 4.9. Despite the short
pulse duration of the RIR signal, the peak value of the field strength was correctly
measured by the exposimeter down to the 250 ns setting. The absolute accuracy of
the peak measurement was found to be better than 1.5 dB. This number includes all
uncertainties such as the positioning of the device and the calibration uncertainty of
the reference setup.
The RMS measurement however did not show the expected behavior. The RMS value
recorded by the exposimeter was about 0.1 V/m for all three pulse duration settings
which corresponds to the detection limit of the device in the corresponding band. At
least for the 1 µs and 500 ns pulse setting the RMS field strength was therefore
underestimated by the exposimeter. It must however be noted that the correct RMS
values would have been close to the noise floor of the exposimeter anyway as a result
of the extreme duty cycles (1:1700, 1:3400 and 1:6800, respectively) of the RIR signals.
Further tests have to be done in order to determine whether the low duty cycles or
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the short absolute pulse duration is responsible for the low RMS measurement of the
exposimeter. The Peak‐LPF value (description in 4.4.4) showed the expected behavior
and scale with the pulse length. A more detailed analysis about the Peak‐LPF
measurement results is given in 4.5.3.6.
RIR‐980
Peak value

RMS Value

Crest Factor

Measurement

1 μs Pulse

500 ns Pulse

250 ns Pulse

Reference

9.0 V/m

8.8 V/m

7.8 V/m

Exposimeter

10.5 V/m

10.0 V/m

8.0 V/m

Reference

0.22 V/m

0.15 V/m

0.09 V/m

0.1 V/m
(not detected)

0.1 V/m
(not detected)

0.1 V/m
(not detected)

1673

3442

7511

Exposimeter
Reference
Exposimeter

n.a.

n.a.

n.a.

Exposimeter

0.65

0.35

0.25

PeakLPF/Peak Exposimeter

0.06

0.04

0.03

Peak‐LPF

Table 4.9: Comparison between exposimeter and reference measurement of the RIR signals shown in
Fig. 4.30.

4.5.3.4 MER (Mini Echo Range) in Emmen
The Mini Echo Range is a relatively low‐power but versatile transmitter as it can
transmit on any frequency between 6.5 GHz and 18 GHz. The pulse duration and
repetition frequency can also be set almost arbitrarily. For our measurements, the
MER was set to a carrier frequency of 9.0 GHz to test the highest frequency band of
exposimeter. The signal transmitted by the MER is shown in Fig. 4.31. It consists of a
train of 45 µs pulses at a rate of 10 kHz. Compared to the RIR signal, the pulse
repetition rate is therefore much higher whereas the resulting crest factor (peak‐to
average power ratio) of 2.22 is about three orders of magnitude lower.
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Fig. 4.31: MER waveform (carrier frequency: 9.0 GHz)
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As it can be seen in Table 4.10 the exposimeter was able to correctly determine the
peak and RMS field strength within 1.7 dB or less (1st measurement). In order to test
the exposimeter at a higher field strength, a second measurement was performed with
the exposimeter at a different location. In the second measurement, no reference
measurement of the absolute field strength was performed. The correct operation of
the exposimeter was therefore determined based on the measured peak‐to‐average
power ratio. Because the pulses of this signal are relatively long and closely spaced,
the measured Peak‐LPF values were mostly identical to the peak value as expected.
MER
Peak value

RMS Value

Crest factor

1st measurement

2nd measurement

1.8 V/m

n.a.

Exposimeter

2.2 V/m

5.27 V/m

Reference

1.21 V/m

n.a.

Exposimeter

Measurement
Reference

1.45 V/m

3.73 V/m

Reference

2.22

2.22

Exposimeter

2.30

2.0

Peak‐LPF

Exposimeter

1.88

5.21

PeakLPF/Peak

Exposimeter

1.04

0.99

Table 4.10: Comparison between exposimeter and reference measurement of the MER signal in
Emmen

4.5.3.5 PAR (Precision Approach Radar) in Payerne
In Payerne, the signals of the Precision Approach Radar (PAR) were measured. The PAR
is used to assist planes during the landing, hence this radar is installed in close
proximity of the runway (Fig. 4.33) and the main beam is oriented parallel to it. The
PAR does use two scanning antennas that are orthogonal to each other (Fig. 4.32). The
elongated shape of the parabolic reflectors leads to a sectorial radiation pattern, i.e.
narrow in one axis and wide in the other. The combination of two such radiation
patterns orthogonal to each other allows for an efficient scanning that is faster than
using a single antenna with a narrow beam width in both planes. The peak power of
this radar is specified to about 3 kW.
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Fig. 4.32: Precision Approach Radar (PAR) in Payerne

Fig. 4.33: Setup and location for the comparison measurement of the PAR in Payerne

In contrast to the two radar installations in Emmen it was not possible to put the PAR
into a highly controlled test mode. The scanning motion of the antennas was therefore
always active. For this reason, the field strength at a given location was variable over
time as well. Fig. 4.34 shows the recorded signal shape of the PAR at the measurement
location shown in Fig. 4.33. The measured signal is rather complex and consists of
features covering multiple time scales. In order to capture all long‐ and short‐term
detail it was therefore necessary to perform multiple measurements with different
time spans. If the signal is observed over several seconds (Fig. 4.34 a), periodic
amplitude variations due to the scanning motion of the antennas are visible. A
complete scanning cycle extends over approximately 2 seconds. Each cycle includes
two short maxima. These correspond most likely to the moment in which the main
beam of one of the two antennas is pointed towards the measurement location. The
short‐term measurements reveal that the signal consists of pulses transmitted at a
rate of about 2.25 kHz. Finally, the short time span recordings in Fig. 4.34 c) and d)
show that each pulse is a doublet consisting of a short pulse of 1 μs followed by a 20
μs main pulse. Neglecting the short pulse, the resulting duty cycle of the transmission
is therefore about 1:22.
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Fig. 4.34: Signal of the Precision Approach Radar shown over different time spans

Because the power of the PAR signal varies according to the instantaneous antenna
position, it was necessary to consider an entire scanning cycle (about 2 seconds) for
the numerical computation of the RMS value of the reference signal. Unfortunately,
the limited memory depth of the oscilloscope did not allow for a 2 second recording
with the necessary time resolution. The signal shape was therefore reconstructed from
multiple measurements performed at different time scales. The reconstruction
process is illustrated in Fig. 4.35. The 5 second and the 0.1 second measurement were
merged into a curve representing the variation of the envelope signal over time. From
this envelope curve, the final RMS value of the signal was computed according to (4.4).
The equation includes two scaling factors. The first accounts for reduction of the RMS
field strength due to the underlying duty cycle (DC) of 1:22. The factor 1/√2 accounts
for the fact that the envelope is modulated by a sinusoidal carrier in the actual signal.

104

Exposure Assessment of Pulsed Electromagnetic Fields

√

∙

1
√2

∙

1

∙

(4.4)

The computed reference RMS value is 0.31 V/m and the peak field strength 12.5 V/m.
The peak‐to average power ratio of the signal over one entire scanning cycle is
therefore 1626.
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Fig. 4.35: Reconstruction of the PAR signal envelope for the computation of the reference RMS value.

A comparison with the exposure meter measurements is given in Table 4.11. The peak
field strength was again correctly determined by the exposimeter. The RMS value was
however underestimated by 2‐5 dB. The Peak‐LPF value was equal to the peak value
due to the relatively long main pulse duration of 20 μs.
PAR
Peak value

RMS Value
Peak‐LPF

Measurement

PAR 2s cycle

Reference

12.5 V/m

Exposimeter

11‐13 V/m

Reference
Exposimeter
Exposimeter

PeakLPF/Peak Exposimeter

0.31 V/m
0.17‐0.25 V/m
11‐13
0.97 ... 1.02

Table 4.11: Comparison between exposimeter and reference measurement of the Precision Approach
Radar in Payerne
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4.5.3.6 Peak‐LPF value
The Peak‐LPF value determined by the exposimeter is meant to provide additional
information about the signal shape in case of signals featuring pulse lengths of less
than 10 μs. As the measurement results have shown, the RMS detector tends to under‐
estimate the actual field strength if the radar pulses are very short (RIR‐980) and the
duty cycle is very low. IN the RIR‐980 measurement the expected correlation between
the pulse length and the ratio between the Peak‐LPF and the peak value could be
observed. A more detailed characterization of the Peak‐LPF detector was carried out
in the lab using a pulsed signal generator at a repetition frequency of 10 kHz. The
results are shown in Fig. 4.36 together with the values obtained in the RIR‐980
measurement.
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Fig. 4.36: Ratio between the Peak‐LPF and the peak value detected by the exposimeter in function of
the pulse duration

The PeakLPF detector starts to deviate from the normal peak detector with Pulses
having a duration of 10 μs and less. Below this threshold, a monotonic decrease of the
PeakLPF/Peak ratio in function of the pulse duration is observed. The curve in Fig. 4.36
was determined using a pulse repetition rate of 10 kHz. Tests at other typical PRFs
showed that this relationship is largely independent from the pulse repetition
frequency. The PeakLPF/Peak ratio can therefore be used to estimate the absolute
pulse width within about 500 ns.
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4.6 Conclusions
The prototype of the exposimeter was tested on three very different radar systems
and compared to reference measurement performed with laboratory equipment. In
all comparison measurements, the peak field strength determined by the exposimeter
was within 2 dB of the reference measurement and therefore well within the
requirements of a personal exposure meter (see section 4.2). These results also
validate the good isotropy performance of the antenna.
The performance and accuracy of the RMS measurement on the other hand does
depend from the signal shape. Whereas signals with large to medium duty cycle are
measured correctly, the device tends to under‐estimate the RMS value of very low
duty‐cycled signals like the RIR‐980. Although there is certainly room for optimizations
left in the fine‐tuning of the detector circuit, the results showed that there is a practical
limit in the performance that can be achieved with the selected analog approach. In
order to substantially improve the RMS measurement accuracy, it would be necessary
to digitize the envelope signal at a sufficiently high sample rate (i.e. more than 10
MS/s) and perform the RMS calculation numerically. The hardware costs and the
power consumption of this approach would however likely be higher.
It is however important to note that the accuracy requirements for the RMS
measurement of extremely low duty‐cycled signals are relaxed if the primary goal of
the exposimeter is verifying the compliance to the limiting values. As it can be seen in
Table 4.1, the limiting values defined by ICNIRP for the peak field strength correspond
to 1000 times the power density (i.e. a factor of 31.6 of the field strength) of the
limiting RMS value. The compliance of signals with a peak‐to‐average power ratio of
1000:1 or more is therefore only determined by their peak value irrespective of the
RMS field strength.
In our opinion, the combination of the tree values measured by the proposed radar
exposimeter (Peak, RMS and Peak‐LPF) provides a good overview of the exposure
situation and represents a useful compromise between performance, device size and
battery lifetime. Although the current prototype could demonstrate the feasibility of
the concept, additional work is required to make the device ready for field studies and
eventually, commercialization. The current mechanical design is too fragile and heavy,
which is mainly due to the way the measurement antenna is realized. A moderate
reduction of the antenna size and the choice of lighter materials (e.g. metallized plastic
instead of the currently used massive brass and copper parts) would already greatly
improve the portability of the device. The associated reduction of the antenna
efficiency at low frequencies can be very well tolerated in this context as the signals to
be measured are of very high intensity.
Regarding the technical specifications of the device, the focus for future developments
should lay on the measurement of additional frequency bands to assess and identify
as many exposure sources as possible. Maximum flexibility would be provided by
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freely selectable frequency bands, which would however require a major redesign of
the filtering stage and the addition of at least one mixing stage.
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5 Low Frequency Magnetic Fields
5.1 Introduction
Static or very slowly varying magnetic fields (MF) are part of nature, one of the most
prominent examples being the geomagnetic field of the earth. The strength of the
geomagnetic field ranges from 24 μT to 64 μT at the earth surface [74], which means
that basically every organism living on the planet is exposed to it. A wide range of
vertebrates and invertebrates has developed the ability to sense this field and certain
species have even been shown to use the geomagnetic field for orientation purposes
[75]. In contrast to RF‐EMF radiation, the existence of non‐thermal interaction
mechanisms between biological systems and low‐frequency magnetic fields is
indisputable.
Besides the intrinsic magnetic property of certain materials, electrical currents
generate magnetic fields. As an electrical current flows in a given direction, a magnetic
field is generated in the plane normal to the current flow. The geomagnetic field is also
attributed to electrical currents as it is assumed to be generated by the motion of
electrically conductive fluids within the earth’s core. Because of the tight relationship
between electrical currents and magnetic fields, relatively strong magnetic fields can
be measured in proximity of electrical power distribution infrastructure as well as any
electrical device or machine in which large electrical currents can flow. Devices and
systems that generate magnetic fields (e.g. power grid, electric transportation,
household appliances etc.) are ubiquitous nowadays. The majority of the population
is therefore exposed to these magnetic fields throughout the day. Man‐made
magnetic fields have very different characteristics than those generated by natural
sources as they usually exhibit periodic patterns or oscillate at fixed frequencies and
change relatively quickly over time.
In the last decades several studies have addressed the question whether low‐
frequency magnetic fields could have undesired short or long‐term health effects on
humans. Although a possible association between the exposure low frequency
magnetic fields and childhood leukemia has been reported in a number
epidemiological studies [76], the results are affected by large uncertainties due to the
very low number of cases and the lack of systematic magnetic field monitoring
activities [77]. The exposure is often estimated based on model approximations that
do not allow to satisfactorily assess individual behavior patterns.
Several animal studies have also been performed on the subject. In [78], synergistic
carcinogenic effects of combined MF (50 Hz, 1 mT) and formaldehyde exposure were
studied. The authors found a significantly increased risk of certain tumors in male rats
exposed to both agents compared to the groups which were exposed to only one or
none of the agents.
In Vitro studies have also observed that MF can have an influence at the cellular level.
As an example, it has been shown that exposure to MF (50 Hz, 1 mT) affects the
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differentiation and proliferation of neural stem cells [79]. In [80], the exposure to
magnetic field (50 Hz, 100 μT) was observed to have a proliferative effect on the NB69
human neuroblastoma cell line.
The lack of known biological interaction mechanisms that could explain a relationship
between MF exposure and health effects represents an additional difficulty. Recently,
an important step has been made as it has been shown that the activity of the protein
cryptochrome is modulated by static magnetic fields of 100 mT [81]. However, as long
as all potential mechanisms are not identified and understood in detail, it is necessary
to assess as many parameters relative to exposure as possible, i.e. strength, spectral
composition and temporal pattern of the field [82]. In order to improve the statistical
power and specificity of epidemiological studies, additional measurements at the
personal level assessing as many field strength related parameters as possible must be
carried out.
In this chapter the technical and practical requirements for the assessment of the
personal exposure to low frequency magnetic field are discussed. Finally, based on
these requirements a concept and realization of a personal ELF‐MF exposure meter is
presented.

5.1.1 Properties of low‐frequency magnetic fields and differences to RF‐EMF
Compared to radio frequency electromagnetic fields, the wavelength at power line
frequencies (50 or 60 Hz) is extremely long (hundreds or thousands of kilometers). In
fact, it is so large that transmission line effects can be neglected in practice. In all
practical situations, both the physical dimensions of the source and the distance from
the source at which the field strength is measured are several orders of magnitude
smaller than the wavelength of a corresponding hypothetical electromagnetic wave.
Under these circumstances the fields can be regarded as purely reactive near fields
with no energy being radiated in form of electromagnetic radiation. In this regime, the
electric and magnetic field are not coupled as in an electromagnetic wave but act
independently of one another and must be measured separately.
Because no radiation takes place, the fields are tightly bound to the source. As the
distance from the source is increased, the field strength decays very rapidly. However,
low frequency magnetic fields can penetrate most materials, which makes them
relatively difficult to shield. At static and very low frequencies even most metals are
virtually transparent to magnetic fields. The most effective shielding measure consists
in the use of high permeability materials like iron and mu‐metal, which is however
costly and not always practicable. Due to its relatively low electrical conductivity and
permeability, the human body is also mostly transparent to low frequency magnetic
fields. In contrast to radio frequency EMF, the presence of a human body causes only
minimal perturbations in the distribution of ELF magnetic fields. Personal exposure
meters are therefore an established exposure assessment method for low frequency
magnetic fields [83]. Whereas the values recorded by body worn ELF exposure meters
can be expected to be affected by much lower uncertainties than in the case of RF‐
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EMF, the location of the device on the body must be chosen carefully. The field
distributions generated by electrical appliances is in general very inhomogeneous,
decreasing very quickly with the distance from the source. The measured field strength
can vary strongly depending on the location of the measurement device. This is
especially true if the typical working distance to the source is small compared to the
size of the human body.

5.1.2 Frequency range and definitions
The nomenclature of the low end of the frequency spectrum is not consistent. The ITU
convention [84] generally considers frequencies below 300 kHz as ‘low’. This range is
further subdivided into 5 bands ranging from ELF (Extremely Low Frequency) to LF
(Low Frequency) covering a decade each. More details are shown in Table 5.1.
In most epidemiological literature, however, this granular distinction is usually not
made. Instead, the term ELF is used more generally to describe the range of
frequencies of the magnetic field generated by electrical machines, power lines and
associated appliances in contrast to the RF frequency range which covers mainly
radiative electromagnetic fields. The frequency band of interest is mainly determined
by the magnetic field spectrum found in practical situations. Table 5.1 lists typical
relevant magnetic field sources between DC and 300 kHz in everyday life. The likeliness
of being exposed to certain frequencies is however strongly depend on the occupation
and the type of electrical equipment used at home. For the majority of the population
however, the most relevant source of exposure to time‐varying magnetic fields is the
electrical power distribution grid which works at 50 or 60 Hz in most countries. In
addition, some railway power systems (including Switzerland) work at 16 2/3 Hz. As
non‐linear loads in the power grid (i.e. switched mode power supplies, dimmers etc.)
can lead to the generation of substantial harmonic frequency content in the current
and the associated magnetic field, it is desirable to monitor these frequency
components as well. In most ELF‐MF related epidemiological studies the frequency
range from 40 – 800 Hz is considered as it is the frequency range specified by the
established measurement instrument EMDEX II [85].
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Frequency
range

ITU Designation

Possible sources

DC

Static magnetic
fields

‐ Earth magnetic field
‐ Magnets
‐ MRI static field (B0)

3 Hz – 30 Hz

Extremely Low
Frequency (ELF)

‐ Railway power lines and transformers (Switzerland:
16 2/3 Hz)
‐ Tramways and subways

30 Hz – 300 Hz

Super Low
Frequency (SLF)

‐ Electrical Grid: Power lines and transformers (50/60
Hz)
‐ Harmonics from non‐linear loads (up to 1 kHz)

300 Hz – 3 kHz

Ultra‐Low
Frequency (ULF)

‐ Induction heating and forging
‐ Arc welding [86]

3 kHz – 30 kHz

Very Low
Frequency (VLF)

‐ Induction heating and forging
‐ Electromagnetic Electronic Article Surveillance
Systems [87]
‐ Induction cooking [88]

Low Frequency (LF)

‐ Switched‐mode power supplies
‐ Induction cooking [88]
‐ Electronic Article Surveillance Systems [87]
‐ Compact fluorescent Lamps (CFL) [88]
‐ Low‐frequency RFID systems [89]
‐ Wireless power transfer, e.g. Qi [90]
‐ Long‐wave broadcasting transmitters

30 kHz – 300 kHz

Table 5.1: Nomenclature of the frequency bands from DC up to 300 kHz by the ITU [84] and examples
of typical sources found in everyday life.

The frequency range between 1 kHz up to about 20 kHz is mostly relevant to heavy
industry and metal workers, being the typical operating frequency band of large
induction forges and furnaces as well as some arc welding systems. Besides these
specific sources there are only few sources in this frequency range that are potentially
relevant to the general population.
The range between 20 kHz up to about 200 kHz is again important as it comprises the
operating frequency of several relatively powerful magnetic field sources like
induction hobs, wireless charging systems, DC converters as well as fluorescent lamps
and a large number of electronic article surveillance systems. However, due to the
strongly localized field generated by these systems, the exposure is relatively well
predictable and can be actively influenced by the user, i.e. by limiting the time spent
near the corresponding appliances.
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5.2 Assessing the Exposure to Low Frequency Magnetic Fields
5.2.1 Requirements
Frequency range: As Everyday exposure to LF‐MF is usually dominated by power line
frequencies and corresponding harmonics (see 5.1.2) a measurement bandwidth of
1 kHz could in many cases be sufficient to characterize the exposure of the largest part
of the population. In order to cover the full range of potentially relevant sources in the
ELF frequency range (i.e. induction hobs), a bandwidth of 100 kHz or more is necessary.
Frequency selectivity: For a high‐quality assessment of the exposure to time varying
magnetic fields, a detailed characterization of its spectral composition is highly desired
because of the frequency dependence of biological effects based on magnetic
induction. The wideband RMS value or very coarse frequency subdivisions cannot
provide the necessary granularity for this kind of analysis. Time domain measurements
provide optimum flexibility because it allows to extract all necessary information by
means of post processing algorithms (Fourier Transform, time differentiation,
averaging etc.).
Three Axis Detector: To determine the absolute magnetic field strength independent
from the orientation of the device it is necessary to measure the field in all three
spatial axes. Furthermore, the three field components must be measured
simultaneously to avoid errors in the amplitude computation, especially if the field
strength does not show a perfectly periodic behavior over the measurement period.
Dynamic range: As described in 2.3.4 the lower detection limit is of special importance
if a device is used for epidemiological assessments. Typically, the average field
strength reported in most LF‐MF measurement studies is in the order of 0.1 µT [91].
The lower sensitivity limit of a corresponding exposure meter should therefore be at
least one order of magnitude lower than that (i.e. 10 nT) in order to keep the number
of non‐detects sufficiently low. The upper limit of the measurement range on the other
hand should ideally be high enough to accommodate the ICNIRP reference level for
general public exposure to magnetic fields at 50 Hz of 200 µT. These values translate
to a dynamic range in the order of 90 dB.

5.2.2 Physical Measurement Principles
There are several physical effects that can be used to detect low‐frequency magnetic
fields. This section gives a brief overview of the measurement principles of commonly
used magnetic field sensors that can be considered for magnetic field measurements
in the required field strength range. Every method has its own characteristic strengths
and drawbacks that should be carefully evaluated for the specific application.
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Induction coils: Because of their extremely high linearity and
virtually unlimited dynamic range, induction coils are widely
used to sense magnetic fields. The operating principle of an
induction coil is shown in the picture on the right. If a wire loop
is put into a time varying magnetic flux density B(t) normal to
the loop plane, a voltage U(t) is induced at the terminals of the
loop. The induced voltage depends on the mechanical
construction of the loop (number of turns N and surface area A)
as well as the magnitude of the flux density and can be
computed according to equation (5.1):
∙

∙

|

|

A

N turns
B(t)

U(t)

(5.1)

As the induced voltage is proportional to the time derivative of the flux density, an
integrator circuit is required to get the correct time representation of the measured
magnetic flux density B(t). Furthermore, the sensitivity of the coil, i.e. the output
voltage for a given flux density, decreases linearly with the frequency of B(t). In order
to measure static fields with the induction coil method it would be necessary to
mechanically move the measurement coil during the measurement which is not
practical for most applications. A major advantage of the induction coil method is its
scalability. The very same approach can be used for the measurement of geomagnetic
phenomena occurring at sub‐Hz frequencies as well as magnetic fields at several GHz.
The coil can be easily optimized for a certain frequency by varying the area and the
number of turns of the coil. However, covering a wide frequency range of several
decades with a single coil while maintaining a high dynamic range and accuracy is very
challenging.

Hall Effect based sensors: Edwin Hall discovered the Hall
Effect in 1879. It relies on the fact that moving electrical
charges are deflected due to the Lorentz force when a
magnetic field is applied perpendicular to the direction of
Ibias
B
the current. Hall Effect sensors consist of a rectangular
conductor with a contact on each edge. If a bias current
(Ibias) flows between two opposite contacts and an external
magnetic flux density B is applied to the hall element, the
V
Lorentz force leads to an accumulation of charges at the
UHall
two other two contacts. This produces a measurable
voltage UHall that is proportional to the strength of the magnetic flux density B and the
intensity of the bias current. Hall sensors can sense DC magnetic field including the
polarity. The bandwidth of commercial Hall sensors is typically in the range of 100 kHz.
An advantage these sensors is their robustness, small size, and the lack of moving
parts. However, the Hall Effect is relatively weak and strong magnetic fields are
necessary to produce a useable hall voltage. With noise densities in the order of 0.1
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µT/√Hz the sensitivity of Hall sensors is relatively low compared to other sensor
technologies [92]. In addition, Hall sensors typically exhibit a relatively large DC offset
and are prone to temperature drift. Typical applications of Hall sensors include
magnetic switches for motor commutation, displacement sensors and rotary
encoders.

Magnetoresistive (MR) sensors: Magnetoresistive sensors rely on the
magnetoresistance effect. Magnetoresistance was first discovered by William
Thomson in 1856 can be observed as an intrinsic property of certain materials and can
be greatly enhanced by means of special arrangements of specific material
combinations. As the name implies, magnetoresistance describes the property of a
material to change its electrical conductivity when it is subjected to an external
magnetic field. By arranging magnetoresistive elements in a resistor bridge it is
possible to create a sensor that outputs a magnetic field dependent voltage. MR
sensors therefore provide a true time domain representation of the magnetic field and
are also able to measure static magnetic fields.
There are several different physical phenomena that can lead to magnetoresistance.
The vast majority of commercially available magnetoresistive sensors today rely on
one of the three following effects: Anisotropic magnetoresistance (AMR), Giant
magnetoresistance (GMR) and Tunneling magnetoresistance (TMR). AMR and GMR
sensors are only able to detect the absolute value of the field strength. To determine
the orientation of the field it is necessary to actively bias the sensors. TMR based
sensors are bipolar and do not require any magnetic bias.
Compared to Hall sensors, MR sensors feature a higher sensitivity and a much lower
power consumption thanks to the possibility to build sensors with high bridge
resistances requiring only a few µA bias current. Because of these properties
magnetoresistive sensors are also used in the electronic compass built in modern
smartphones and tablets.

Flux Gate: Flux gate magnetometers consist of a coil wrapped around a core of very
high permeability. During operation, the core is magnetized by an actively applied AC
current strong enough to drive it into saturation. The flux in the core is sensed with a
second (sense) coil. If an external magnetic field is applied to the core, it will saturate
more easily in the direction of the external field. This imbalance is detected with the
sense coil which translates it to an output signal proportional to the magnetic field. It
is possible to scale fluxgate sensors to very small scales. Texas Instruments achieved
to integrate a complete fluxgate sensor solution into a 4x4 mm integrated circuit
package [93] which is commercially available. As the sensitivity of a fluxgate sensor is
proportional to the volume of the magnetic core, integrated solutions exhibit a
relatively high noise floor, which is however still in the range level of the most sensitive
magnetoresistive sensors. The power consumption of fluxgate sensors is relatively low
(tens of mW) but still more than one order of magnitude higher than magnetoresistive
sensors.
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Superconducting Quantum Interference Device (SQUID)
SQUID magnetometers can achieve extremely high sensitivities and are used in a wide
range of applications in which very weak magnetic field variations have to be
measured. Typical applications of SQUID devices are medical diagnosis systems and
geological mineral exploration instruments. A SQUID device consists of a
superconducting ring that is interrupted in one or two places by a thin insulating layer
referred to as Josephson junction. This measurement method exploits the fact that the
magnetic flux through a conductor ring can only assume discrete values corresponding
to an integer multiple of the flux quantum φ0 (2.07∙10‐15 Tm2). If a flux different from
N∙φ0 is applied to the ring, compensatory currents flow in the superconducting ring in
order to round the magnetic flux to the next allowed level. Consequently, a steadily
increasing magnetic fields leads to an oscillatory compensation current through the
ring. The Josephson junctions translate the current through the ring into a proportional
voltage which can be measured. To measure flux densities larger than one flux
quantum it is necessary to keep track of the number of current oscillations or to use a
feedback loop with active compensation. For a more exhaustive explanation of this
measurement principle see [94].
SQUID magnetometers feature by far the highest sensitivity and among the presented
magnetic field measurement methods and can also provide a very high dynamic range.
However, the use of a superconductor requires the sensing element to be kept at
cryogenic temperatures. Even though portable SQUID magnetometers are
commercially available [95], the necessity to include a liquid nitrogen supply is a major
limitation of this approach.
Table 5.2 summarizes the strengths and limitations of the presented measurement
methods. In the context of ELF‐MF exposure assessment, small size and low power
consumption of the measuring instrument represent the top priorities to achieve both
good portability and a long battery life time necessary for personal measurements
over one to several days.
Method
Induction coil
Hall effect
SQUID
Magnetoresistive
Flux Gate
notes

Sensitivity
DC
& Noise
Sensitive

Dynamic
Range

Band
width

Size

Power

Offset &
Drift

+
No1
++
++
+
+
++
‐
Yes
o
+
++
+
‐
++
Yes2
++
o
‐
‐‐
++
+
Yes
+
++3
++
++
o
+
Yes
+
+
++4
+
+
1
DC sensitivity can be achieved by rotating coil magnetometers
2
DC Offset calibration required at every power‐up
3
Limited by RC time constant of sensor bridge resistance and load capacitance
4
Assuming integrated circuit implementation

Table 5.2: Strength and limitations of the presented ELF magnetic field measurement methods
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5.2.3 Personal exposure meters for ELF‐MF: State of the art
There is a large variety of magnetic field measurement devices on the market.
However, the large majority of these device is either very expensive, too large, or not
suitable to be used for epidemiological studies due to other reasons. The EMDEX II
meter [85] is one of the few devices that fulfills all most important requirements of
epidemiological studies and has therefore been the most common meter used in
epidemiological personal exposure assessment studies since its introduction nearly 20
years ago. This device measures frequencies from 40 Hz to 800 Hz and the field
strength ranges from 10 nT to 300 µT. Although this meter is still a good instrument,
it is based on outdated technology that constrains its capabilities. For example, the
memory size of the data logger is very small by today’s standards and has only a very
coarse frequency selectivity (two fixed bands). Furthermore, its measurement range
does not allow the assessment of the magnetic fields generated by the railway power
grid in Switzerland which operates at 16.6 Hertz.

5.3 Personal Exposure Meter for ELF Magnetic Fields
Based on the requirements defined in the previous sections, a functional prototype of
a personal exposure meter module for ELF magnetic fields has been developed [96]
based on the concept of the ExpoM platform introduced in section 2.5. An overview
of the realized system is shown in Fig. 5.1.

Fig. 5.1: Concept of the realized ELF‐MF exposure meter system. The smartphone acts as flexible
central data processing and display unit to which an external measurement module can be connected
via Bluetooth.

The system consists of an ELF magnetic field measurement module that can be
connected to an Android [97] based smartphone via Bluetooth. Data processing and
display are delegated to the smartphone. Besides providing a familiar and easy to use
interface to the user, the smartphone based approach offers a very high degree of
flexibility and extensibility thanks to the possibility to develop customized apps
independent from the actual measurement hardware. An app for the visualization of
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the measurements in real‐time has been developed so far (Fig. 5.2). This basic
functionality can readily be extended for example by an electronic diary or
questionnaires to provide additional value for epidemiological studies.
The realized device samples the instantaneous magnetic field in the time domain on
all three spatial axes. This approach ensures that all the information about the
measured signal is preserved in the detection process. An FFT that reveals the exact
frequency and the corresponding amplitude of every single spectral component can
be readily performed in a post‐processing step (example in Fig. 5.2).

Fig. 5.2: Real‐time data visualization on the smartphone app of the magnetic field measured in
proximity of a phone charger. Time and frequency domain representation (left); Narrowband filter
for the 50 and 100 Hz frequency components. The absolute value (yellow) and the X, Y, Z components
(red, green, and blue) of the field can be displayed separately.

5.3.1 Technical Specifications and Implementation Details
The technical specifications of the realized magnetometer module are listed in Table
5.3. Because of their very convenient combination of sensitivity, small size, and low
power consumption, magnetoresistive sensors (GMR, see 5.2.2) have been chosen as
the sensing elements of the module. Tree orthogonally placed sensors are used to
cover the three spatial axes. The output of each sensor is amplified and then digitized
with a 16‐bit analog to digital converter (ADC) at a sample rate of up to 4 kHz. The
sampled data stream is stored to the internal storage or transmitted via Bluetooth to
be processed by an external application. A real‐time clock (RTC) on the module allows
to tag each record with the exact time and date at which it was taken. Control of the
sampling and data flow within the magnetometer module is performed by a low‐
power microcontroller (MCU). A block diagram of the hardware is shown in Fig. 5.3.
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Measurement principle

3‐axis magnetoresistive (GMR) sensor

User interface and control

Android smartphone app or other Bluetooth master device

Measurement range

0.05 – 150 µT (FFT resolution bandwidth of 2.5 Hz)

Frequency range

5 Hz – 2 kHz

ADC sampling rate

Up to 4 kSamples/s

Measurement rate

Max. 1 measurement / second

Battery life time

> 24h continuous operation

Storage

8 GB non‐volatile memory (> 1 Million waveforms)

Calibration

3‐Axis calibration using Helmholtz coil

Weight

Approx. 300g

Table 5.3: Specifications of the magnetometer prototype

Fig. 5.3: Simplified block diagram of the sensor module hardware

The GMR sensor that is used in the device exhibits various non‐idealities that must be
accounted for in the design of the hardware. One of the most important issues is the
fact that the sensor is unipolar and therefore only sensitive to the absolute field
strength (see sensor response in Fig. 5.4). Depending on the DC component of the
magnetic field strength the output voltage of the sensor is inverted or becomes
rectified and thus strongly nonlinear. For this reason, a small coil has been installed
around each sensor. During operation, a constant current is applied to the coil making
sure that the sensor is biased in its most linear region. The linear measurement range
of the biased sensor in the implemented prototype is about ±150 µT.
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Fig. 5.4: Response of the used GMR sensor over a field strength of ±2 mT at different temperatures.
The sensor is unipolar and exhibits some hysteresis when it is subject to strong magnetic fields.

If the sensor response in Fig. 5.4 is looked in more detail, additional non‐ideal effects
are visible that must be kept in mind. First, the sensor exhibits a considerable
temperature dependence. The saturation field strength shows the most dramatic
deviations, but also the sensitivity, i.e. the slope in the linear region is affected by
temperature to a certain degree. An optimal sensor calibration should therefore
include a temperature compensation. Another important factor that must be
considered is hysteresis. When the sensor is subjected to a strong magnetic field, its
DC offset is shifted permanently. The hysteresis also affects the sensitivity of the
sensor, although to a much lesser extent. Performing sensitive DC measurements is
therefore very delicate and requires the sensor to be kept away from strong magnetic
fields as it would ruin its calibration. To avoid these effects the sensor in the presented
magnetometer module is AC coupled with a low cut‐off frequency of about 5 Hz.

5.4 Discussion & Conclusion
A concept for a personal exposure meter for accurate time‐domain measurements in
the ELF range is presented. It is particularly well suited for the assessment and detailed
analysis of the magnetic fields generated by power lines, home wiring and power
supplies. Thanks to the flexible concept it can be used both for personal exposure
assessment and environmental monitoring of magnetic fields. The smartphone as the
central controlling element provides high levels of flexibility and powerful processing
resources at low cost. This approach has the potential for use in large scale exposure
assessment studies. Compared to the currently used assessment tools, the proposed
system provides more detailed measurement data, higher analysis flexibility including
localization at a low material cost thanks to the ease of use of magnetoresistive
sensors and the hardware concept that requires only the essential components to be
built in the measurement module.
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The temperature dependence and hysteresis found in most magnetoresistive sensors
cannot be neglected and requires a careful evaluation and calibration of the device in
order to achieve best accuracy and reproducibility. Within the temperature range
encountered during the typical usage of a personal exposimeter however, we expect
even an uncompensated sensor to remain accurate within ±10%.
The noise floor of the realized prototype is in the order of 30 nT/√Hz. This sensitivity
is good enough for indoor measurements and close to power installations. In many
outdoor locations, the field strength is however likely to be below the noise floor of
the instrument. With a careful component selection and improved filtering in the
analog front‐end, this value can certainly be improved. For narrowband
measurements (i.e. 50/60 Hz magnetic fields of the power grid) the signal‐to‐noise
ratio can be optimized by choosing an FFT size with a sufficiently narrow resolution
bandwidth. In this case, it is however necessary to find a tradeoff between
measurement time, resolution bandwidth and memory requirement per
measurement. This is especially true if this approach shall be extended towards a
bandwidth of 100 kHz.
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6 Exposimetry: Summary and Conclusions
6.1 Summary
Exposimetry is a measurement technology with the goal of quantifying the immission
or absorption of fields and/or energy in specific ranges of the electromagnetic
spectrum. In this work, portable, small and accurate measurement equipment was
developed in order to provide tools for epidemiological research and environmental
monitoring. The target measurement quantity was the average amount of RMS field
strength that an average individual will experience in everyday environments. This
quantity can be used to classify different groups of the population or to track changes
in exposure scenarios within defined regions or along specified tracks.
Personal exposure meter devices for low frequency magnetic fields up to 2 kHz, for 16
bands within the RF frequency range including all relevant telecommunication
frequency bands as well as a device for the measurement of radar signals in the L, S, C
and X band were developed, characterized and tested. All the developments consisted
of specific hardware designs, antenna or sensor concept development and
optimization and the design and implementation of connectivity via wireless services.
The technology of two of the devices was transferred to a product development and
are now commercially available.

6.2 Discussion
Due to the variety of potential exposure situations, coupling mechanisms, and
technical constraints there is no single exposure assessment approach that suits all
possible situations and frequency ranges. In order to find the optimal solution for a
given exposure assessment task it is therefore important to know the current technical
possibilities and the necessary tradeoffs. Table 6.1 summarizes the exposure
assessment approaches discussed in this work including their specific advantages and
drawbacks.
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Exposure Source

Magnetic Fields
DC – 100 kHz,

RF Electromagnetic
Fields,
broadcasting and
wireless telecom
bands,
100 MHz – 6 GHz

RF – Pulsed,
1 – 10 GHz

Assessment Approach Pros / Cons
Emission based
numerical simulations
(prediction)

+ Good accuracy in outdoor scenarios
+ Large area coverage
‐ Private installations and appliances not
considered
‐ No spectral information (e.g. harmonic levels)
‐ Low specificity

Personal exposimeter,
solenoid based

+ Repeatability & drift
+ Low hardware complexity, easy calibration
‐ Unsuited for complex or wideband signals
‐ DC Fields cannot be measured

Personal exposimeter,
magnetoresistive sensor

+ Flexible time domain measurements / FFT
+ Instantaneous bandwidth and dynamic range
‐ Prone to temperature drift
‐ Device costs (sensor + calibration complexity)

Emission based
numerical simulations
(prediction)

+ Large area/population coverage
‐ Highly variable accuracy
‐ Low specificity
‐ No information about uplink exposure

Spot measurements

+ Based on actual measurements
+ Highly accurate measurements possible
‐ Medium/Low specificity (especially uplink)
‐ Measurement specialist required

Personal exposimeter +
smartphone app

+ High specificity
+ Smartphone for improved exposure
classification
‐ App long‐term updates/support necessary
‐ Hardware & calibration costs for large number
of subjects

Spot measurements
using lab equipment

+ Highest accuracy achievable
‐ Expensive test equipment or combination of
multiple measurements (time + frequency
domain) necessary.
‐ Not practical for remote locations (e.g. military).

Portable exposure
meter for radar

+ Small size and Weight
+ Personal measurements / data logging possible
‐ High device costs due to niche application

Table 6.1: Overview of available exposure assessment tools for different frequency ranges and
applications

Regarding the assessment of RF‐EMF exposure, the technical advances in the last
couples of years have greatly increased versatility but also the complexity of both the
personal mobile devices and the mobile network infrastructure. It is therefore
increasingly difficult to assess personal exposure using simple emission based
exposure models and predictions. On the other hand, being a very personal item with
the ability to run custom made applications as well as processing and transmitting
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data, the smartphone has the potential to significantly improve the quality and
experience of the activity tracking of the study participants. By using a smartphone
app to assume part of the measurement task, the complexity and cost of external
measurement hardware could be reduced and eventually allow for larger population
samples to be assessed for a given study budget. However, practical limitations
prevent current smartphone generations to access the majority of the exposure
relevant parameters of their radio interface.
In case of ELF magnetic fields, emission based simulations, (e.g. from high voltage
power lines) can in general be expected to have much lower uncertainties than for RF‐
EMF due to the absence of scattering and other propagation effects. However, this
approach does not consider important exposure sources like the local house
installation and household appliances. Latter devices can lead to significant peak
exposure levels and often produce a magnetic field with high spectral harmonic
content. In order to get the whole picture of the personal exposure, personal
measurements have also to be performed for the assessment ELF magnetic field
exposure.
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Part II: Communication Channel for Out‐of‐body Applications and
Magnetic Field Exposure Control

Part II:
Communication Channel for Out‐of‐body
Applications and Magnetic Field Exposure
Control
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7 In‐Body UWB Communication
7.1 Introduction
Wireless technologies operating inside the human body like wirelessly connected
implants and in‐body imaging devices are emerging in the medical domain. Wireless
operation offers increased flexibility and improved patient experience by simplifying
and speeding up diagnostic processes. The ongoing trend towards miniaturization of
electronic devices enables diagnosis methods that were inconceivable several years
ago.
Wireless capsule endoscopes (WCEs) [98] are of high interest in the field of
gastroenterology. Traditional endoscopy allows only part of the digestive tract to be
inspected visually. With the introduction of WCEs a very simple and minimally invasive
method to examine the entire gastrointestinal tract has become available. WCEs are
typically pill‐sized swallowable devices that include a camera, lighting, a wireless
transmitter as well as the battery for the power supply. WCEs have become a well‐
accepted diagnosis tool widely used for the examination of inflammatory small bowel
disorders like colitis or Crohn’s disease [99]. In order to improve the diagnostic yield
and the precision of the diagnosis, the resolution and frame rate of commercial
capsule endoscopes have improved with each generation, narrowing the image quality
gap to their wired counterparts. Other measures to improve the diagnostic yield
includes the use of multiple cameras for an increased field of view [100]. While the
advances in integrated circuit technology make it possible to capture and process
increasing amounts of information within the restricted power envelope of a capsule
endoscope, the capacity of the wireless channel is bound to physical laws. The large
signal losses encountered in biological tissue are therefore an issue that gets more and
more noticeable as the data‐rates increase. This calls for an efficient utilization of the
wireless channel.
In this chapter, we provide a general reference for the planning and design of future
high‐performance in‐body wireless systems. We investigate the effect of the human
body tissue on the wireless channel in terms of absolute loss and loss variability for
the frequency range between 100 MHz and 10 GHz. In the first part of this work, a
series of wideband path loss experiments (0.1 – 10 GHz) are carried out using an 11
mm in‐body loop antenna in a liquid phantom material. The second part of this work
focuses on the numerical estimation of the path loss variations found in a wireless
capsule endoscopy out‐of‐body transmission scenario. The tissue inhomogeneity is
mimicked by a layered and a randomized material voxel approach. Finally, the
influence of cavities (e.g. an air bubble) in proximity of the in‐body antenna is
investigated.
In the following, the term “path loss” is defined as the attenuation between the power
applied at the feed of the transmitting antenna and the power measured at the feed
of the receiving antenna. This quantity therefore includes not only the propagation
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losses in the tissue but also the losses related to the antennas, i.e. return loss and non‐
ideal radiation efficiency.

7.2 Choosing the Optimal Frequency and In‐Body Channel Model
In order to make the right design choices for a high data rate in‐body and out‐of‐body
communication system, detailed and systematic information about the signal
attenuation is necessary. For applications in the medical domain, high reliability is a
key requirement. In a wireless system, this means that both the average performance
and the outage probability due to signal strength variations have to be estimated.
The choice of a suitable carrier frequency is a very important step in this process. In
principle, a wide range of radio frequencies can be considered for wireless capsule
endoscopy (WCE) applications. Frequencies suggested in literature range from 30 MHz
[101] up to several GHz [102]. This variety of choices is a result of the numerous design
compromises that must be made in order to use this challenging radio channel.
The size of a WCE requires the transmitting antenna to be small. Thus, resonant
antenna designs must be used at low carrier frequencies, limiting the system’s
available bandwidth. On the other hand, carrier frequencies of several GHz allow for
small‐sized efficient broadband antennas. However, the propagation losses in the
tissue generally get larger with increasing carrier frequency [103] and reach values in
the order of 10 dB/cm at 2.5 GHz [104]. In the UWB frequency band (3.1 – 10.6 GHz),
the attenuation is even higher. This fact cannot be compensated by using a higher
transmission power because the modest energy source as well as the prevention of
excessive local SAR values set limits to the permissible RF power output of the capsule
[105, 106].
In the last couple of years, various experimental WCE implementations have been
demonstrated. In many of the systems the choice of the operating frequency made on
the basis of existing radio frequency regulations. A promising frequency range has
emerged with the ultra‐wideband (UWB) technology. It is a candidate for miniature
high data‐rate applications because of its very large available spectral bandwidth and
a frequency range allowing for efficient small‐sized antennas. An example of an UWB
based prototype capsule endoscope operating at 10 Mbit/s is presented in [102]. The
(rather large) prototype was successfully tested in a living pig. The worldwide industrial
scientific medical (ISM) band operating at 2.45 GHz is another option. It is also
discussed as a possible choice due to the broad availability of highly optimized and
well‐tested RF components [105].
However, it is reasonable to assume that the sweet spot for high data rate WCE
systems might not necessarily fall into one of the few unlicensed bands. Theoretical
link budget calculations performed by Kim et al. [107] suggest 500 MHz as an ideal
carrier frequency for capsule endoscopy transmitters. Their prototype operating at 20
Mbit/s (assuming a ‐80 dBm receiver sensitivity) was able to transmit through 15 cm
liquid phantom and was also successfully tested in a living pig. Numerical simulations
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of the far field created by ingested sources show the lowest overall transmission losses
to be expected at frequencies between 450 and 900 MHz [108, 109]. Other simulation
studies [106] suggest that frequencies between 1.2 GHz and 3 GHz might still be viable
for applications with higher data‐rate requirements. Although performance reports at
discrete frequencies and over selected frequency ranges can be very helpful in the
design process, wireless channel models are necessary for the optimization and
validation of new system design concepts. As a part of the standardization efforts for
the 802.15.6 wireless standard [110] for wireless body area network (WBAN)
applications, both an in‐body and an out‐of‐body channel model have been defined
[111, 112]. However, those models are only defined for the medical implant
communication service (MICS) band (402‐405 MHz) and mainly target low data rate
applications.
Instead, to be useful and representative for a wider range of applications, the channel
model should cover a frequency range as wide as possible and be backed up by several
validation measurements that include the variability of the channel. In comparison to
indoor or outdoor propagation models, which can be derived from real measurements
with moderate effort [113], this kind of measurement data is difficult to obtain for in‐
body and out‐of‐body scenarios. There are many factors that make experimental
validations very challenging: The inhomogeneity of tissue, the large variability from
subject to subject, the complexity and the degradability of biological tissues make
experiments difficult to replicate. A way to get fairly realistic data are in vivo
experiments on animals. In Floor et al [114] for example, in‐vivo measurements in the
abdominal cavity of pigs were used to derive a propagation model for the frequency
range from 1 to 6 GHz. However, this approach is very laborious and poses a set of
ethical and practical problems as well as limited reproducibility as the measurements
must be carried out within a limited time window. Due to these reasons, most
experimental data found in literature thus consists of experiments with homogeneous
dielectric phantoms [104, 115, 116]. Phantom based measurements are a good
starting point for return loss measurements of in‐body antennas and provide rough
estimations of the average path loss including losses arising from bad antenna
efficiency. Furthermore, the use of phantoms makes it possible to create simple and
reproducible reference situations to validate simulation results. To increase the level
of realism in numerical simulations, several studies make use of detailed human body
models [108, 117, 118]. However, these simulations are computationally expensive
and not fully representative as very often only one human model is used in these
evaluations. Covering every possible body frame and compositions would require an
unpractical number of simulations, neglecting the huge effort involved in the creation
of every single voxel model. The systematic exploration of such a huge parameter
space is not practical.
In this chapter, we address this problem by means of a stochastic channel modeling
approach. in the frequency range between 100 MHz and 10 GHz. In this frequency
range, feature variations at the cellular level have only a minor impact [119]. However,
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macroscopic tissue variations such as material discontinuities and layer thicknesses
must be considered. Starting from a simplified reference model, various geometrical
and material parameter randomizations are performed. The low complexity of the
scenarios results in short simulation times, allowing for several channel realizations.
This allows for an estimation of the average transmission loss as well its variations due
to the material inhomogeneity over a very wide frequency range.

7.3 Materials and Methods
7.3.1 Experimental Setup
The experimental setup is shown in Fig. 7.1. It consists of a liquid phantom mimicked
by a plastic box filled with a tissue simulation liquid. An antenna optimized for in‐body
applications is submerged in the liquid phantom and connected to one port of a
network analyzer (Agilent PNA‐N N5230A). The other port of the analyzer is connected
to a planar receiving antenna placed on the outside surface of the liquid phantom
container. The distance d between the in‐body and the receiving antenna is set to 70
mm. Semi‐rigid coaxial cables are used for the measurements wherever possible.
Semi‐rigid coaxial cables have been chosen due to their mechanical stability,
repeatability and the optimal shielding which is essential for high‐loss transmission
measurements. In the following sections the different elements of the setup will be
discussed in more detail.

Fig. 7.1: Experimental out‐of‐body transmission scenario. The reflection and transmission scattering
parameters (S11 and S21) are measured using a network analyzer. The distance d between the in‐
body and the outside antenna is set to 70 mm.
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7.3.2 Liquid Phantom
First, we characterize the relative permittivity εr and conductivity σ parameters of the
liquid phantom [120] for the frequency range between 100 MHz and 10 GHz. The
measurement results are shown in Fig. 7.2. together with the properties of selected
human tissues from the measurement series performed by Gabriel et al. [5]. From the
figure it can be seen that the measured permittivity of the phantom liquid (black line)
is close to the permittivity of human skin down to about 200 MHz (light brown line).
The conductivity of the phantom material is close to that of human muscle (red line)
and bowels tissue (green and brown lines) at frequencies of 2 GHz and above. At
frequencies below 1.5 GHz however the phantom shows a significantly lower
conductivity than most of the considered tissues. The resulting lower loss tangent
therefore leads to an underestimation of the propagation losses in this frequency
range. For the measurements, an 85070E coaxial probe kit from Agilent has been used.
The measurements were repeated three times within 5 minutes showing a variation
of less than 1%.
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Fig. 7.2: Measured dielectric properties of the liquid phantom [120] and comparison with selected
materials from the Gabriel database [5]. (a) Relative permittivity versus frequency, (b) conductivity
versus frequency.

7.3.3 In‐Body Antenna
The in‐body antenna used in the experiments is shown in Fig. 7.3. It consists of a simple
loop antenna specifically designed for capsule endoscopy applications at UWB
frequencies [121]. The actual radiator measures 8 mm in diameter and is backed by
insulating material on both sides. The total diameter of the antenna including the
dielectric substrate is 11 mm, corresponding to the typical diameter of an endoscope
capsule. Although this antenna has been designed to be used in the UWB frequency
band, path loss measurements showed that this antenna can also be used at lower
frequencies with good performance. As can be seen in the return loss measurements
in Section 7.4.1, the efficiency of the antenna starts to get progressively worse below
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1.5 GHz due to its small size. This is however a limitation that must be accepted in the
final application as well. Good impedance matching with electrically small antennas
would only be achievable by resonant designs, which then would be inherently
bandwidth limited and prone to detuning [122].

a)

b)

Fig. 7.3: (a) Radiating element of the in‐body loop antenna used in the experiment; (b) two
manufactured loop antennas including isolation and the coaxial feed connected to the network
analyzer.

7.3.4 Receiving Antenna
An ultra‐wideband antenna is used at the receiver side to cover a frequency range as
wide as possible. Fig. 7.4 shows the three different antenna designs that have been
used for the validation measurements. A wideband coplanar waveguide (CPW) fed
monopole, a similar dipole design and a commercial model from Fractus, Inc. The use
of more than one antenna type allows for the assessment of performance differences
due to the choice of the receiver antenna. Although designed for free‐space use, the
smooth and essentially resonance‐free impedance characteristic of these antennas is
mostly preserved when operated in proximity of the phantom liquid. The most notable
difference is a general downshift of the lower limit of impedance bandwidth, which is
a welcome side effect.

Fig. 7.4: UWB antennas used at the receiver side. (a) Broadband circular monopole [123], (b) UWB
dipole [121], (c) Commercial UWB antenna from Fractus, Inc. [124].
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7.3.5 Simulation Setup
The numerical study on the variability of the performance on different parameters is
subdivided into three steps (see overview in Table 7.1).
In a first step (Setup #1) the simulation environment is validated. The experimental
setup described in section 7.3.1 is modeled within the simulation environment
including the wideband material parameters of the liquid phantom determined in
section 7.3.2. An illustration of the setup is depicted in Table 7.1 – setup #1. The loop
antenna is modeled as accurately as possible and includes all isolation layers. The
receiver side is modeled with its wideband dipole. The distance between the two
antennas has been set to 70 mm. The frequency dependence of the liquid phantom’s
dielectric parameters is approximated by piecewise constant equally spaced frequency
bands.
Setup #1.1 is similar to setup #1 as it consists of homogeneous block of material. In
contrast to the latter, the simulation is performed using a frequency independent
permittivity and conductivity of εr = 50 and σ = 2.0 S/m, respectively. Setup #1.1 can
be considered a reference scenario for the following randomized voxel experiments
because these dielectric parameters form the basis of the randomization in the setups
#3.0 to 3.4 and #4.2.
In a second step, the homogeneous phantom material has been replaced by a layered
material configuration (Setup #2). This configuration represents an abstract model of
the human tissue section between the small intestine and the skin surface. It consists
of four layers (skin, fat, muscle, and small intestine) that have been randomly varied
in thickness while the total thickness of the tissue section is kept constant (90 mm). To
achieve that, the thickness of the fat layer is chosen to fill up the necessary space. 50
layer thickness randomization are performed at nine discrete frequencies from
500 MHz to 5 GHz, for a total of 450 simulations. The dielectric parameters for the four
tissue layers have again been taken from [5] according to the analyzed frequency.
In Setups #3.0 to #3.4 the tissue between the two antennas (size: 80x80x90 mm) has
been voxelized with different discretization levels ranging from a single voxel (setup
#3.0) up to 32x32x32 voxels per dimension (setup #3.4). Disregarding setup #3.0, the
size of each voxel therefore ranges from 16x16x18 mm down to 2.5x2.5x2.8 mm.
Randomly generated dielectric parameters have been assigned to each of the voxels.
The values for the permittivity and conductivity have been randomly selected from
within the range of [35…65] and [1.4…2.6 S/m], respectively. These values have been
chosen as they roughly represent typical tissue parameters in the frequency range
between 300 MHz and 3.5 GHz.
In a last step, the scenario of air inclusions in proximity to the in‐body antenna has
been simulated in the setups #4.1 and #4.2. The dielectric properties of the space
surrounding the antenna directly affect its near‐field and therefore have a strong
influence on the antenna impedance and radiation characteristics. The bubble is
modeled as a small air‐filled cylinder with a radius of 10 mm and a length of 20 mm.
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Its position relative to the in‐body antenna is randomly set within a range of ±10 mm
around the center of the in‐body antenna in all three spatial axes. The goal of the two
scenarios (#4.1 and #4.2) is to analyze the effect of local air inclusions and compare
their influence on the transmission characteristics to the results derived for the
configurations with respect to different bulk material variations. In setup #4.1 the air
inclusion is simulated in a homogeneous material whereas in the second setup (#4.2)
the homogenous material is replaced by the voxelized medium of setup #3.3
(16x16x16). Both the position of the cylindrical box and the material parameters are
randomly varied within the range defined for setup #3.3 and setup #4.1 respectively.
All numerical simulations in this work have been carried out using the freely available
simulation platform OpenEMS [125] based on FDTD. OpenEMS can be accessed and
configured using MATLAB and GNU Octave.

#

Picture

Validation Setup:
In‐body loop antenna in homogeneous material (80x80x90 mm).
The dielectric parameters of the material are taken from the
phantom measurement. A broadband dipole is used for reception.
This model replicates the experimental setup used for the phantom
measurements. It is used for the validation of the simulation setup.

1

1.1

Setup description

(same as above)

2

Homogeneous Tissue reference
The propagation medium consists of a homogeneous tissue block
with frequency independent material parameters of εr = 50 and σ
= 2.0 S/m, corresponding to the average values used for the
randomized setups #3.0 to 3.4 and #4.2

Layered Model:
Layered model, total thickness 90 mm:
The model consists of four layers (skin, fat, muscle, intestine). The
thicknesses are randomly varied over following ranges:
Intestine:
35 ‐ 55 mm
Muscle:
7 ‐ 33 mm
Fat:
Remaining space (to 89 mm)
Skin:
1 mm (constant)
50 layer thickness randomizations are performed at nine discrete
frequencies from 0.5 and 5 GHz (i.e 450 simulations in total). For
each frequency the tissue specific dielectric parameters from
Gabriel [5] are used.
Homogeneous Material Randomization (single voxel):
Based on setup #1, the dielectric parameters of the homogeneous
material are randomly varied over a predefined range shown below.

3.0
Permittivity range εr:
Conductivity range σ:
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35 – 65
1.4 – 2.6 S/m
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3.1

Voxelized Model 1:
The material volume (80x80x90 mm) is subdivided into 5x5x5
voxels. Random material parameter combinations within the same
range used in setup #3.0 are individually assigned to each voxel. The
parameter range and distribution is the same as for setup #3.0

Voxelized Model 2:
Random voxel dielectric properties (2)

3.2

Same as setup #3.1, but higher voxel count (8 x 8 x 8 voxels)

Voxelized Model 3:
Random voxel dielectric properties (3)

3.3

Same as setup #3.1, but higher voxel count (16 x 16 x 16)

Voxelized Model 4:
Random voxel dielectric properties (3)

3.4

Same as setup #3.1, but higher voxel count (32 x 32 x 32)

Air inclusion, scenario 1:
The antenna is surrounded by a homogeneous material with a
relative permittivity of 50 and a conductivity of 2 S/m.

4.1
A randomly positioned cylindrical air box (r=10mm, l=20mm) is
added close to the in‐body antenna and randomly shifted
Air inclusion, scenario 2:
This setup is a combination of setup #3.3 and setup #4.1

4.2

Both the position of the cylindrical box and the material parameters
are randomly varied within their predefined range.

Table 7.1: Overview of the configurations used in the numerical study

7.3.6 UWB Transceiver Data Transmission Experiment
An UWB transceiver implementation is used to perform an additional channel
evaluation. Based on the out‐of‐body scenario shown in Fig. 7.1, the raw bit‐error rate
(BER) of the wireless link is tested in function of the in‐body to surface antenna
distance d, giving an estimate of the maximal implant depth that this transceiver can
reach. The Fractus antenna is used at the receiver side.
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The UWB transceiver test setup [126] used for this experiment is based on a chipset
developed at ETH Zurich [127]. It operates at a fixed data rate of 10 Mbit/s and relies
on impulse radio. The data is modulated using binary frequency shift keying. The
transmitter can operate on three channels centered around 3.45, 4.05 and 4.65 GHz,
respectively (see measured output spectrum in Fig. 7.6). In this work, the lowest
channel is used as it lies in the frequency range at which the transmitting loop antenna
exhibits best impedance matching. The power at the transmitter output is
approximately ‐13 dBm. With these settings, the UWB transceiver has previously been
measured to achieve a BER of 10‐3 with a TX‐RX path attenuation of 65 dB. The BER is
determined using a 127‐bit pseudo‐random binary sequence.

Fig. 7.5: UWB transmitter (left) and UWB receiver (right) used for the experiment
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Fig. 7.6: Output spectrum of the UWB transceiver used for the data transmission experiment
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7.4 Results
7.4.1 Liquid Phantom Measurements and Simulation Validation
The simulation setup has been validated by means of transmission (S21) and return
loss (S11) experiments using the liquid phantom. The measured return loss of the in‐
body antenna is shown in Fig. 7.7(a). The return loss varies depending on how deep
the antenna is immerged into the liquid phantom. This effect is more pronounced at
lower frequencies. This fact can be explained by the small electrical size of the antenna
and the influence from the coaxial cable used to connect the antenna to the network
analyzer. Despite the use of several ferrite cores around the coaxial cable, the high
return loss of the antenna and the unbalanced to balanced transition are very likely to
generate currents on the outer conductor of the cable. Standing waves can arise
between the antenna and the phantom liquid surface that affect the return loss
measurement. The artifact around 600 MHz in the green curve in Fig. 7.7a for example
is likely due to this effect. At frequencies above 2 GHz the sensitivity of the return loss
to the immersion depth is much lower owing the antenna’s better impedance
matching, higher radiation efficiency and the properties of the phantom liquid.
Furthermore, the high losses at these frequencies strongly reduce resonance effects.
In the simulation, the antenna is fed by a discrete port directly connected to the
antenna terminals
In the comparison plots shown in Fig. 7.7 it can be seen that despite these unavoidable
influences of the measurement setup, the agreement between the measurements and
the simulated results (black curve) is good regarding both the return loss (Fig. 7.7a)
and the transmission experiment (Fig. 7.7b). The jagged shape of the simulated
transmission loss curve is a result of the piecewise approximation of the dielectric
parameters.
The overall shape of the measured S11 parameter is well reproduced in the
simulations. The frequency of best impedance matching also results at the same
frequency although the depth of the notch and its exact location depend on how deep
the in‐body antenna is immerged into the phantom liquid due to the parasitic effects
introduced by the coaxial connection.
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a) In-Body Antenna Return Loss
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Fig. 7.7: Comparison between simulation (black curve) and measurements (color): (a) Return loss of
the in‐body antenna and (b) transmission losses through 70 mm of phantom liquid using the different
receiving antenna models shown in Fig. 7.4 in different positions.

The transmission measurement plotted in Fig. 7.7b has been performed several times
using the different receiving antennas shown in Fig. 7.4. The results show considerable
variations from the location and orientation of the receiving antenna, especially below
2 GHz. Two measurements are taken for each of the antennas. In the first
measurement, the antennas are positioned for best reception at 3.3 GHz and in the
second the transmission performance at 1 GHz is optimized. The circular monopole
and the dipole perform very similarly. Using the Fractus antenna however does lead
to higher transmission losses. Without the second measurement using the Fractus
antenna that is significantly lower, the path loss variation due to the receiver antenna
is in the order of ±6 dB.
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At frequencies higher than about 2 GHz the measured attenuation is less sensitive to
the type and orientation of the receiving antenna. The simulation results are within
the range of the measured values and the frequency dependence shows good
agreement between measured and simulated values as well. The largest discrepancies
between measurement and simulation are found between 0.5 and 1 GHz. These could
originate from the same effect that influences the S11 measurements. In fact,
transmission measurements are also sensitive to surface currents on the coaxial cable
because this can lead to an unwanted parallel transmission path over the air.

7.4.2 Simulation Results: Randomized Experiments
The simulation results are statistically evaluated. From the 50 runs performed in each
setup, 5% and 95% percentiles as well as the median have been extracted at each
frequency point and plotted over the evaluated frequency range using MATLAB. In
addition, for selected scenarios the cumulative distribution function (CDF) of the path
loss is plotted for discrete frequencies for easier interpretation of the results.
7.4.2.1 Reference scenario
Setup #1.1 can be considered a reference scenario. A simulation is performed with a
homogeneous tissue block with a relative permittivity of εr = 50 and a conductivity of
σ = 2.0 S/m. This corresponds to the average values used in the following randomized
voxel experiments. The results of this simulation are shown in Fig. 7.8.
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Fig. 7.8: Simulation results of setup #1.1 (εr = 50 and σ = 2 S/m): (a) transmission loss, (b) return loss
of the in‐body antenna, (c) return loss of the receiving antenna
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7.4.2.2 Layered Tissue
The path loss distribution of the layered tissue model (setup #2) has been evaluated
at nine discrete frequencies using the corresponding tissue parameters. The resulting
empirical cumulative distribution functions of the path loss are shown in Fig. 7.9. In
contrast to the homogeneous material variation (Setup #3), not only the mean
attenuation but also the magnitude of the path loss variation increases with
frequency. The median path loss at 4 GHz is roughly 20 dB higher that at 3 GHz and at
6 GHz another 20 dB additional loss can be expected in average. The mean attenuation
gets progressively lower down to about 1 GHz, where the transmission losses are
lowest. If the carrier frequency is further lowered, the low coupling efficiency of the
in‐body antenna starts to determine the overall path loss.
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Fig. 7.9: Result of setup #2 (layered tissue simulation): Empirical cumulative distribution function of
the path loss at selected frequencies

At 500 MHz, the mean path loss is similar to the value found at 3 GHz. However, the
sensitivity to tissue layer thickness variations is much less pronounced at the lower
frequency. The difference between the best and worst case simulated path loss at
500 MHz is only about 5 dB. Lowest transmission losses are observed between
700 MHz and 2 GHz.
7.4.2.3 Random Bulk Material
The results from the randomized homogeneous material variation (Setup #3.0) are
shown in Fig. 7.10. From the transmission plot in Fig. 7.10a and the empirical
cumulative distribution function (CDF) in Fig. 7.10c it is visible that the path loss is
approximately uniformly distributed over a range of roughly ±10 dB around the mean
value. Furthermore, this relative variation is almost constant over most of the analyzed
frequency range. Below 1 GHz the variations are smaller.
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Fig. 7.10: Simulation results of setup #3.0 (random homogeneous material), (a) Path loss, (b) In‐body
antenna return loss, (c) receiving antenna return loss, (d) CDF at selected frequencies

7.4.2.4 Randomized Tissue Voxels
The graphs in Fig. 7.11 and Fig. 7.12 show the path loss statistics and the empirical CDF
for the simulation setups #3.1 to #3.4. The setups differ only in the size of the
randomized material voxels (5, 8, 16 and 32 per dimension respectively). The average
relative permittivity in the voxel experiments is 50. This allows to relate the voxel
size in terms of the guided wavelength λ in the tissue at a certain frequency:
∙√

In setup #3.1 the largest dimension of each voxel is 18 mm, which corresponds to the
electromagnetic wavelength at 2.4 GHz. The corresponding frequencies in the finer
voxelized setups are 3.8 GHz, 7.5 GHz, 15.1 GHz, respectively.
Following trends can be observed when the voxel density is increased: In general, the
variance of the path loss at lower frequencies is reduced and the curves converge
towards the path loss found in the average homogeneous medium. For frequencies at
which the granularity of the voxel size corresponds to approximately λ/4 and less this
effect is obvious and is observed for all voxel densities.
Whereas the variance at low frequencies decreases with the voxel density, this is in
general not the case for frequencies above 4 GHz. The CDF plots in Fig. 7.12 rather
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suggest the probability to encounter extreme path loss events at 6 GHz to increase at
higher voxel densities. In all voxel simulations, the lowest path loss is observed
between 1.5 GHz and 3 GHz.

Fig. 7.11: From (a) to (d): Simulated frequency dependent path loss distribution of setups #3.1 to
#3.4. (53, 83, 163 and 323 voxels, respectively)
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Fig. 7.12: Simulated CDF of the path loss with increasing voxel density (setups #3.1 to #3.4)

7.4.3 Air Inclusions
The effect of an air volume around the in‐body antenna has a large impact both on the
overall transfer function and the return loss of the antenna. Fig. 7.13 shows the
frequency dependent path loss statistics found in the simulations of setup #4.1. Even
though air is in fact a low‐loss medium, its presence close to the antenna introduces a
large local dielectric contrast that is likely to introduce undesired resonance effects
and degrade the antenna efficiency. These issues translate to large variations in the
path loss. Compared to the reference simulation in homogeneous medium shown in
Fig. 7.8, the median and average path loss are about 10 dB higher up to a transmission
frequency of 4 GHz. At higher frequencies, however, the average path loss is less
sensitive to the introduction of the air bubble. In the frequency range between
6 to 8 GHz the average observed path loss is even slightly lower than in the reference
situation. This result is unexpected at first glance but it may be explained by the fact
that the electrical size of the antenna is comparatively large in this frequency range. It
is therefore not as crucial as at lower frequencies for the antenna to be surrounded by
high permittivity material to achieve an acceptable return loss and radiation efficiency.
The air inclusion also strongly alters the return loss of the in‐body antenna. Although
the curve at the 5% percentile suggests that there are several situations in which the
antenna is very well matched, this is only true for a narrow frequency range at the
time that varies by several GHz depending on the bubble position (Fig. 7.13c). Outside
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this narrow frequency band, the return loss is generally higher than in the reference
case, leading to a lower transmission efficiency overall.

Fig. 7.13: Results from Setup #4.1: (a) Path loss distribution over all simulations (b) path loss
statistics, (c) distribution and (d) statistical evaluation of the in‐body antenna’s return loss.

Fig. 7.14 shows the results of the setup #4.2 where the air bubble variation is combined
with a randomized medium of 16x16x16 voxels. The resulting path loss the return loss
distributions are very similar to the air bubble simulation based on homogeneous
material (Setup #4.1). The comparison of the empirical CDFs of the two setups (Fig.
7.15) also reveals only minor differences. This result suggests that in setup #4.2, the
presence of the air bubble dominates the overall path loss variations.

Fig. 7.14: Results from Setup #4.2; (a) Path loss statistics, (b) statistics of the of the in‐body antenna’s
return loss over frequency
In‐Body UWB Communication

147

1
0.8
0.6
0.4

(a) Setup #4.1 (Air Bubble) Path Loss CDF

1

500 MHz
1 GHz
2 GHz
2.5 GHz
3 GHz
4 GHz
5 GHz
6 GHz

0.8
0.6

500 MHz
1 GHz
2 GHz
2.5 GHz
3 GHz
4 GHz
5 GHz
6 GHz

0.4

0.2
0
-110

(b) Setup #4.2 (Air Bubble 16x16x16) CDF

0.2

-100

-90

-80
-70
-60
Path Loss [dB]

-50

-40

0
-110

-100

-90

-80
-70
-60
Path Loss [dB]

-50

-40

Fig. 7.15: Simulated CDF of the path loss of the scenarios with an air inclusion. (a) Setup #4.1, air
bubble in homogeneous material; (b) Air inclusion and voxelized medium (16x16x16 voxels)

7.4.4 UWB Data Transmission Experiment
The results of the BER measurements are shown in Fig. 7.16. At a data rate of 10 Mbit/s
the maximum distance at which a raw bit‐error rate of less than 10‐3 can be achieved
is only 6 cm. At a depth of about 8 cm the receiver loses synchronization, making any
data transmission impossible.

Fig. 7.16: BER measured in the UWB transceiver experiment. This measurement was performed with
the Fractus antenna at the receiver side

148

In‐Body UWB Communication

7.5 Discussion and Conclusions
Several factors affect the losses encountered by RF electromagnetic waves
transmitted through biological tissue. The RF carrier frequency, the inhomogeneity
and dielectric parameters of the material and the choice of the antennas do all have a
significant impact on the resulting transmission losses. In the capsule endoscopy
scenario considered in this work, the application predetermines several of these
variables. The design of the in‐body antenna is limited by the size of the endoscope
capsule and the transmission medium cannot be modified. However, the system
designer can optimize the performance by using an optimal RF frequency range and
has many degrees of freedom for the design the of receiving antenna.
In terms of average transmission losses, the optimal frequency range is delimited by
the high propagation losses in the tissue at high frequencies and the low coupling
efficiency of the electrically small in‐body antenna at low frequencies. The frequency
range that has been found to provide lowest average transmission losses does vary
between the setups and experiments. A summary of the results is provided in Table
7.2.
Setup

Environment

Frequency range with minimal path loss

Homogeneous medium

Measurement

0.5 GHz ‐ 1.5 GHz

Homogeneous medium

Simulation

1.5 GHz ‐ 3 GHz

Layered model

Simulation

0.7 GHz ‐ 2 GHz

Random voxels

Simulation

1.5 GHz ‐ 3 GHz

Air inclusions

Simulation

1.5 GHz ‐ 3 GHz

Table 7.2: Frequency ranges exhibiting the lowest average transmission losses for out‐of‐body
wideband data transmission applications determined in the various experiments.

All scenarios achieve good performance around 1.5 GHz. The phantom measurement
and the layered simulation however show good performance down to 500 and
700 MHz respectively, whereas the optimal frequency range in the homogeneous and
voxelized simulation scenarios starts at higher frequencies around 1 GHz and extends
up to 3 GHz. This fact can be explained by the choice of the dielectric parameters in
the latter scenarios. These have been simulated using frequency‐independent values
for the permittivity and conductivity of the propagation medium. The chosen values
provide a good representation of the properties of human tissue between 2 GHz and
3 GHz. The dielectric properties of real tissue are dispersive however and its
conductivity generally increases with frequency (Fig. 7.2). Using frequency dependent
parameters over a large bandwidth in a FDTD simulation is prone to instability and
requires much longer simulation times. For this reason, we chose to use frequency
independent material models for the randomized simulations. This choice comes at
the cost of a systematic over‐estimation of the path loss at low frequencies and an
under‐estimation at higher frequencies. If the wideband simulations were carried out
using frequency dependent dielectric parameters, the range of lowest transmission
losses is expected to be lower and closer to the layered scenario and the phantom
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measurement. Based on these results we conclude that it is realistic to assume the
frequency range between 0.7 and 2 GHz is the sweet spot for wideband out‐of‐body
wireless communication. Similarly, we can deduce that the UWB frequency range
(3.1 – 10.6 GHz) is most likely not a good choice for in‐body communication, or is at
least not suitable for transmission distances exceeding a few cm. The reason are the
tissue propagation losses in this frequency range which are very large and determine
the overall loss. The choice of the receiver antenna is also important, although even
the best antenna is not able to compensate for the high propagation losses above 3
GHz. However, the use of antenna arrays (i.e. SIMO system) would certainly be
beneficial for this application and could allow to shift the upper usable frequency limit
by 1‐2 GHz at the cost of an increased size and complexity of the receiver.
Regarding the variability of the path loss, following conclusions can be drawn from our
experiments: Although the grade of voxelization in the randomized simulations does
not have a significant influence on the optimal frequency range (see results from
setups #3.0 to #3.4) there are considerable differences in the variance of the path loss
i.e. the CDF depending on the voxel size. In general, the variability is lower the larger
the wavelength is compared to the voxel size. The electromagnetic field from the in‐
body antenna is then influenced by many voxels at the same time which leads to an
averaging effect. The path loss at frequencies whose wavelength corresponds to about
six or more times the voxel size exhibits a variability ±2 dB or less and the median value
is virtually identical to the values found in bulk material reference simulation (Fig. 7.8).
The higher number of dielectric interfaces does therefore seem to have a negligible
influence on the average path loss. For lower wavelength‐to‐voxel‐size ratios the
variability is higher and reaches values in the order of ±15 dB for the simulated
transmission distance of 70 mm.
The properties of the material that is in direct contact with the in‐body antenna has a
strong influence on its efficiency and return loss. The numerical experiment including
the “air bubbles” demonstrates this very clearly. The effect of the air bubble does
affect the path loss variability even more than the variation of the tissue parameters,
in particular at lower frequencies. To predict the path loss variations more accurately,
it is necessary to get more information about the dielectric characteristics of the
environment directly surrounding the in‐body antenna. This is as important as the
analysis of the average propagation losses.
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8 Magnetogenetics
8.1 Introduction
Nanoscience is the study of extremely small objects and structures, typically in the
order of 1 to 100 nanometers, i.e. at the atomic and molecular scale. Nanoscience is a
very broad and interdisciplinary field as potential applications of nanotechnology can
be found in virtually every natural and technical science.
In medicine and biology, nanotechnological approaches enable the interaction with
biological systems at a cellular and sub‐cellular level. Nanomedicine enables a variety
of novel and revolutionary diagnosis and therapy methods like localized drug delivery,
tumor treatment, and gene therapy. Most medical and biological applications being
currently researched base on the injection of nanoparticles into the body. The small
size of the nanoparticles allows them to penetrate biological barriers like cell
membranes. Furthermore, the nanoparticles can be functionalized with biologically
active coatings like drugs and targeting agents to control their distribution within the
organism [128].
Medical applications require the nanoparticles to be made of a biocompatible and
non‐toxic material. The two iron oxides magnetite (Fe3O4) and maghemite (Fe2O3)
have been found to be very promising candidates in this regard and represent the most
extensively studied nanoparticle materials for medical application materials in the last
decade [129]. Besides their good biocompatibility, a crucial characteristic of iron oxide
nanoparticles are their magnetic properties. Iron oxide particles can be engineered to
feature various forms of magnetism ranging from ferromagnetism to
superparamagnetism. These properties allow interacting with them by means of
externally applied magnetic fields. Exploiting these properties enables for example
particles injected into an organism to be controlled from outside the body. Magnetic
hyperthermia represents one of the most prominent research fields in this context
[130] and consists of heating nanoparticles by means of an externally applied AC
magnetic field (see 8.2).
As part of a collaboration project with the brain research institute of the University of
Zurich, a hyperthermia characterization setup for nanoparticle suspensions as well as
various exposure setups for specific in‐vitro and in‐vivo experiments have been
designed and realized. In this chapter, the theoretical backgrounds, requirements, and
design process of these setups are described.

8.2 Magnetic Hyperthermia
8.2.1 Principle and Applications
When iron oxide magnetic nanoparticles are exposed to an AC magnetic field, their
temperature can increase considerably due to part of the magnetic field energy being
converted to heat. By controlling the distribution of the nanoparticles within the body
and by exposing only the affected regions with the magnetic field, local tissue heating
Magnetogenetics

151

can be achieved. In its most radical form, magnetic hyperthermia is used as a cancer
therapy by selectively overheating and thus damaging or killing tumor cells [131].
In the field of biological and neuronal research, one potential application of
hyperthermia is the manipulation of specific cells types by means of their heat
response. In [132] Stanley et al demonstrated the activation of the heat sensitive
TRPV1 ion channel using magnetic hyperthermia. Iron oxide nanoparticles were
coated with specific antibodies that bind to the TRPV1 channel in order to achieve a
highly localized heating that does not affecting the rest of the cell (Fig. 8.1). As shown
in [133] and [134] it is possible to extend this approach also to neurons. Because TRPV1
is a cation channel, its activation leads to an inflow of positively charged ions into the
cell, altering the electric potential of the neuron. Eventually, the threshold potential
of the neuron is reached and an action potential is triggered.

Fig. 8.1: Iron oxide nanoparticles (NP) hyperthermia can be used to locally heat and trigger heat
sensitive cellular ion channels under influence of an external magnetic field (right). A
functionalization coating of the NP increases its affinity to the targeted ion channel.

Neurological and physiological research would greatly benefit from the ability to
stimulate (or inhibit) temporarily and selectively neurons with this approach. Currently
used in‐vivo neuromodulation methods like optogenetics [135], electrical or
mechanical stimulation are either limited in their selectivity, the ability to reach deep
tissue layers or require invasive operations that come with a high risk of infections.
Magnetic hyperthermia based neurostimulation has therefore the potential to
revolutionize neurological and physiological research and improve the understanding
of complex and sensitive organs like the brain and the spinal cord.

8.2.2 Heat generation
The frequency and the magnetic flux density of the applied magnetic field for magnetic
hyperthermia applications are typically within the range of 100 kHz to 1 MHz and
1‐5 mT, respectively. While these settings lead to a substantial temperature increase
in hyperthermia‐optimized nanoparticles, the SAR of the body tissue due to induced
currents is relatively low at these frequencies, especially if the treatment volume is
kept relatively small. However, if high frequencies and high flux densities are desired
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at the same time and applied to large volumes, the field induced SAR may reach a
critical level [136]. Considerable effort has therefore been put into the analysis and
optimization of the heating efficiency of iron oxide nanoparticles to maximize their
losses for a given magnetic field strength [137‐140].
Two loss mechanisms have been identified to be mainly responsible for the heat
generation of iron oxide nanoparticles: Néel losses and Brown losses. The magnitude
of both effects depends on the frequency and the amplitude of the external magnetic
field. Néel losses depend from the magnetization losses in the ferrite material whereas
Brown losses arise from the mechanical motion of the particle within the medium in
with it is suspended.

8.2.3 Superparamagnetism
Ferromagnetic and ferromagnetic materials usually consist of several magnetic
domains each having a different direction of magnetization. This phenomenon occurs
spontaneously as it minimizes the magnetostatic energy of the material. However,
below a critical particle size of 3‐50 nm (depending on the material characteristics) the
formation of a single domain is energetically more favorable.

Fig. 8.2: Superparamagnetism: Below a critical particle size, ferromagnetic materials and ferrites
exhibit only a single magnetic domain. A bulk of single‐domain particles shows no remnant
magnetization.

In single domain particles, the magnetic moment of the domain tends to
spontaneously aligns itself along the particle’s so‐called easy axis. The easy axis
represents the magnetization direction with minimal magnetostatic energy within the
domain due to the magnetic anisotropy of the material. Along this axis, both
antiparallel directions of magnetization are equally favorable.
Superparamagnetism refers to the macroscopic magnetic behavior of an accumulation
of several single‐domain particles. In absence of an external field, the magnetic
moment of each particle is oriented in a random way as the individual magnetic
moments are independent from each other and free to move. For this reason, a
nanoparticle dispersion exhibits no magnetic hysteresis nor static remnant
magnetization, unlike bulk ferromagnetic materials. At the same time, even weak
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external magnetic fields can influence the average magnetization of the nanoparticles,
which results in a strongly paramagnetic behavior.

8.2.4 Brownian Losses
In presence of an external magnetic field, rotational forces act on the nanoparticle to
align its magnetization vector to the direction of the external field. In most biological
applications, the nanoparticles are suspended in a medium like water, cellular medium
or other aqueous solutions. The NP are thus free to rotate. The viscosity of the
surrounding medium however limits the speed of rotation. The average time required
for a rotation can be approximated by the Brownian relaxation time [141] which is
given by:
3

(8.1)

The Brownian relaxation time is dependent from both the viscosity η of the dispersion
medium as well as the hydrodynamic volume V of the nanoparticle. Brown losses are
frictional losses. The energy required to move the particle within the medium is
eventually dissipated in form of heat.

8.2.5 Néel Relaxation
Néel relaxation describes a time dependent magnetic phenomenon observed in
almost all ferrites and ferromagnetic materials [142]. The height of energy barrier that
separates the two stable antiparallel magnetization states of a magnetic particle
depends on the particle’s volume V and the strength of the material specific magnetic
anisotropy constant K. The smaller the particle the lower the energy barrier. For
sufficiently small particles, even thermal fluctuations are sufficient to spontaneously
flip their magnetization state. This behavior can be modeled by means of the Néel‐
Arrhenius equation (8.2). The equation describes the average time it takes a particle
to spontaneously flip its magnetization state in function of its volume:
∙ exp

(8.2)

The time is referred to as Néel relaxation time. is a time constant in the order of
nanoseconds. Due to the exponential dependence on the particle volume, the Néel
relaxation time gets very long for large particle sizes. In case of bulk materials the Néel
relaxation is even used to study geomagnetic phenomena on a time scale of thousands
of years [143]. For nanoparticle sizes and materials used for magnetic hyperthermia,
the expected value of
ranges from 10‐8 to 10‐5 seconds [137].
Similar to the viscous Brownian losses, the Néel relaxation time introduces a lag
between the particle bulk magnetization and the externally applied magnetic field. For
this reason, Néel relaxation phenomenon also referred to as magnetic viscosity. In
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contrast to the Brownian relaxation however, the particle does not move mechanically
during the relaxation process.
According to this model, the maximum heating power of a nanoparticle suspension for
a given RMS field strength is achieved when the frequency of the applied AC magnetic
field is in the range of to 1/τ, with τ being the lower of the two relaxation time
constants
and [141].

8.2.6 Practical Considerations
For all medical and biological hyperthermia applications, it is desirable to maximize the
ratio of power being absorbed by the nanoparticles to the power deposited in the
surrounding tissues. A logical step to achieve that is to use a magnetic field excitation
tuned to the relative loss peak of the nanoparticles. However, various practical
limitations that restrict this choice.
To keep tissue heating within a reasonable range, the frequency of the magnetic field
should be kept below 1 MHz. At the same time, the generation of strong and high‐
frequency AC magnetic fields within larger sample volumes requires either very high
peak voltages or very large currents across the applicator coil, both of which cannot
be increased arbitrarily. On the other hand, the magnetic losses of iron oxide
nanoparticles tend to increase with the number of magnetization cycles per time, i.e.
frequency. For these reasons, the range between 100 kHz and 1 MHz is generally
regarded as the optimal frequency range for medical and biological magnetic
hyperthermia applications.

8.2.7 Nanoparticle Samples
For this project we used commercial maghemite (Fe3O4) nanoparticles from Ocean
Nanotech [144] because of their favorable biocompatibility and coating properties. For
the characterization measurements, the nanoparticle samples were available in form
of an aqueous suspension with a concentration of 5 mg/mL. Several nanoparticle
diameters ranging from 4.5 nm to 30 nm have been tested.

Fig. 8.3: SEM picture of the iron oxide nanoparticles [144] characterized in this work
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8.3 Experimental Setups for controlled exposure and suspension

characterization
8.3.1 Requirements
During the collaboration project with the brain research institute of the University of
Zurich, three different experimental setups have been developed and manufactured.
These setups have been used for the characterization and the controlled exposure of
the nanoparticle suspensions. Each of these setups is designed to fulfil the varying
requirements during different phases of the experimental work.
The first setup is used for the characterization of the heating properties of various
nanoparticle samples over a wide range of frequencies. Measurement flexibility and
reproducibility are the main requirements of this setup, whereas the size and power
consumption and dissipation are not relevant.
The second setup is designed for in‐vitro experiments. The application of this setup is
the exposure of cell cultures to an AC magnetic field during live cell imaging with a
wide field microscope. Because of the sensitive nature of living cells, all experimental
work must be carried out in a controlled temperature environment. The corresponding
magnetic field exposure setup must therefore be small enough to fit into a typical
incubator chamber of a microscope. Low power consumption is preferable to limit
temperature variations within the incubator. Although this issue can be minimized by
using water cooling, the necessity of a water pump and a thermostat increases the
complexity of the experimental setup and may not be a viable approach in case of
shared equipment or if the available imaging time on the microscope is restricted.
Because the in‐vitro setup is operated inside the microscope, an additional factor that
must be considered is the generation of stray magnetic fields. These must be
contained as much as possible to avoid both an alteration of the field distribution and
undesired heating of metallic parts in proximity due to eddy currents induced in
metallic objects in proximity of the exposure volume.
An overview of the various design requirements is given in Table 8.1.
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Characterization
Setup

In‐vitro exposure
setup

In‐vivo exposure
setup

Frequency Range

Wide (LF – 1 MHz)

Single frequency

Single frequency

Field strength

As high as possible

high

High

Reproducibility

Very important

important

important

Target Volume

small (Eppendorf tube)

small (microscope well)

Large (part of animal)

Very good

good

good

Size

not relevant

small

Secondary1

Power dissipation

not relevant

Low (< 20W)

Secondary1

Stray Fields

not relevant

low

Secondary1

not relevant

Inert to cellular
medium

Secondary1

not relevant

easy to take apart

Secondary1

Field Homogeneity

Chemical
Complexity
1

depending on specific experimental setup

Table 8.1: Comparison of the basic requirements for the three exposure setups.

8.3.2 Characterization Setup for Suspensions
An overview of the characterization setup is given in Fig. 8.4. To cover a wide frequency
range, the power electronics of the characterization setup is based on a hard‐switched,
non‐resonant full bridge driver. The bridge voltage can be adjusted from 0 to 60 V
while an external signal generator sets the excitation frequency, allowing for
maximum flexibility in the choice of the excitation parameters. Due to the hard‐
switched action, the magnetic field follows a triangular function. The setup allows to
achieve an RMS field strength of 5 mT up to a frequency of 1 MHz.
The applicator coil consists of a water‐cooled solenoid. This design allows for the
generation of a homogeneous field distribution within the sample in a thermally
controlled environment. The size of the solenoid is designed to hold a single Eppendorf
tube including a thin insulating layer. A thermostat controls the temperature of the
cooling water.
The temperature of the nanoparticle sample is monitored with a fluoroptic
thermometer (Luxtron Model 790). This temperature measurement method is based
on the fluorescence behavior of a coated optical fiber. Being entirely made of dielectric
material, the probe is immune to the magnetic field in the sample volume. The
temperature is monitored at a rate of 4 measurements per second.
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Fig. 8.4: Overview of the characterization setup used to determine the heating properties of the
nanoparticles

Fig. 8.5: Driver amplifier and close‐up of the sample coil with inserted test tube

8.3.3 In‐vitro exposure setup
The purpose of the in‐vitro setup is to enable live cell imaging under influence of the
magnetic field. The setup consists of a resonant applicator that is excited by an
amplifier small enough to easily fit in the microscope incubator (see Fig. 8.6). The
applicator consists of a ferrite element with a gap in which the sample is placed. The
ferrite element is the core of an inductor that forms an LC resonator with a capacitor
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placed in parallel. The resonant design allows to achieve a high field strength using a
much smaller and lower‐power driver than for the characterization setup. Section 8.4
gives more details about the most important considerations in the design process of
this setup.

Fig. 8.6: Live cell imaging setup installed in a wide field microscope
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8.4 Magnetic Field Distribution of the In‐Vitro Setup
8.4.1 Solenoid approach
The intuitive approach for the generation of a homogeneous magnetic field in a
microscope sample is to use a solenoid that is aligned with the observation axis (see
Fig. 8.7). However, large aperture microscope lenses like immersion objectives require
short working distances in the order of 1 mm or less. The lens barrel would therefore
be fully exposed to the magnetic field. A simulation was performed to see the effect
of the objective on the magnetic field distribution. The objective model used in our
experiments was modeled in CST studio. Fig. 8.7 shows the simulation results of the
magnetic field distribution for an excitation frequency of 500 kHz. The lens barrel acts
as a parasitic shorted secondary transformer winding that almost completely cancels
the magnetic field in the region of the observation sample. This effect is very strong
and largely independent from the type of metal assumed for the barrel as all feature
a more than sufficiently high conductivity to strongly disturb the field. This situation is
obviously not acceptable such that another solution must be found. One way to reduce
this effect is to use ceramic or long working distance objectives. This comes however
at the cost of a lower resolution and brightness. Furthermore, there are also other
metallic parts close to the samples belonging to the microscope that cannot be
removed and could have a negative effect as well.

Fig. 8.7: Influence of the microscope lens for a vertically oriented magnetic field. At working distance,
eddy currents induced in the metallic lens barrel almost cancel the magnetic field at the sample
position.

8.4.2 Optimized Arrangement
In a second step, we decided to create a setup that generates field whose orientation
is parallel to the observation plane. Eddy currents in the objective are thus minimized.
As an additional measure to minimize stray fields, a horseshoe‐shaped ferrite is used
to contain the magnetic flux. The coil for the generation of the field is split into two
windings on the sides of the horseshoe (see Fig. 8.8). The sample is placed in the gap
of the horseshoe which is 18 mm wide. This arrangement leads to a much higher
homogeneity and confinement of the magnetic field in the gap compared to the
previous arrangement. The plot in Fig. 8.8 shows the distribution of absolute field
strength in the gap.
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Fig. 8.8: Field strength distribution in the sample gap for the horizontal B‐Field arrangement.

Fig. 8.9: Field strength distribution in the gap of the optimized setup (fig 8.8) with the objective
placed 0.5 mm below the observation plane.

8.5 Measurement Results
8.5.1 Heating properties
From the several nanoparticle sizes offered by Ocean Nanotech [144], the one with
the most favorable heating properties was determined using the characterization
setup. Five different nanoparticle suspensions featuring a particle diameter of 4.5, 10,
15, 20 and 30 nm, respectively were exposed to a magnetic field strength of 5 mT at
600 kHz. All samples had the same mass concentration of maghemite of 5mg/L. The
results are shown in Fig. 8.10. The 20‐nm sample showed by far the highest heating of
all sizes.
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Fig. 8.10: Heating curve for different nanoparticle sizes (5mg/L) exposed to a magnetic field of 5 mT
at 600 kHz.

Having identified the most promising nanoparticle size, a series of systematic
measurements was performed focusing on the 20 nm particles. Fig. 8.11 shows the
heating curve at a field strength of 5 mT for different excitation frequencies. The
temperature increase, i.e. the loss power shows an approximately linear dependence
on the excitation frequency.
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Fig. 8.11: Heating curve of the 20‐nm nanoparticle suspension exposed to a magnetic field strength
of 5 mT at different frequencies. The magnetic field is switched on at t=0 sec.

An overview of the heating properties in function of the field strength and excitation
frequency is given in Fig. 8.12. The values in this figure represent the relative
temperature increase of the nanoparticle solution after having being exposed to the
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magnetic field for 15 minutes. After this time the sample is very close to the thermal
equilibrium.
From these results, it can be observed that the power absorbed by the nanoparticles
scales approximately linearly with the excitation frequency and with the square of the
RMS magnetic field strength.
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Fig. 8.12: Temperature increase after 15 minutes of the 20‐nm nanoparticle suspension for different
combinations of the magnetic field strength and frequency

8.6 Summary & Conclusion
For a given nanoparticle material and particle concentration, experimental
hyperthermia characterization of different sample sizes is mandatory to get optimum
hyperthermia results. In this case, differences of the heating properties of more than
a factor of 10 were observed within the relatively narrow range between 15 and 30
nm. Due to the numerous effects that influence the heating properties of the particles
and their sometimes large uncertainties, it is very difficult to predict the optimal
particle size relying only on the physical models of Néel and Brown relaxation.
To achieve a controlled field strength at the location of the test sample it is necessary
to carefully analyze the exposure configuration. Any metallic and especially
ferromagnetic material within the interaction domain of the exciting coil can severely
degrade the field strength homogeneity and predictability. In‐vitro exposure for live
cell imaging is especially challenging in this regard as metallic parts like the lens barrel
cannot be positioned more than 1‐2 mm away from the sample.
Using magnetically permeable elements (i.e. ferrites) as part of the exposure setup,
stray fields can be greatly reduced, making the setup much less sensitive to external
influences. However, if ferrites or similar materials are used, it is important to know
their magnetic properties in the frequency range of interest. Especially the saturation
flux density of the material and the magnetic losses are two parameters that must be
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known for the design of the setup as they pose practical limits to the achievable field
strength in the sample volume. Whereas the saturation flux density determines the
theoretical upper limit of the achievable field strength, practical issues may arise at
significantly lower flux densities due to excessive heating of the ferrite elements
causing damage to the cell cultures to be observed. The thermal design of the
exposure setup is therefore at least as important as the control of the magnetic field.
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9 Outlook
For the support of epidemiological research, personal exposure assessment tools
should be designed to be versatile and cover as many environmental agents as
possible, e.g. air quality, noise, UV radiation, atmospheric conditions etc. and of course
RF electromagnetic radiation. The next major challenge for future exposure
assessment tools will be the adoption of new frequency bands in the millimeter wave
frequency range by 5G telecommunication standards. The quasi‐optic propagation
behavior of electromagnetic waves in this frequency range and the extensive use of
MIMO and beamforming techniques will require the measurement methods and
metrics to be at least partially updated. At the same time, for any exposure assessment
study, the cost per subject and the added encumbrance for the participants should be
kept as low as possible. Current exposure assessment systems generally only allow one
or few agents to be monitored at the time. Merging all the required functionalities into
one system would be a major step for future exposure assessment system. Of course,
this requires significant engineering effort and a careful balance between accuracy,
ease of use, and practical usability.
The smartphone will play an increasingly important role in future RF exposure
assessment tools. Even though hardware and software limitations prevent it from
being used itself as an adequate RF measurement instrument, the complementary
information, processing power and versatility of smartphones can significantly
improve the classification uncertainties of RF‐EMF exposure. In order to take full
advantage of that, more research is needed in the development of adequate and
reliable sensor fusion algorithms. In addition, the possibility to react in real‐time to the
personal exposure measurements enables novel exposure assessment and monitoring
approaches that were not possible before.
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