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Preface

International Commission on Non-Ionizing Radiation Protection

The International Commission on Non-lonizing Radiation Protection (ICNIRP) is an
independent scientific organization whose aims are to provide guidance and advice on the health

hazards of non-ionizing radiation exposure.

ICNIRP was established to advance non-ionizing radiation protection for the benefit of people
and the environment. It develops international guidelines on limits of exposure to non-ionizing
radiations which are independent and science based; provides science based guidance and
recommendations on protection from non-ionizing radiation exposure; establishes principles of

non-ionizing radiation protection for formulating international and national protection programs.

ICNIRP is a non-governmental organization in non-ionizing radiation in formal relations with
the World Health Organization and the International Labour Office. It maintains a close liaison
and working relationship with all international bodies engaged in the field of non-ionizing
radiation protection, and interacts with radiation protection professionals worldwide through its
close collaboration with the International Radiation Protection Association and its national

societies.

Work is conducted in four standing committees - on Epidemiology, Biology, Physics and Optical
Radiation - and in conjunction with appropriate international and national health and research

organizations as well as universities and other academic institutions.
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FOREWORD

This document addresses the current scientific evidence concerning exposure to high frequency
electromagnetic fields (EMF) and the resulting consequences for health. The following review was
conducted by the ICNIRP Standing Committees in cooperation with its Consulting Members. It covers all
scientific aspects relevant in this area which include numerical dosimetry, measurements, biological
laboratory investigations in vitro and in vivo, as well as epidemiological findings. This review was
motivated by the needs of the World Health Organization’s International EMF Project and ICNIRP’s own
agenda of reviewing its guidance and advice on the health hazards of EMF exposure. Since the 1998
publication of the ICNIRP guidelines on limiting exposure to electromagnetic fields, there have been
important studies published, that need detailed analysis and discussion to determine their implications for

health.

This review only addresses high frequency EMFs from 100 kHz to 300 GHz. It aims at providing input to
the respective health risk assessment currently undertaken by the World Health Organization (WHO). A
similar review of the scientific evidence in the static and low frequency fields was published by ICNIRP

in 2003.

Both reviews will form the basis for a thorough reevaluation of ICNIRP’s science-based guidance on

limiting exposure to electromagnetic fields.

The effort put into this review by the ICNIRP Standing Committees was supported by many external
experts who provided very helpful comments. ICNIRP wishes to thank these scientists sincerely for their

support.

The Editors
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Exposure to high frequency electromagnetic fields, biological effects and health consequences (100 kHz-300 GHz)

L.1. SUMMARY

I.1.1. Sources

The electromagnetic environment consists of natural radiation and man-made electromagnetic fields that
are produced either intentionally or as by-products of the use of electrical devices and systems.

The natural electromagnetic environment originates from terrestrial and extraterrestrial sources such as
electrical discharges in the earth’s atmosphere and radiation from sun and space. Characteristic of natural
fields is a very broadband spectrum where random high peak transients or bursts arise over the noise-like
continuum background. This natural background is orders of magnitude below local field levels produced
by man-made RF-sources considered here. The everyday use of devices and systems emitting radio
frequency (RF) electromagnetic fields is continuously increasing. Sources generating high levels of
electromagnetic fields are typically found in medical applications and at certain workplaces. Medical
devices used for magnetic resonance imaging, diathermy, hyperthermia, various kinds of RF ablation,
surgery, and diagnoses may cause high levels of electromagnetic fields at the patients position or locally
inside the patient’s body. In addition, some of these medical applications may produce high fields at
certain workspaces.

For broadcasting high RF power is generally required to maximize the area of coverage. Close to the
antennas electric field strengths can reach several hundred volts per meter. Even higher values can be
found close to occupational sources used for processing of various materials by heating and sometimes by
formation of plasma discharge in the material. In many such applications RF-safety problems arise
because RF- power is high and it may be difficult to enclose the field-generating electrodes and
processing space inside a good electromagnetic shield. Sources used by the general public e.g. for
wireless communication, data transmission or food processing generate comparably much lower fields at
the position of the user. But this may also depend on the behavior of the user especially concerning the
distance to the source.

Cellular mobile communication networks cause on average low levels of electromagnetic fields in areas
accessible to the general public. Handsets and cell phones, however, might cause significantly higher
peak levels of exposure during use.

Electronic article surveillance (EAS) systems and radio frequency identification devices (RFID) operate
at many different frequencies within the RF band. Inside some EAS gates electromagnetic fields could get
close to the existing exposure limits. In general these systems cause only low fields in the environment.

Radars produce high power main beams only a few degrees wide and usually not accessible during
operation. In addition radar antennas typically rotate and signals are pulsed, leading to a reduction in
average exposure.

In recent years specialized exposure systems have been designed for laboratory studies. The main purpose
of exposure systems is to provide a highly defined electromagnetic exposure to the study subject. This
includes all exposure parameters and their variation over time and space. In addition exposure systems for
laboratory studies need to fulfill certain criteria in order to prevent or at least minimize any non
electromagnetic fields (EMF) exposure related interference of the system itself with the study subject.

L1.2. Measurement
Given the disparity in the type and nature of the sources, a wide range of approaches is used to evaluate

exposure. There are many factors that affect instrumentation and its use in evaluating exposure for a
variety of purposes; consequently, there will be particular needs associated with specific tasks.
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Both narrow-band (frequency selective) and broad-band instruments can be used for assessing exposure
to RF fields. In selecting instrumentation it is necessary to consider a number of key factors that include
the response time of the instrument, peak power limitations of the sensor, polarization aspects of the field,
dynamic range, response to the characteristics of the signal(s) being measured, including the detailed
frequency spectrum content and aspects of time variations, modulation and harmonics and the capability
to measure in near and far-fields depending on the circumstances of the field measurement. Moreover,
appropriate calibration of the instruments using realistic signals as reference should be performed, i.e.
using actual modulation rather than continuous wave (CW) signals for devices intended to measure
modulated signals. Potential interference from out of band signals should also be considered.

For external measurements there are essentially three methods that are used to measure electric and
magnetic fields and these are portable survey instrumentation, spectrum analyzers and personal exposure
monitors.

Portable RF measurement instrumentation provide a relatively simple and convenient means for
measuring electric and magnetic field strengths to assess compliance with exposure guidelines. In most
cases only instruments with shaped frequency response should be used for that purpose. (It is a type of
broadband instrument that is specially designed to have RF field sensors with detection sensitivity that
varies as a function of frequency.) The limitations inherent in broadband instrumentation of relative
spectral insensitivity, slow response time, and the lack of information on the frequencies of measured
fields can be overcome by narrowband measurements, such as spectrum analyzers. There are many
parameters that have to be set carefully when using a spectrum analyzer in order to obtain a reading of the
desired signal.

In recent years, telecommunications systems have been developed that separate different transmitted
signals on the basis of waveform orthogonality rather than in terms of frequency and/or time. Many
signals are therefore transmitted at the same time within the same bandwidth meaning that even a
spectrum analyzer cannot separate them. Such systems include the existing 3G cellular systems, which
use CDMA (Code Division Multiple Access). In order to identify the individual signals associated with
such systems, it is necessary to use specialized equipment able to correlate with all of the possible signal
patterns and thereby identify the power level and source of each individual signal present.

For studies of health effects on people exposed to RF fields it is clearly important to have meaningful
estimates of exposure over time. In the past, personal exposure assessments have been made using
exposure data obtained from spot measurements. More recently, instruments have been developed to
enable exposure estimates to be made using personal exposure monitors worn on the body. The type of
monitor has been dependent on the environment in which people are exposed. Workers on antenna sites
have worn pocket-sized devices that are relatively inexpensive whereas more sensitive instruments have
been developed to capture relatively low level exposures of the general population over a range of
frequency bands used for telecommunications. The characteristics of these types of device is to carry out
data logging over periods of activity that sample field strength periodically and store the results for
subsequent downloading. While personal monitoring may be very useful for categorizing exposure of
groups of people for epidemiological studies, the perturbation of the impressed field by the body may
result in considerable uncertainty. The field strength recorded by a body worn instrument may differ from
that recorded by the same instrument in the same position with the body absent by up to 10-15 dB close to
body resonance frequencies (few 10s of MHz), depending on the direction of incidence and the
polarization of the radiation. The accuracy of personal monitors will also be limited in situations where
the field strengths are non-uniform over the body.

In addition to the measurement of external electric and magnetic fields, in some circumstances it is
possible to measure currents induced as a result of exposure to RF fields. There are two main types of
body current meter. Transformer clamps measure the currents flowing through limbs while foot current
meters measure the current flowing through the feet to the ground. Meters are also available for
measuring contact current as a result of a person contacting conducting objects.

There are various factors that contribute to the derivation of the expanded uncertainty budget of any of the
described measurement procedures. In addition to the uncertainty in the calibration procedures, there are
other measurement factors that will affect the overall uncertainty when using RF field instrumentation in
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particular situations. These will include temperature and drift effects, resolution of the display, issues
related to the relative location of the RF source and the measurement probe, positioning of the sensor,
nature of polarization, perturbation of measurement by people and the degree of repeatability. The overall
uncertainty may be much larger than the calibration uncertainty but may be reduced by adopting
approaches to minimize the uncertainty on some of the foregoing factors.

Computational techniques are appropriate in some circumstances and discussion and references are
provided.

1.1.3. Interaction mechanisms

Radio-frequency exposure of biological systems is usually specified in terms of such physical
characteristics as modulation (continuous wave or pulsed), incident electric-field and magnetic-field
strengths, incident power density (when appropriate), source frequency, type and zone of exposure (near
or far field), and duration of exposure. The coupling of RF energy into biological systems may be
quantified by the induced electric and magnetic fields, power deposition, energy absorption, and the
distribution and penetration into biological tissues. These quantities are all functions of its relationship to
the physical configuration and dimension of the biological body. A complicating factor is that exposure of
the whole body to a given field strength could have outcomes far different for partial body or localized
exposure at the same strength. The spatially averaged field strength, depending on the region of space
over which the fields are averaged, may vary widely for a given body. Current understanding is that
induced fields are the primary cause for biological effect of RF exposure, regardless of the mechanism.
Thus, to achieve a quantitative understanding of biological response, dosimetric quantities such as SAR,
induced electric field, and current density, must be quantified and correlated with the observed
phenomenon. It is noteworthy that dosimetric quantities and their determinations are tissue-type
dependent, and require a region of specific tissue mass for averaging, and for correlation with any
induced biological response. Thus, a smaller averaging region is scientifically more relevant and precise.
It is emphasized that the sensitivity and resolution of present-day computational algorithms and resources,
and experimental measurement devices and techniques, can provide accurate dosimetric values with a
spatial resolution on the order of 1-mm in dimension or better.

The established biophysical mechanisms underlying the interaction of RF radiation with cells, tissues and
entire bodies include ionization potential, induced charge and dipole relaxation, enhanced attraction
between cells for pearl-chains formation and other RF-induced force effects, microwave auditory
phenomenon, and thermal effects as manifested in tissue temperature elevations. It should be noted that
the low energy photons of RF radiation are too weak to affect ionization or cause significant damage to
biological molecules such as DNA, under ordinary circumstances.

Polar molecules such as water and other cellular components of biological materials can translate and
rotate in response to an applied sinusoidal electric field. The translation and rotation is impeded by inertia
and by viscous forces. Since reorientation of polar molecules does not occur instantaneously, this gives
rise to a time-dependent behavior known as the relaxation process in biological tissues. Under the
influence of RF electric fields at frequencies up to 100 MHz molecules and cells would rearrange and
form chains along the direction of the field. A threshold electric field strength between 2 and 10 kV-m™ is
needed to produce the non-thermal effect which depends on frequency, cell or particle size, and pulsing
parameters of the applied field. Both pulsed and CW fields are known to produce the pearl-chain effect,
with a time constant that appears to be proportional to E*. In addition to alignment of cells and larger
molecules, other RF fields-induced effects such as shape changes and electroporation or permeabilization
of cells have been documented. However, the reversible and irreversible changes in membranes require
much stronger fields.
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The microwave auditory effect occurs at a physiologically insignificant temperature rise. The minuscule
but rapid rise in temperature as a result of the absorption of pulsed microwave energy launches an
acoustic wave of pressure that travels to the cochlea, detected by the hair cells and relayed to the central
auditory system for perception. For the size of human heads, the theory predicts frequencies between 7
and 15 kHz, which are clearly within the audible range of humans and have been verified experimentally.
Peak amplitude of thermo-elastic pressure waves have been computed for spherical head models
approximating the size of rats, cats, infant and adult humans exposed to 10 ps plane wave pulses at 1
kW-kg™. The corresponding incident peak power density is about 5 to 20 kW-m™ for frequencies between
915 and 2450 MHz and the induced peak pressures vary from approximately 350 to 1000 mPa. (The
threshold pressure is 20 mPa for perception of sound at the cochlea by humans.)

Tissue heating is the most widely accepted mechanism of microwave radiation with biological systems.
The effect can result from elevations of tissue temperature induced by RF energy deposited or absorbed in
biological systems through local, partial-body or whole-body exposures. The bulk properties of complex
permittivity and electrical conductivity cause the electric fields and currents induced to be absorbed and
dissipated in cells and tissues of the human body. For a single pulse or brief application of RF energy, the
exposure duration may not be long enough for significant conductive or convective heat transfer to
contribute to tissue temperature rise. In this case, the time rate of rise in temperature is proportional to
SAR. For longer exposure durations, RF energy-induced temperature rise depends on the animal or tissue
target and their thermal regulatory behavior and active compensation process. For local or partial body
exposures, if the amount of RF energy absorbed is excessive, rapid temperature rise and local tissue
damage can occur. Under moderate conditions, a temperature rise on the order of 1°C in humans and
laboratory animals can result from an SAR input of 4 W-kg™'. However, this temperature rise falls within
the normal range of human thermoregulatory capacity.

Under ambient environmental conditions where the temperature and humidity are already elevated, the
same SAR could produce body temperatures that reach well beyond normal levels permitted by the 1°C
increment, and it could precipitate undesired heat-stress-related responses. The central premise of the
exposure guidelines to protect exposed subjects against temperature increases could be eclipsed,
breaching the temperature threshold for induction of adverse thermal effects.

Lastly, while a mechanism(s) must be involved in giving rise to biological effects from RF exposure, it is
possible that because of their complexity and the limitations of our scientific knowledge some
mechanism(s) responsible for producing a significant effect(s) may still be awaiting discovery or
identification.

1.1.4. Dosimetry

Dosimetry plays an important role in risk evaluation of human exposure to RF fields, e.g., evaluation of
SAR, induced field and current density. It is important to carefully select appropriate methods of
dosimetry in each case. It is also highly recommended to validate the dosimetry by comparing with the
results obtained with other methods.

A phantom, a surrogate of a human body, is used for experimental dosimetry of a human body exposed to
RF fields. The phantom has equivalent electrical properties of those of the human body. Various materials
have been developed to realize the electrical properties.

One of the most recent advances in RF dosimetry is availability of numerical voxel models. Realistic
numerical human models are developed with medical diagnostic data, i.e., magnetic resonance imaging
(MRI), computer tomography (CT), etc. meter Present finite difference time domain (FDTD) calculations
using the voxel models provide millimeter-order SAR distribution. It is noted that the detailed SAR
distributions derived from the voxel models are generally consistent with the basic SAR characteristics
previously obtained with more coarse or simple human models.
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In the frequency range from 100 kHz to 110 MHz, induced electric field and current, and contact current
should be quantified in order to evaluate the effects of shocks and burns. Several numerical methods have
been used to evaluate the detailed information in the voxel human models. It is however noted that the
procedure of the spatial averaging can significantly affect the evaluation.

Theoretical analysis using simple human models, such as a dielectric spheroid, shows general
characteristics of SAR inside the human body, including whole-body resonance. From the 1970s, method
of moments (MoM) calculations with relatively coarse block human models demonstrated various
characteristics of human-body SAR and helped to establish the rationale of the reference levels of RF
safety guidelines. Since the 1990s, FDTD calculations with millimeter resolution block models have
contributed towards the development of RF dosimetry. These FDTD calculations show whole-body SAR
characteristics similar to those obtained from MoM calculations but with wider variations of spatial
averaged local SAR. The differences of the shape and structure of the voxel models and of the procedure
of spatial averaging of the local SAR over 1 g or 10 g are important causes of this variation. Also the
finite element method is used extensively in commercially available software to resolve sub millimeter
induced currents, electric and magnetic fields and SAR at lower frequencies.

Detailed SAR distribution in a human head exposed to the near-field of a cellular phone has been derived
from FDTD calculations. It is found that the antenna current distribution is one of the important factors to
determine the SAR distribution and the position of the maximum local SAR.

SAR distribution inside a human body or a laboratory animal has also been evaluated experimentally.
Phantoms have usually been used for experimental dosimetry of human exposure while animal cadavers
have been used for dosimetry in laboratory studies. Measurement procedures with an electric field probe
have been standardized for compliance tests of cellular phones to RF safety guidelines requiring high
reproducibility. Experimental dosimetry based on temperature measurement has also been conducted.

Temperature elevation has been evaluated as a factor in inducing adverse health effects due to exposure to
RF fields. Numerical simulation techniques using voxel human models have been developed to include
complex thermal properties of a human body. Time constants of temperature elevation at locally-exposed
region depend on the blood-flow convection and heat conduction while the time constant of body-core
temperature due to the whole-body exposure is also affected by thermoregulatory response which results
in longer time constants compared with those of partial-body exposure.

Temperature elevation of tissues associated with the localized exposure of the human head to near field of
a cellular phone has been studied. The eye has been extensively investigated using various models for the
temperature simulation. It has been found that tissue thermal properties influence greatly temperature
elevation inside the eye. Temperature elevation in other organs of the head is an issue of equal
importance. Indeed there exists good correlation between peak spatial-average SAR and maximum
temperature elevation in the head. It is also clear that the presence of the handset and the battery causes
temperature elevation in the skin greater than that from RF energy.

The age dependence aspect is also of relevance for dosimetry and risk assessment. It is found that the
permittivity and conductivity of tissues are higher for young rats than for adult ones. Recent studies using
realistic whole-body voxel models of children suggest that the whole-body averaged SAR can be higher
for children than for adults. However, significant differences in SAR average over 10 g due to a cellular
phone have not been found between child and adult head models in a multi-laboratory collaboration
study, although some research suggest the possibility of significant increase of the child head SAR. It
remains possible that the distribution of absorption within the child and adult head may be different.
Pregnant female voxel models have also been developed recently. Although most of the calculated SAR
of the fetus or embryo models are similar or lower than that of the mother, temperature simulation is
required for a more comprehensive risk assessment of RF exposure of fetuses and embryos.

Metal objects implanted in a human body can cause enhancement of local SAR around the objects
although RF exposure guidelines often do not address such situations as well as malfunction of medical
implanted devices. Numerical dosimetry has revealed that the enhancement of the SAR due to the metal
objects is limited to a very small area around the tip or corner of the metal objects.
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Above 10 GHz, a direct relationship exists between the temperature elevation and the incident power
density. The power absorption is localized within the skin and some thresholds of thermal sensation have
been estimated based on present data. However, more detailed dosimetry as well as the measurement of
electrical properties at millimeter-wave frequencies is needed to better evaluate safety of millimeter-wave
exposure.

Micro-dosimetry is the quantitative study of the spatial and temporal distributions of electromagnetic
fields imparted in cellular and sub-cellular biological structures and their relationship to biological
effects. Although marked field discontinuities exist at microscopic level of cell membrane, micro-thermal
heating due to RF exposure is negligible. Methodologies for micro-dosimetry have been developed for
microscopic dielectric theory and biochemical process, as well as the interaction of fields with biological
materials, e.g., electric field manipulation of cells and electroporation.

An evaluation of uncertainty in RF dosimetry is necessary for appropriate risk assessment. While
international standards exist for the evaluation of uncertainty in the maximum local SAR values for
compliance tests of cellular phones, procedures to evaluate the uncertainty of the numerical dosimetry
have not been established. The representativeness of the human anatomic voxel models in use is also a
limitation for risk assessment. Accurate and repeatable dosimetry is essential in developing laboratory
exposure systems.

L.2. PHYSICAL CHARACTERISTICS

1.2.1. Introduction

High frequency electromagnetic fields are parts of the electromagnetic spectrum between the low
frequency and the optical part of the spectrum. As this part of the spectrum is used for broadcasting and
telecommunication, it is termed radio frequency (RF). The RF spectrum is defined in the frequency range
between 9 kHz and 300 GHz. In this review only frequencies above 100 kHz are considered.

Electromagnetic fields in this frequency range have natural or man made origin. They may have a
continuous sinusoidal waveform, but more often they have a complex amplitude distribution over time.
For broadcast or telecommunication purposes for example they are modulated or pulsed.

1.2.2. Quantities and units

High frequency electromagnetic fields are quantified in terms of the electric field strength E, expressed as
volts per meter (V-m™") and magnetic field strengths H, expressed as amperes per meter (A'm™). E and H
are vector fields'. In the far field of an antenna, the high frequency electromagnetic field is often
quantified in terms of power flux density S, expressed in units of watt per square meter (W-m?).

For the purpose of radiation protection physical quantities to describe sources and field properties as well
as the interaction of such fields with biological systems are needed to quantify the exposure of the human
body to non-ionizing radiation and to estimate the absorbed energy and its distribution inside the body
(dosimetric quantities).

A dosimetric measure that has been widely adopted is the specific absorption rate (SAR), defined as the
time derivative of the incremental energy oW, absorbed by or dissipated in an incremental mass, dm,
contained in a volume element, 3V, of a given density p:

! The ratio E/H is called the intrinsic impedance and for free space it has the value of 377 ohms.
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The SAR is expressed in watt per kilogram (W-kg™).

Table I. 2.1.: Quantities and units used in the radiofrequency band

Quantity Symbol Unit Symbol
Conductivity G Siemens per meter Sm’”
Permittivity € Farad per meter Fm’
Current 1 Ampere A
Current density J Ampere per square meter A'm?
Electric field strength E Volt per meter Vom'!
Power density S Watt per square meter W-m?
Frequency f Hertz Hz
Impedance V4 Ohm Q
Magnetic field strength H Ampere per meter Am’
Propagation constant k per meter m’
Specific absorption SA Joule per kilogram Jkg!
Specific absorption rate SAR Watt per kilogram Wkg!
Wavelength A Meter m

L.3. SOURCES AND EXPOSURES

L.3.1. Introduction

The man-made electromagnetic environment consists of electromagnetic fields that are produced either
intentionally or as by-products of the use of electric devices. Man-made RF-sources considered here
produce local field levels many orders of magnitude above the natural background. For all practical
purposes of hazard assessment, therefore, the electromagnetic fields on the earth's surface arise from man-
made sources.

Exposure quantities used in this chapter depend upon the exposure conditions. In the near field of a
source, field strengths are quoted, whereas in the far field, where the plane wave model applies, power
densities are quoted.

1.3.2. Natural high frequency fields

The natural electromagnetic environment originates from terrestrial and extraterrestrial sources such as
electrical discharges in the earth’s atmosphere and radiation from sun and space (Figure 1.3.1). Compared
to man-made fields, natural fields are extremely small at radio-frequencies (RF). Characteristic of natural
fields is a very broadband spectrum where random high peak transients or bursts arise over the noise-like
continuum background.
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Figure 1.3.1. : Terrestrial and extraterrestrial sources of radio-frequency radiation.

At lower radio frequencies, below 30 MHz, the background electromagnetic radiation is mainly due to
lightning discharges during thunderstorms. In most cases it is a cloud to cloud flash but also more
dangerous cloud to ground flashes are common. Satellite observations show that over land areas the
annual number of lightning flashes varies from 2 to 50 km?, the maximum arising in the tropics (Cooray
2003). The intense current pulse (up to 100 kA) associated with the discharge generates a broadband
electromagnetic pulse which propagates long distances in the waveguide composed of the conducting
ionosphere and the surface of the earth. The intensity and spectrum of the pulse depends on the current of
the lightning discharge, distance and electric properties of the earth. At a distance of a few hundred
kilometers, typical peak electric field strength and the width of the main peak of the pulse may vary from
1to 5 V-m™ and 10 to 50 ps respectively. At a range of 30 km the typical peak value may range from 5 to
20 V-m™' (Willett et al 1990). At short distances less than 100 m to the ground flash the peak electric field
strength may exceed 10 kV-m™. The main part of the spectral energy of lightning pulses is distributed
below 100 kHz. In the frequency band from 0.2 MHz to 20 MHz the spectral energy decays as 1/f* and
much faster above 20 MHz (Willett et al 1990).

At high radio frequencies, above 30 MHz, the natural EM-fields originate from very broadband
blackbody radiation from the warm earth and from extraterrestrial processes, mainly from the sun and the
extraterrestrial microwave background radiation from the whole sky (Kraus 1986; Burke and Graham-
Smith 1997). It should be noted that only at frequencies above 30 MHz and below 30 GHz do
electromagnetic waves penetrate the atmosphere efficiently. Below 30 MHz the ionosphere reflects the
radiation back to the space and above 30 GHz attenuation is high except in narrow frequency windows.
The power density of the radiation component emitted by the warm surface of the ground at 300 K
temperature (27 °C) is a few mW-m™. The extraterrestrial radiation is approximately 1000 times smaller.
It is ofzinterest to note that the blackbody radiation from a person in the RF-band is approximately 3
mW-m™,
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1.3.3. Man-made fields

1.3.3.1. Telecommunications/Broadcasting

The basic goal of broadcasting is to distribute RF electromagnetic energy over large areas around the
transmitter site. To maximize the area of coverage, high RF power is required. The radiated power in the
MEF band (300 kHz — 3 MHz) and the HF band (3 MHz - 30 MHz) may be as much as 600 kW while in
the TV and FM radio bands (50 - 800 MHz) the power fed to a single antenna typically range from 10 to
50 kW, respectively. Indeed, the antennas of broadcast stations are the most powerful continuous sources
of RF energy intentionally radiated into free space. Representative data on exposure levels are given in
Table 1.3.1 (Mantiply et al 1997; Jokela et al 1994; Mild 1981). The most critical group of exposed people
consists of the construction and maintenance workers in the towers near energized antennas. The
exposure to the general public is, in general, very small except to those people living in the immediate
neighborhood of medium and short-wave stations.

Table 1.3.1.:  Electric field strength and induced current measured in the vicinity of broadcast
antennas. MF and HF data were measured at ground level at different distances from the
antenna. Most of the VHF and UHF measurements were carried out in the towers near the

antennas.
Frequency Average Modulation E Body Distance Reference
range transmitter Vm?) current and location
(MHz) power (kW) (mA)
03-3 1-50 AM 3- 800 1-100 m Mantiply et.
(MF) al 1997
600 AM 40-500 10 -100 10-100 m Jokela et al
1994
3-30 - AM 2-200 0-300 m Mantiply et al
(HF) 1997
500 AM 35-120 50-400 5-100 m Jokela et al
1994
4 FM 60-900 in tower Mantiply et al
30-300 1997
(VHF) - FM/AM (TV)  upto 430 in tower Mantiply et
al. 1997
- FM 300 10-15 cm from Hansson Mild
The RF cable 1981
40 FM 20- 150 20 cm from the Jokela et al
ladder 1999
30 DVB or up to 620 in tower Hansson-
300-3000 FM/AM (TV) Mild 1981
(UHF)
16 DVB or up to 526 10 -20 cm from Jokela et al
FM/WM (TV) antenna 1984

Medium- and short-wave stations

Short-wave and medium-wave broadcast stations (0,3 — 30 MHz) utilize the reflection of radio-waves
from the conducting ionosphere. To reach distant targets very high powers and efficiently radiating large
antenna structures are needed. The general public can be exposed to relatively high field strengths levels
up to a distance of a few hundred meters from the antenna. In the antenna field open transmission lines
used to feed large curtain type HF-antennas are another source of the exposure. In modern medium- and
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short-wave broadcast stations the transmitter building as well as transmitters and transmission lines are
normally well shielded against electromagnetic interference and leakage fields such that RF-exposure is
not a problem inside the buildings.

A typical example of exposure conditions in medium and short-wave broadcast stations is data measured
in the Pori (Finland) broadcasting station (Jokela et al 1994). The MF-antenna is a vertical monopole
antenna with a height of 185 m, input power of 600 kW and frequency 963 kHz. The electric field
measured at a height of 1 m was 500 V-m™ at a distance of 10 m from the antenna decreasing to 90 V-m™
at 40 m. At the same distances the total current flowing from the feet of a grounded person decreased
from 140 mA to 30 mA.

For HF -transmission the most popular antenna is a large dipole curtain antenna which is comprised of an
array of half-wavelength dipoles installed in front of a reflecting mesh. As a typical example consider the
exposure environment in front of the 500 kW HF-curtain antenna operating at 21.55 MHz at the Pori
broadcasting station. The maximal measured electric field and total current from a grounded person are
found at a distance of 30 m from the antenna where the electric field strength is 90 V-m™ (at 1 m height)
and current is 400 mA. At a distance of 100 m there is a second maximum 35 V-m™ and 75 mA. The
electric field in front of large curtain antennas does not drop below 20 V m™ until a distance of 150 -200
m is reached. On the other hand, the field strength in the immediate vicinity of the antenna is not
extremely large because the transmitter power is distributed over a large antenna area and the radiated
power is not effectively concentrated into the main lobe in the reactive near field.

FM and TV

People working in FM/TV towers near high power FM/TV broadcast antennas are exposed to intense
electromagnetic fields in the frequency range of 50 to 800 MHz (Jokela and Puranen 1999; Hansson-Mild
1981). Even though the power to the antenna under work may be switched off the workers may need to
climb through energized antennas because the broadcast distribution companies try to minimize breaks in
the transmissions. The antennas consist typically of three or four vertical dipole array antennas installed
on three or four sides of the tower. Input power to the whole antenna varies typically from 10 to 50 kW
and the input power to one dipole from 50-500 W even though in USA as high power as 5 kW is not
uncommon (Mantiply et al 1997). The nearest dipoles are the primary source of the exposure. The
secondary source of the exposure comprises of currents induced in the metallic structures of the mast. Part
of that current may also couple directly to the hands and legs which are in contact with ladders and other
tower structures.

Because the FM and TV antennas have been designed to radiate a disc-like beam pointed slightly below
the horizon, radiation towards vertical direction along the tower is much smaller than towards the main
beam which is normally inaccessible. Typically the most hazardous area is confined to a distance of about
15 m from the dipoles. In USA, however, relatively high electric field strengths from 2 to 200 V-m™ have
been measured at ground level (Mantiply et al 1997). High levels are explained by the relatively low
height of the antenna in the tower and down directed side-lobe of the antenna.

In the FM band measured fields varied from 60 to 900 V-m™ (Hansson-Mild 1981; Mantiply et al 1997;
Jokela and Puranen 1999.). In the VHF TV band the exposure is generally slightly lower than in the FM
band, the order of 60 V-m™, but close to the dipoles and metallic parts of the tower high values from 400
to 900 V-m™' have been reported. Near UHF-TV antenna elements maximum electric field may exceed
600 V-m™. It is, however, not clear how relevant these highest field strength values are for the assessment
of exposure because they may have been measured too close to the metallic parts of the tower where the
fields are very non-uniform. For realistic exposure analysis the fields should be measured at a distance
greater than 20 cm and averaged in terms of E? or H? (Jokela 2007). When the distance is 30 - 50 cm the
maximal field strengths seem to remain below 300 V'-m™' and 0.8 A'm”. The averaged electric field,
measured at a realistic distance, however, may still exceed 60 V-m™ (10 W-m™) at 100 MHz.

In many countries terrestrial digital video (DVB-T) and audio broadcast (DAB) have or are about to
replace the existing analogue broadcast systems. Schubert et al (2007) have made measurements, at more
than 300 identical points, in a ‘before’ and ‘after’ switchover in parts of Germany. Statistical analysis of
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the measurement showed an increase in mean exposure in the center of the DVB-T starting areas which
was mainly based on the increase in the radiated power at the transmitter stations. The maximal exposure
value for analogue TV in the ‘before’ measurement was 0.9 mWm™ and 6.5 mWm? in the ‘after’
measurement for DVB-T. A comparison of analogue FM radio and DAB showed that FM exposure was
more than a factor of 10 higher. However, planned increase of DAB transmitter power to improve DAB
indoor coverage will reduce this difference. Relatively high body average electric field up to 200 V-m
(100 W-m™) has been measured in Finland inside a relatively small digital TV antenna. The increase is
explained by the high power and small size of the antenna. If the size of the antenna remains the same as
for analog UHF antennas the exposure is expected to remain the same (Jokela 2007).

Mobile and wireless communication technologies

The cellular mobile telephone industry has undergone rapid growth; in many countries the take-up rate is
approaching and sometimes exceeding 100%. Wireless communication devices are used widely in all
parts of modern society. Cellular mobile communication technologies have developed markedly since the
early 1980s when analogue cellular radio systems were introduced in Europe. The development has
proceeded through the generations described below.

1G Systems

The first generation of mobile telephones consisted of analog systems - typically operating at 450 MHz or
800/900 MHz - using frequency modulation. The Advanced Mobile Phone Standard (AMPS) was
developed in the USA in the 1970s. The analog systems deployed during the 1980s in various part of the
world were slightly different, namely, Nordic Mobile Telephony (NMT) mainly in the North European
countries, Total Access Communication System (TACS) in some European countries, AMPS in the USA,
and the Nippon Telegraph and Telephone (NTT) system in Japan. At present, the service has either
stopped or is running at a low level of traffic, in most parts of the world. Apart from mobile handsets and
base stations, analog systems also are used for cordless telephones. 1G provided mostly voice services.

2G Systems

2G refers to development of digital mobile communication systems (GSM or Global System for Mobile
Communication) in the early 1990s. Globally, there are currently more than 1 billion users. There are a
number of different systems. In Europe and parts of Asia and the Americas the GSM system is
dominating. It features carrier frequencies at 900 and 1800 MHz (850 and 1900 MHz in USA). The
bandwidth of each frequency channel is around 200 kHz, and a 9.6 Kbits/s data rate for encoded speech.
It uses a time division multiple access (TDMA) technique - each user is ‘on’ for 4.615/8 = 0.58
milliseconds - then comes back periodically at a frequency of 217 Hz. The remaining 7/8 of the time is
used for other users. So from the RF point of view it is a burst type of transmission. Apart from the access
frequency of 217 Hz and its harmonics, there are various control and system signals giving rise to power
variations at the frequency of 2 and 8 Hz. Japan developed its own TDMA system operating in the 1.5
GHz band. North American developed a version of a code division multiple access (CDMA) standard.
This version is a so-called direct-sequence spread spectrum system where the users are ‘on’
simultaneously, but separated by different codes, which are ‘spread’ on the carrier to a wider bandwidth
than dictated by the un-spread scheme. These systems carry voice, data and enable the sending of text
messages

2.5G Systems

The popularity of the Internet and of personal computers created a need for higher data rates on wireless
networks than available with 2G systems, which were designed mainly for voice applications. One of the
systems that evolved was the general packet radio service (GPRS). The GPRS supports a data rate of up
to 140.8kbit/s and is packet based rather than connection oriented. It is deployed in many places where
GSM is used. GPRS achieves the higher data rates by combining several timeslots. Another system,
Enhanced Data rates for GSM Evolution (EDGE) is an add-on enhancement for 2.5G GSM and GPRS
networks and can carry data speeds up to 236.8 kbit/s for 4 timeslots with a theoretical maximum of 473.6
kbits/s for 8 timeslots. It meets the definition of a 3G system.
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3G Systems

3G is the newest digital mobile communications technology, and is also known as UMTS in Europe. It
operates at frequencies between 1900 and 2200 MHz. Mobile phones are no longer used simply for voice
communications, users now require video games and playback, email access, internet browsing, video
telephony, high speed data access and music downloads. Hence the requirement for 3G is higher data
rates, which can be as high as 384 Kbits/s and up to 2 Mbits/s in indoor environments. The global
standard for 3G wireless communications, IMT-2000, is a family of 3G standards adopted by of the
International Telecommunications Union (ITU). It includes the universal mobile telecommunications
system (UMTS) and wideband CDMA, or W-CDMA. The common feature is the use of spread spectrum
as the dominant access scheme for multiple users. The first W-CDMA system was developed in Japan
under the name FOMA (freedom of mobile multimedia access) however it is currently incompatible with
standard UMTS.

CDMA-2000 is the North American version of the 3G system. It differs from UMTS mainly in the
network architecture. CDMA-2000 uses one or more 1.25 MHz channels for each direction of
transmissions. The specific frequency bands are 1885-2025 MHz and 2110-2200 MHz, for uplink (from
user to base station) and downlink, respectively. W-CDMA (UMTS) uses a pair of 5-MHz channels, one
in the 1900 MHz range for uplink and one in the 2100 MHz range for downlink. Thus, UMTS has wider
bandwidth requirements. UMTS supports up to 2 Mbit/s data transfer rates, although rates can drop
markedly in a heavily loaded site.

Beyond 3G

4G (or beyond 3G) is the tentative descriptor for the next system in the technology and for which research
is already underway. For this generation the ITU has set goals of 100 Mbits/s for general environments
and 1 Gbits/s (1000 Mbits/s) for indoors. IEEE 802.16 has been engaged in developing an air interface for
combined fixed and mobile broadband wireless access to support platforms moving at vehicular speeds.
The system is specified to operate in the 2 and 6 GHz licensed bands suitable for mobility.

Mobile telephony networks

The mobile phone network consists of a system of adjoining zones called 'cells'. Each cell has its own
base station that sends and receives radio signals throughout its specified zone. Macrocells provide the
main structure for the network and the base stations have power outputs of tens of watts and communicate
with phones up to a few tens of kilometers distant (35 km in the case of GSM). Microcells are used to
infill and improve the main network, especially where the volume of calls is high. The microcell base
stations emit less power (a few watts) and have an effective range of a few hundred meters. Picocell base
stations have a lower power again (typically a fraction of a watt) and provide very short-range
communication, often being sited inside buildings. The RF wave used for communication is referred to as
a carrier wave. The information it carries — speech, data, photos etc — is added to the carrier wave in a
process known as modulation. The change from analog to digital technology, as described above, is to
meet the demand for more data and faster transmission.

Henderson and Bangay (2006) reported the results of an exposure level survey of radiofrequency
electromagnetic energy originating from mobile telephone base station antennas. Measurements of
CDMAS800, GSM900, GSM1800 and 3G (UMTS) signals were performed at distances ranging over 50m
to 500m from sixty base stations in five Australian cities. The exposure levels from these mobile
telecommunications base stations were very low. The highest recorded level from a single base station
was 8.1 - 10* W-m™, (see Table 1.3.2.).
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Table 1.3.2.: Measurements made at nominal distances from base station tower.
Measurements units are W m>.

Measured powerflux density levels

Technology 50 m 200 m 500 m Maximum'
CDMA 2.7-10° 3.3-10° 5.9-10° 8.1-10°
(29 towers)

GSM900 3.3-10" 2.6:10"* 23107 7.1-10%
(51 towers)

GSM1800 3.1-10" 4.1-10” 4.7-10° 43-10"
(12 towers)

3G 41107 5.6:10° 7.6:10° 1.4-10*
(35 towers)

All mobile 3.8:10" 2.8:10" 2.8:10° 8.1-10™

"Maximum occurred at distances varying between 50 and 200 m.

Power density measurements were made in the vicinity of 20 randomly selected GSM microcells and
picocells by Cooper et al (2006). The base stations employed a single antenna and between one and four
transmitters. The antenna heights ranged between 2.5 m and 9 m and the total radiated power was in the
range 1-5 W. Ninety-five percent of the data fell within two ‘tramlines’ separated by 21 dB. The average
power density at a distance of 1m was about 2:107 Wm™ which decreased to about 3:10° Wm™ at 10 m
and 2:10° Wm™ at 100 m. The ‘tramlines’ had a gradient of -10 dB up to a distance of 20 m and a
gradient of -40 dB per decade to longer distances.

Mobile transmitters

Mobile transmitters are usually vehicle mounted and there are no physical restrictions to prevent the
public approaching even to within touching distance of them. Passengers inside vehicles with roof
mounted antennas will be partially shielded from the fields and in the case of antennas mounted at the
rear of a car, separations from rear passengers are likely to exceed 60 cm. The far-field distances are only
between about 2 and 4.3 cm, allowing field strengths calculations for exposure assessments at all but the
closest distances.

Very close to the antenna of mobile telephones very high field strengths can be measured. It is important
to note that although these field strengths are high, they are highly non-uniform reactive fields which do
not give rise to the same level of induced currents and heating effects as equivalent plane waves. They
also only give rise to exposure over very small regions of the body.

Handsets

3G mobile phones operate at lower power levels than both GSM and CDMA handsets. The maximum
power from a 3G phone (2100 MHz) is 0.125 watts produced over a 5 MHz bandwidth, whereas GSM
phones (900 and 1800 MHz) emit an average power of 0.25 and 0.125 watts over a 0.2 MHz bandwidth
and CDMA handsets (800 MHz) have a maximum power of 1 watt. With adaptive power control
technology, handsets operate at the lowest power necessary for good radio communications. Handsets are
held against the head while a call is made. Typically, the distance from the antenna to the head is only
about 2 cm or less. Therefore, the user is in the near-field of the source and simple field calculations are
not appropriate to assess exposure.

Terrestrial trunked radio

Terrestrial trunked radio (TETRA) is a digital mobile radio standard, with some similarities to GSM,
especially designed for professional users who need high reliability and security (i.e. emergency services
and commercial organizations with mobile workforces or large vehicle fleets). The standard defines four
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basic power classes — 1, 3, 10, and 30 W. The frequency bands recommended for use in Europe are 380-
400, 410-430, 450-470 and 870-933 MHz. Vehicle mounted transmitters and hand portables have output
powers of 3W and 1W respectively. Voice data are in timeslots 14.2 ms long and occur every 56.7 ms.
This corresponds to a duty factor of 0.25 and a pulse frequency of 17.6 Hz. With this duty factor the
average output powers will be 0.75 and 0.25 W.

Citizens band radio

Citizens band (CB) radio in the 27 MHz and 477 MHz band is used in some countries. Antennas are often
mounted upon the bumpers of cars, on poles outside houses or on mobile handsets which are held close to
the heads of users. Transmitters are permitted a maximum power of 4 W into a 50 Q load. At close
distances, the fields depend upon the precise length and structure of the antenna. Loading coils have a
very great effect upon the near-fields of CB antennas with much stronger electric fields close to the
shorter antennas. E-field strengths of 200 to 1350 V-m™' have been measured 2 cm from low power
mobile antennas (27-450 MHz, Allen, 1991). Although the field strengths are high, the relevance of such
localized reactive fields for radiation protection is limited. In general the use of CB radio has fallen
dramatically in recent years as the use of mobile phones and related technologies has increased.

Microwave communication links

Pairs of highly directive microwave dish antennas are used to provide line of sight communications links
in a variety of applications including cellular telephony, public telecommunications, private business
communications, and digital data links. Systems can usually transmit over large distances using only low
power levels.

The frequencies used for microwave links are usually in the range 5 to 40 GHz and power levels range
from less than 1 to a 8 W. Highly directive dish antennas are used; however, they also have many side
lobes which may be the more significant in relation to public exposure but the power is usually at least 20
dB below that in the main beam.

The antennas are mounted upon towers or the tops of buildings with heights of at least 20 m, thus a
typical main beam normally does not intercept the ground at distances of less than 230 m. With a radiated
power of 8 W and a gain of 50 dB, the power density would be 2.4 W-m™. Assuming a gain of 10 dB for a
side lobe traveling directly downwards, the power density at 20 m from an 8 W antenna will be 0.064
W-m™, under far-field conditions.

Satellite uplinks

Powerful and highly directive transmission systems are used to communicate between Earth stations and
satellites which are usually in geostationary orbits. The antennas have very high gains ranging from 50 to
70 dB corresponding to very narrow main beam widths and operate at typical equivalent isotropic
radiated powers from 50 MW to 350 GW. Therefore, in the main beam it would be possible to be exposed
to power densities of a few hundred W-m™> A 225 kW EIRP station at 2.38 GHz using a 64 m dish
antenna gives a power density of 2.77 W-m™ even at 100 km. However, the antennas are directed at
satellites and of necessity nearby buildings and features have to be avoided; consequently exposure in the
main lobe is most unlikely to arise under normal circumstances.

1.3.3.2. Medical applications

Diathermy and hyperthermia

The earliest therapeutic application of radiofrequency electromagnetic fields was in diathermy. Two types
of diathermy are commonly used, short-wave (at 13.56 or 27.12 MHz) and microwave. Only a part of the
patient's body is exposed to RF energy and exposure duration is limited (typically 15-30 minutes).
However, exposure intensity is high and sufficient to cause the intended sustained increase in tissue
temperature. Exposures to operators of short-wave diathermy devices may exceed 60 V-m™ and/or 0.16
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A'm” for operators standing in their normal positions (in front of the diathermy console) for some
treatment regimes. Stronger fields are encountered close to the electrodes and cables (Stuchly et al 1982).
In the "worst case", high exposure of staff may occur at distances less than 1.5-2 m (27.12 MHz) or 1 m
(433 MHz and 2.45 GHz, Veit and Bernhardt, 1984). However, more information is needed to fully
characterize RF exposures encountered by staff in the therapeutic environment (Shah and Farrow 2007).
Electromagnetic energy has also been used in inducing hyperthermia for cancer therapy where the tumor
temperature is elevated to the range of 43-45 °C (Falk and Issels 2001). The procedure is mostly used in
conjunction with radiotherapy and chemotherapy since the ability of ionizing radiation to kill tumor cells
and the anticancer action of drugs are enhanced by hyperthermia. Systems designed for local or regional
hyperthermia operating at 13.56, 27,12, 433, 915 or 2450 MHz employ induction coils, interstitial
antennas, dipole arrays or waveguide applicators (Lin 1999a, 2004; Pisa et al 2003). As in diathermy, the
patient is exposed to intense fields for about 30 to 60 min during hyperthermia with 20 to 100 W of RF
power. While the most significant side effect is a thermal burn on the skin or subcutaneous tissue, there is
relatively little information on operator exposure.

Magnetic Resonance Imaging (MRI)

MRI is an imaging technique that employs strong static, gradient, and radiofrequency magnetic fields. It
can image soft tissues - unobstructed by bone - with enhanced contrast. Moreover, the ability to provide
images in numerous planes without requiring the repositioning of the patient has rendered MRI a very
effective and important tool for soft tissue imaging. Indeed, it has become the radiological modality of
choice for a great number of diagnostic procedures.

In a clinical MRI system operating at 1.5 T, because of its design, it is unlikely that radiological staff
would be exposed to significant RF fields. Some newer open 0.7 T MRI systems allow medical personnel
to perform interventional procedures on patients under MRI guidance. It is possible that their hands,
heads or torsos may receive significant exposure under such conditions, especially for gradient fields
(ICNIRP 2004; 2008). The gradient field is pulsed rapidly in time and is a function of the imaging
technique and design of the MRI system. It is significant to note that the time rate of change of the
gradient magnetic field is closely related to the strength of electric field induced inside the body.

Recently, the demand for increased spatial resolution and high signal-to-noise ratio (SNR) from MRI
instruments has prompted the development of systems using much higher static magnetic fields (greater
than 11 T). This development has led to the use of higher RF frequencies for MRI, which, in principle,
not only can augment the amount of RF power deposition inside the patient’s body, but also increases the
EMF exposure for workers using MRI equipment in the hospital environment and workers employed for
supporting, servicing, developing and manufacturing this equipment. There has been particular interest in
the exposure of the head, torso, and limbs to the gradient fields, which may be substantial under certain
operational environments.

Typical exposure levels from electromagnetic fields for medical applications are summarized in Table
13.3.
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Table 1.3.3.:  Typical exposure levels from electromagnetic fields from medical applications

Source Frequency Distance Exposure Remarks
Shortwave 27.12 MHz 02m <1000 V-m™ Staff exposed
diathermy 0.5m <500 W-m*
<140 V'm™ Patient, untreated body parts
Im 100-1000 V-m™
Staff

Microwave 433 MHz 0.5m 25 Wm? Patient, untreated body parts
treatment Im 10 W-m™

2450 MHz 0.3-3m 50-200 V-m™ Whole body average

433 MHz 20-140 W-m™ Frequency depending on the

2450 MHz static field
Magnetic 42-300 MHz Within system | up to 2 W kg™! SAR refers to normal
Resonance operational mode
Imaging
(MRI)

RF ablation

Radiofrequency ablation is a technique that uses contact electrodes to deliver low frequency (500 — 750)
voltages for a wide variety of medical therapies. For over a half century, an electrosurgical knife (electro
surgery) has been used by surgeons to cut and cauterize tissues as a replacement for the scalpel.

Cardiac ablation uses a catheter electrode, inserted through a vein, in the heart, without requiring opening
of the chest wall or heart. An RF generator with a power of about 50 watts is used to creating lesions on
the inner wall of the heart for the treatment of various cardiac rhythm disorders. These disorders are due
to abnormal cardiac rhythms (arrhythmias) as a result of abnormal electrical pathways in the heart muscle
(Huang and Wilber 2000; Lin 2000a; Bernardi et al 2004).

Radiofrequency ablation (RFA) for cancer therapy is a new technique that uses heat to destroy tumors
deep within the body. A small needle electrode is placed directly into the tumor. The electrode's high
frequency voltages create intense heat that can reach the boiling point of water, killing cancerous cells.
This technique has been used to destroy liver tumors as well as renal and breast tumors (Garbey et al
2008; Gervais et al 2009; Hui et al 2008). Similarly, small interstitial microwave antennas have been used
in minimally invasive medical ablation techniques (Lin 2003).

RF Telemetry

RF telemetry transmitters encapsulated in a small pill have been used to monitor internal body
temperature and other physiological parameters. In addition, pills with imaging cameras have been
discussed and may be developed. These devices transmit at a variety of frequencies. Since the receiver is
a few meters away (outside the body) total radiated power from the pills does not exceed a few milliwatts.

Devices that are planned for use in patients must pass the safety requirements of the countries where they
are sold.

1.3.3.3. Industrial and domestic applications

Intense electric and magnetic fields are used for processing of various materials by heating and sometimes
by formation of plasma discharge in the material. In many applications RF-safety problems are
unavoidable because RF-power is high and it may be difficult to enclose the field-generating electrodes
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and processing space inside a good electromagnetic shield. Consequently relatively intense stray fields
and leakage radiation may arise in the vicinity of the electrodes. The manually operated older appliances
in the workplaces are frequently more problematic than the new automatic appliances where the operator
can control the device remotely. Consumer products such as microwave ovens are nowadays of little
concern because as a rule the heating process is well shielded and the units have to meet product
standards.

The main objective of this chapter is to present a brief review of high power RF sources used for material
processing in industrial and domestic environments Those RF sources which produce high exposure are
chosen for closer inspection. Illustrative data from various exposure situations are presented and problems
with exposure assessment addressed.

Dielectric heating

High-Frequency dielectric heating is potentially one of the most important RF-exposure sources in the
workplace (Mantiply et al 1997, AGNIR 2003). Dielectric heaters and sealers are intended to heat wood
(glue dryers) or weld plastics (plastic sealers) by applying a strong radio-frequency electric field between
two capacitive metal electrodes (ILO 1998). Plastic sealers operate at 27.12 MHz and less frequently at
40.68 MHz frequency, while glue dryers are generally operated at 13.56 MHz. The RF power varies from
less than one kilowatt to tens of kilowatts for typical heat sealers, while for glue-dryers the maximum
power may exceed 100 kW (ILO 1998). Most of this power is absorbed in the material to be processed,
but some of the power is absorbed by the operator of the heater. The electric and magnetic fields are
highly non-uniform, concentrating around the electrode.

HF dielectric heaters are used for other industrial applications such as food processing and paper making
(Jones 1987). The RF power may be very high, for example 500 kW in paper making. Radiofrequency
exposure is generally not as relevant as in the case of HF-sealers because the machines are well shielded
and the presence of operators in the vicinity of the machine is not required due to automatic operation.

Absorption from plastic sealers and glue dryers is determined by many factors related to the appliance
and work practices, such as RF-power, shielding of the electrode, thickness and dielectric properties of
the material, grounding of the electrode, distance of the worker from the electrode and the duty factor.
Duty factor DF ( t,/(ton + tof)) varies typically from 0.07 to 0.5 for plastic sealers and from 0.3 to 0.8 for
glue dryers. The distance to the electrodes is particularly critical because the reactive electric and
magnetic near-field of the dielectric heaters decays rapidly as a function of distance. Many plastic sealers
continue to be operated manually by a person standing or sitting during the heating. Semi-automatic or
automatic sealers, where the operator has no need to be close to the electrode during the heating, are
generally less problematic. Glue dryers are one example of this category.

Several surveys (Bini et al 1986; Joyner 1986; Conover 1992) show that the spatial maximum of the peak
electric field produced by some plastic sealers in the position of the operator may exceed 1000 V-m™,
particularly at the position of hands. Values in excess of 100 V-m™ are not uncommon (Wilen et al 2004).

Induction heating

Induction heaters use strong magnetic fields at power frequencies (50/60 Hz) and radio-frequencies for
heating of conducting bodies. Heating is due to ohmic and magnetic losses. The former are associated
with strong currents induced by the field in the work piece and the latter with direct interaction of the
field with magnetic dipoles in the material. When the frequency increases, the current concentrates due to
the skin effect on the surface of the work piece. Therefore RF induction heaters are most suitable for
surface processing of relatively small work pieces. The frequency and power of RF heaters vary typically
from 100 kHz to 3 MHz and from 1 to 100 kW, respectively. Depending on the localization of the heated
volume, the field-generating coils may vary from small single-turn devices to larger multi-turn systems.
In addition to magnetic fields, electric fields may also be relevant for the exposure at frequencies above
several hundred kHz because the impedance of the coil increases as a function of frequency thereby
generating high voltages along the coil.
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Table 3.4 shows some representative exposure data in the position of the operator of RF induction heaters
(AGNIR 2003; Cooper 2002). Magnetic field strength varied from 0.2 to 20 A‘m™ and electric field from
10 V-m™ to 1600 V-m™ in the position of head and torso.

Table 1.3.4.: Measurements of electric and magnetic fields at the position of the operator of an
induction heater (Cooper 2002, AGNIR 2003).

Electric field strength (V. m™)

Magnetic field strength (A'm )

Frequency (kHz) Head Hands Abdomen Head Hands Abdomen
484 1,44 1,68 650 8175 500
743 0,88 0,72 0,40 160 213 32
394 1,52 12,88 5,44 168 840 70
300 0,24 0,24 0,24 16 16 8
630 1,28 0,80 0,80 35 35 23
785 14,64 9,92 0,72 929 310 36
715 18,00 6,72 1583 326
790 7,04 8,64 1,2 413 722 16
434 20,48 20,48 14,64 1192 1828 646
500 8,48 3,52 192 64

These values are in general agreement with the previous exposure surveys which showed that the
exposure varied from 2 to 8000 V-m™ and from 0.1 to 20 A'm™ as Mantiply et al (1997) have reviewed.

Floderus et al (2002) measured relatively low values 2 A'm™ and 0.3 A'm™ in the vicinity of a 900 kHz
hardening machine and a 1.25 MHz brazing machine, respectively. These were spot measurements at a
distance of 0.5 m from the machine. The corresponding electric field strengths were 20 and 40 V-m™'. For
a 400 kHz surface treatment machine they measured 4.8 A-m™ and 160 V-m™ at the same distance.

Estimated on the basis of electric and magnetic field strength alone, RF induction heating seems to
produce exposures comparable to the exposures from dielectric RF heating (Mantiply et al 1997).
However, based on exact dosimetry, the exposure is clearly lower because the coupling of the human
body to the external fields is not as efficient as at higher frequencies. At the same external field level the
current density and SAR arising from induction heater exposure are typically lower by a factor of 10
(current density) and 100 (SAR) than for the dielectric heater case.

Domestic induction heating

Domestic induction heating hobs (stoves or cook tops) have recently gained some popularity in Japan and
European countries, even though they were introduced into the market some time ago. When electrically
conducting materials are immersed in an alternating magnetic field, they can be heated as a result of eddy
current losses (Joule effect). This heating technique has been applied mainly for industrial purposes, such
as in metal furnaces, but it can also be used as a cooking tool. Aside from high-power (5-10 kW)
equipment for commercial catering use, low-power (1-3 kW) induction heating hobs are produced as
domestic kitchen appliances. Induction heating hobs operate at the intermediate frequencies of 20 to 50
kHz to take advantage of efficient energy usage and avoiding audible noise created by cooking utensils
(pots, pans, and other containers) made of cast iron and stainless steel having high magnetic permeability
(ICNIRP 2003; Litvak et al 2002; Wennberg 2001). More recent developments in induction heating hobs
have enabled the use of aluminum cookware at higher frequencies (over 60 kHz) (Suzuki and Taki 2005).
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The strength of the electric field in the vicinity of induction heating hobs is much lower (a few tens of
volts per meter at a distance of 10 cm from the stove edge) than the strength of the magnetic field
(Stuchly and Lecuyer 1987). A typical waveform of the magnetic field consists of a carrier wave (26.1
kHz ), amplitude modulated at a frequency of 100 Hz (for 50 Hz power) or 120 Hz (for 60 Hz power). In
general, the harmonic content of the amplitude modulation extends significantly higher, and the operating
frequency depends on the output power setting. For a given power setting, the magnetic field strengths
around the hob depend on the material and size of the utensils. The magnetic fields decrease rapidly with
distance, and are characterized by the magnetic field distributions of a magnetic dipole or a current loop
(Yamazaki 2004).

In practice, the magnetic field strength experienced by the user depends on the user’s position, i.e., where
the operator is likely to stand (IEC 62233), or whether a person is leaning over the top of the hob or not
(Stuchly and Lecuyer 1987). Numerical calculations of induced current showed that only a part of the
body of the operator, in particular the hands, are significantly exposed (Burais 1998; Suzuki and Taki
2005).

Plasma discharge equipment

Very intensive RF electric fields produce plasma discharge, which are used in semiconductor fabrication
processes such as etching and sputtering. The operating frequency of the plasma discharge appliances is
most commonly 13.56 MHz and the power ranges from a few hundred watts to kilowatts. Measurements
(Cooper 2002) indicate that the exposure of the operator is relatively low, less than 10 V m™ for distances
greater than 10 cm and 0.07 A m™' for distances greater than 30 cm from the discharge electrode. Higher
field strengths were measured at shorter distances, but these much localized fields are not very relevant
for the exposure assessment. In these conditions SAR and induced current density are much lower than in
the case of uniform fields. Some units were found to operate at lower frequencies (0.38 and 0.14 MHz)
but, taking into account the lower frequency, the exposure does not exceed the exposure from 13.56 MHz
devices.

Microwave heating and drying

Microwave energy is used for heating and drying of many materials such as foods, building materials,
paper, rubber, cloths, medical supplies and chemical mixtures (Osepchuk 2002). Generation of plasma in
UV-curing is a novel rapidly expanding application. The most popular and well known use of microwave
energy is the cooking and heating of food at home and in restaurants and cafe’s. Most microwave heating
devices operate at the frequency of 2.450 MHz but in some countries 915 MHz is also used.

Industrial microwave systems are most commonly compact batch ovens or large conveyer belts where the
microwave power varies from 1 to 600 kW. Despite the large power, most systems are well shielded
meeting the requirements of the product performance standards for microwave ovens (leakage radiation
50 W m? at 5 cm distance). Additionally, due to automatic or semiautomatic operations, operators need
not stay in the vicinity of the microwave source.

Microwave levels are more likely to be a problem in mobile applications where high power microwaves
are guided to the material to be heated through open applicators pressed toward the material surface, or by
using small coaxial antennas drilled into the material. Asphalt processing and moisture-drying of
buildings are a few examples. In moisture-drying the power density may well exceed 1000 W m™ on the
back surface of the wall being dried.

Microwave ovens

In the western world, up to 90 percent of the households own a microwave oven (Bangay and Zombolas
2003). Due to high microwave power, which typically varies from 500 to 1500 W, this consumer product
is potentially hazardous. The present day domestic microwave ovens, however, have been designed and
manufactured to satisfy stringent requirements set out in internationally approved product standard. The
safety design of these standards aim is to reduce the leakage radiation well below 50 W-m™ at a 5 cm
distance and prevent generation of the microwave power when the door is open. Additional protection is
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achieved with two independent safety switches which switch off the microwave power when the door is
open. The design of the doors, such as the use of a filtering choke on the edges of the door, prevents
excessive leakage of microwave radiation, even when visible heavy mechanical damage occurs.

Leakage radiation surveys in Germany, Canada and Australia (Vollmer 2004; Thansandote et al 2000;
Bangay and Zombolas 2003; Matthes 1992) indicate that approximately 99 % of the ovens comply with
the 50 W-m™ limit. The power density follows approximately the square law as a function of distance,
which means that actual exposure decreases from 50 W-m™ to approximately 1.4 W-m™ when the distance
increases from 5 to 30 cm, which is the minimum practical distance from the oven. According to the
measurements of Bangay and Zombolas (2003) the corresponding maximal local SAR values are 0.256
W-kg! and 0.0056 W-kg' (10 g average).

Electronic Article Surveillance (EAS)

Electronic Article Surveillance systems protect merchandise and other assets from theft. An EAS system
is basically composed of three components:
e labels and hard tags - electronic sensors that are attached to merchandise;
e deactivators and detachers - used at the point of sale to electronically deactivate labels and
detach reusable hard tags as items are purchased; and
e detectors that create a surveillance zone at exits or checkout aisles. In addition, systems that
activate tags may sometimes be used in e.g. the retail industry.

The different technologies have been extensively reviewed by ICNIRP (2002) and are shown in Table
L.3.5.

Tablel.3.5.:  Different EAS technologies

Category Frequency range  Primary tag component
Acousto-Magnetic 40-132 kHz Resonant Magnetostrictive
Radio Frequency (Swept RF) 1.8-10 MHz Resonant LC Circuit
Microwave 902-928 MHz & Diode

2400-2500 MHz

Measurement data for radio-frequency EAS systems in the frequency range from 8.8 to 10.2 MHz show
that the magnetic flux density remains generally below 0.2 uT at a distance of 20 cm or more from the
coil (Harris et al 2000). Table 1.3.6 shows exposure data for magnetic type electronic article surveillance
gates (EAS) measured inside the gate. The peak magnetic flux densities are maximal values measured at
the indicated distance from the transmitter.

Table 1.3.6.:  Typical peak magnetic flux densities in the central area of magnetic type EAS gates.

Distance from
Type Reference. Waveform B transmitter pylon

('J'Tpeak) (cm)

Acousto- Casamento (1999) PW*® 58 kHz 65 36

Magnetic Casamento (1999) PW 58 kHz 62.2 36
Casamento (1999) PW 58 kHz 61.7 36
Jokela et al(1998) PW 58 kHz 17.4 62.5
IEASMA (2000) CW’ 58 kHz * 52¢ 37.2

“*Pulse modulated sinusoid

°Continuous Wave

¢ For a person located in the center of the gate. The maximum current density for the spinal cord averaged
over 1 cm? is 72 mA m” (peak).
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Radiofrequency identification (RFID)

The object of any RFID system is to carry data in suitable transponders, generally known as “tags,” and to
retrieve those data by machine-readable means at a suitable time and place to satisfy particular application
needs. Data within a tag may provide identification for an item in manufacture, goods in transit, a
location, a vehicle, an animal or an individual.

A system requires, in addition to tags, “readers” for interrogating the tags and some means of
communicating the data to a host computer or information management system.

Interrogator and reader units may be handheld, fixed or mounted on vehicles. Likewise, tags/transponders
may be attached or embedded into various objects, or fixed to the ground.

Portable Data Capture systems are characterized by the use of portable data terminals with integral RFID
readers. The hand-held readers/portable data terminals capture data that are then either transmitted to a
host information management system via a radio frequency data communication (RFDC) link or held for
delivery by line-linkage to the host on a batch processing basis.

Transfer of data between tags and a reader is by wireless communication. Two methods distinguish and
categorize RFID systems, one based upon close proximity electromagnetic or inductive coupling and one
based upon propagating electromagnetic waves.

The technology varies according to the required application:

o low frequency 124-135 kHz tags have been accepted for near-contact reading for applications
such as access control, item identification and animal identification;

e high frequency (13.56 MHz) RFID originated from smart card technology. It offers a longer
read range, typically one meter, and is being used more extensively in item management
systems e.g. library systems;

e active tag technology uses 433 MHz for read ranges of up to 100 meters. The tags are used
for asset tracking, with the tag signaling its presence by transmitting an identifier signal;

e the 860-960 MHz range is used for supply chain and logistics purposes. The actual band used
is much narrower e.g. the European spectrum is 865-868 MHz;

e Microwave frequency (2.45 GHz) is used for logistics purposes, for factory automation
applications and for active tag technology; and

e Microwave frequency (5.8 GHz) is for road traffic and road tolling systems, where active tag
technology provides the range and the frequency provides fast data transfer rates.

1.3.3.4. Safety applications/navigation/radar

Radar

Radar systems mainly use microwave frequencies from 500 MHz up to around 15 GHz, although there
are some systems operating up to 100 GHz. The signals produced differ from those of the other sources
described in this chapter in that they are pulsed with very short duty cycles that give average powers
relevant for radiation protection which are several orders of magnitude less than the peak powers.

The antennas used for radars produce main beams only a few degrees wide. In addition, many of the
systems feature antennas whose direction is continuously varied by either rotating them in azimuth or
varying their elevation by a nodding motion. Typically this rotation or nodding will reduce mean power
by a factor of at least 100 and thus reduce root-mean-square (RMS) fields by a factor of 10. These
considerations further reduce the likelihood of excessive exposure.

With stationary antennas, which represent the worst case, peak power flux densities of 10 MW m” may
occur on the antenna axis up to a few meters from the source.
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Acquisition and tracking

These antennas can either rotate to perform a scan or, if they lock on to a target, point in a particular
direction for an appreciable length of time. Certain tracking radar systems can produce mean power
densities greater than 100 W-m™ at distances in excess of a kilometer, even after duty cycle correction. In
the case of acquisition radar systems which rotate, the effect of rotation reduces the average power
density by a factor of around 100.

Air traffic control

Air traffic control (ATC) radars are scanning devices which are used to track aircraft flights and control
their landings at airports. They rotate through a full 360° arc and therefore produce relatively low mean
power densities in any one direction. Also, the powers used tend to be slightly lower than with tracking
radars. Measurements made in the vicinity of an ATC radar operating at 2.8 GHz with a peak output
power of 650 kW gave power densities with the antenna stationary of less than 0.5 W-m™ at 60 m and 20
W-m™ at 19 m. With a rotating antenna, the mean power densities would be lower.

In an exposure survey of civilian airport radar workers in Australia it was found that, unless working on
open waveguide slots, or within transmitter cabinets when high voltage arcing was occurring, personnel
were, in general, not exposed to levels of radiation exceeding the specified limits (Joyner and Bangay
1986).

Ground penetrating radar (GPR)

Ground Penetrating Radar (GPR), surface penetrating radar, or subsurface radar are all names which refer
to the same technique used to locate objects and (or) interfaces situated in a region not penetrable to the
eyes. GPR is similar to the conventional free space radar used to detect backscattered radiation from a
target to evaluate its position and velocity. GPR systems are made of a transmitting part (source and
antenna) which transmits electromagnetic power to the region under investigation, and a receiving part
which collects the reflected power and, through signal processing techniques, elaborates it to extract the
requested information. The presence of the interface between the air where the antenna is located and the
region under investigation, and its influence on the reflected signal, are the fundamental differences
between GPR and conventional radar. GPR is used as an alternative technique to seismic methods, sonar,
or other specific techniques, its main advantage over those techniques being the general purpose
principles of operation and the use of remote, non-contacting transducers to radiate and receive the
electromagnetic energy. Moreover, it has the highest resolution in subsurface imaging of any geophysical
method, approaching centimeters under the right conditions (Leon et al 1994).

The design of GPR systems is largely applications-oriented and the overall design philosophy, as well as
the details, depends on the target type and the background medium. The bandwidth of the received signal
is directly linked to the number of features (geological strata or buried objects) which will be resolved.
Since penetration depth decreases with frequency, usually GPR systems work with frequencies less than 1
GHz. In long range investigations, frequencies as low as a few tens of MHz have been also used. On the
other hand, resolution is higher for higher frequencies. Consequently, low frequency antennas (10-120
MHz) radiate long wave-length electromagnetic fields that can penetrate up to 50 meters or more in
certain conditions, but are capable of resolving only very large subsurface features. In contrast, the
penetration depth of a 900 MHz electromagnetic field is about one meter, and often less in typical ground
conditions, but the generated reflections can resolve features down to a few centimeters in diameter
(Carin 2001; Daniels 1996).

Generally, GPR systems use very narrow pulses (e.g. pulse duration of 1 ns) with low mean power (e.g.
peak pulse power 50 W, mean pulse power 50 mW) and the received power is at least one order of
magnitude below that transmitted. It should be noted that GPR systems, on the basis of the Federal
Communications Commission (FCC) classification (FCC 2002), belong to the imaging system class; as a
consequence, their transmitted power should conform to Table 1.3.12, at least in the USA. Since antenna
frequency, radiation pattern and radiated power strongly depend on the application, it is very difficult to
define general exposure conditions with reference to GPR systems as a whole. In particular, to evaluate
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the operator exposure to the GPR electromagnetic field, it must be considered that the operator will be in
the near-field of the transmitting antenna, so that the exposure evaluation should be conducted
considering the SAR according to the formula for multiple frequency exposure (ICNIRP 1998).

Marine radar

Marine radar equipment ranges from large installations on super tankers to the smaller mast mounted
equipment used by yachts. Utilization of the systems is also variable with the larger installations of cross-
channel ferries being operated continuously while the battery-powered equipment of small-boat radars is
used only intermittently. Generally the powers are rather lower than other radar systems with peak powers
of up to 30 kW and mean powers ranging from around 1 to 25 W. Under normal operating conditions
with the antenna rotating, the average power density of the higher power systems within a meter of the
turning circle of the radar system can be calculated to be less than 10 W-m™,

1.3.3.5. New and emerging technologies

Wireless LANs

Simultaneous with cellular mobile communication, significant developments have taken place in the area
of Wireless Local Area Networks (WLAN), with rather short range communication between an access
point (a base station) and one or several users. WLANs are ad-hoc systems set up in the home, hotels,
cafes, office buildings, airports, city parks, corporate and university campuses as hotspots, and usually are
connected to the Internet. It allows mobility of data terminals in a well-defined area.

WLANSs have been standardized through different standards such as the IEEE Standard family, (IEEE
802.11), or the European HIPERLAN standard (HIPERLAN2). The main features of the different
extensions of the IEEE 802.11 Standard are summarized in Table 1.3.7.

Table 1.3.7.: Summary of the WLAN Standards family IEEE 802.11 and extensions

Standard Description Frequency Data rate Year

IEEE 802.11 Original standard, exploiting the 24 GHz 2 MbJs 1997
ISM band

IEEE 802.11b Enhanced data rate in the ISM band 2.4 GHz 11 Mb/s 1999
Fastest version of the standard,

IEEE 802.11a exploiting the UNII band 5.7 GHz 54 Mb/s 1999

IEEE 802.11¢g E;f(‘f 802.11a speed, but in the ISM 2.4 GHz 54 Mb/s 2003

IEEE 802.11h | Modification of 802.11a to ensure 5.7 GHz 54 Mb/s 2003
usability in Europe

The IEEE 802.11 standard does not impose any limit on the maximum radiated power, because such
limits, together with the available frequency bands, are decided by different regulatory bodies, such as
FCC (2005) in the US and CEPT (2002, 2004) in Europe. The assigned frequency bands and allowed
maximum radiated powers are summarized in Table 1.3.8. The modulation schemes employed by WLANs
include frequency hopping and direct sequence spread spectrum in the 2.4 GHz band and orthogonal
frequency division multiplexing in both the 2.4 and 5 GHz band. WLAN transmissions are intermittent,
which lead to power fluctuations at the stated data rates or higher. Therefore, time-averaged powers are
lower and depend on the quantity of data being transmitted.
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Table 1.3.8.:  Assigned frequency bands and allowed radiated powers for Wireless LANs

Frequency band USA (FCO) Europe (CEPT)
[MHz] Radiated power EIRP Radiated power EIRP
2400 + 2483.5 30 dBm 36 dBm 20 dBm
5150 + 5250 17 dBm 23 dBm ) 23 dBm
5250 + 5350 24 dBm 30 dBm ) 23 dBm
5470 + 5725 24 dBm 30 dBm ) 30 dBm
5725 + 5850 30 dBm 36 dBm Unavailable frequency band
Bluetooth

Short-range wireless connectivity is achieved using the Bluetooth cable replacement system, which
operates around 2.45 GHz. Devices incorporating Bluetooth wireless technology include mobile phone
headsets and computer accessories such as printers, keyboards, mice and personal digital assistants. This
technology is being increasingly used in business and in the home.

The technology can support small networks, known as piconets, with a point-to-multipoint configuration.
The communication is normally over very short ranges, from a few meters to tens of meters. Devices for
these applications have very low output powers of only a few mW, about one hundred times lower than
mobile phones. Power requirements are given as power levels at the antenna connector and three power
classes are defined (see Table 1.3.9 for technical details). The low power outputs will give rise to
correspondingly low exposures.

Table 1.3.9.: Power classes for Bluetooth technology

Item Power class 1 Power class 2 Power class 3
Maximum output power 100 mW (20 dBm) 2.5 mW (4 dBm) 1 mW (0 dBm)
(Pmax)
Nominal output power n/a 1 mW (0 dBm) n/a
Minimum output power at 1 mW (0 dBm) 0.25 mW (-6 dBm) n/a
maximum power setting
Range of mandatory power -4 dBm to Ppax n/a n/a
control
DECT

Digital Enhanced Cordless Telecommunication (DECT) is a digital technology which originated in
Europe, but has now been adopted worldwide. DECT technology is a flexible digital cordless access
system for communications in home, office and public environments. DECT is mainly known for high
quality voice communications, but it has widespread application like Internet access and internetworking
with other fixed or wireless services. The DECT band is divided into 10 equal sub-bands. Within a
frequency channel, transmit and receive channels are separated by time slots through a TDMA scheme.
The technical data are summarized in Table 1.3.10.

In Asia and especially China the Personal Handy-phone System (PHS) has been deployed. PHS is
essentially a cordless phone like DECT but with the capability to handover from one cell to the next. The
transmission power of the base station is around 500 mW and a range of up to several hundred meters.
The PHS phone can support high speed wireless data transfer, internet access, text messaging and image
transfer.
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Table 1.3.10.: DECT technology overview

DECT parameters Range

Frequency band 1880 — 1900 MHz
Carrier spacing 1.728 MHz
Modulation GFSK

Radio access FDMA TDMA TDD
Number of time slots 24

Number of carriers 10

Total duplex channels 120

Bit rate 1.15 Mb/s
Maximum data rate 552 Kb/s

Frame duration 10 ms

Error detection CRC

Speech coding 32 Kb/s ADPCM
Channel assignment Dynamic channel selection
Mobility speed 20 km/hour

Peak power (average) 250 mW

Ultra-wide-band (UWB) technology

UWB technology is mainly used in imaging, sensing and communication systems (Kaiser et al 2007).
Examples of imaging and sensing systems include vehicular radar, (GPR), through-wall sensing, and
medical imaging, while communications systems include hand-held transceivers, sensor networks,
Wireless Personal Area Networks (WPAN), etc.

The Federal Communication Commission of the United States (FCC) defines a UWB device as any
device where the fractional bandwidth is greater than 0.20 or occupies 0.5 GHz of spectrum (FCC 2002).
The effect of this definition is that UWB systems with a center frequency greater than 2.5 GHz need to
have a —10 dB bandwidth of at least 500 MHz, while UWB systems operating with a center frequency
below 2.5 GHz need to have a fractional bandwidth of at least 0.20.

Specifically, for UWB applications, FCC allows the use of the frequency range below 0.96 GHz, between
1.99 and 10.6 GHz, and between 22 and 29 GHz in the US. In particular, FCC has stipulated the
following definitions: low frequency imaging systems are those whose —10 dB bandwidth is contained
below 960 MHz. Mid-frequency imaging, consisting of through-wall imaging systems and surveillance
systems, that operate with the —10 dB bandwidth within the frequency band 1990-10,600 MHz. High
frequency imaging systems, equipment that operates exclusively indoors, and hand-held UWB devices
that may operate anywhere, including outdoors and for peer-to-peer applications, that operate with a —10
dB bandwidth within the frequency band of 3100-10,600 MHz. Vehicular radar systems operate with the
—10 dB bandwidth within the frequency band of 22-29 GHz and with a carrier frequency greater than
24.075 GHz.

The average emission limits for UWB systems, in terms of EIRP measured in dBm with 1 MHz
resolution bandwidth, are given in Table 1.3.11. It must be noted that the highest value in the table is -41.3
dBm/MHz, which corresponds to 75 nW/MHz.
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Table 1.3.11.: The average emission limits for UWB systems, in terms of EIRP measured in dBm
with 1 MHz resolution bandwidth

Imaging Imaging Imaging Indoor Hand held | Vehicular

Frequency below mid high applications including radar

band (MHz) 960 MHz frequency frequency outdoor
0.009-960 -41.3 -41.3 -41.3 -41.3 -41.3 -41.3
960-1610 -65.3 -53.3 -65.3 -75.3 =753 =753
1610-1990 -53.3 -51.3 -53.3 -53.3 -63.3 -61.3
1990-3100 -51.3 -41.3 -51.3 -51.3 -61.3 -61.3
3100-10600 -51.3 -41.3 -41.3 -41.3 -41.3 -61.3
10600-22000 -51.3 -51.3 -51.3 -51.3 -61.3 -61.3
22000-29000 -51.3 -51.3 -51.3 -51.3 -61.3 -41.3
Above 29000 -51.3 -51.3 -51.3 -51.3 -61.3 -51.3

With regard to imaging systems, UWB signals are appealing due to their low probability of interception,
non interfering signal waveform, precision ranging and localization (Taylor 1995). In this application,
UWRB radar has the possibility to probe the motion of the internal organs of the human body with a remote
non-contact approach (McEwan 1994). For example, a UWB radar was able to detect, non-invasively, the
movements of the heart wall. In practice vocal cords, vessels, bowels, heart, lung, chest, bladder and fetus
and any body part of adequate size can be monitored by a UWB radar. Recently UWB systems have been
also used for breast tumor detection (Fear et al 2002).

In UWB systems, a radiating antenna could be placed very close to the human body (hand-held radio,
wireless headphones, etc.); at the same time another radiating antenna could be broadcasting. Thus, in
principle, both near field and far field human exposure can take place. Since the fields radiated by UWB
systems are broadband or multiple frequency, according to ICNIRP guidelines, exposure assessment is
based on the summation formula, in the frequency range of UWB systems, where the relevant dosimetric
parameter is the SAR.

Finally, an aspect of UWB to be taken into account is that it is a form of broadband EM radiation, which
can increase the level of background noise for radio communication services or overload receiver input.
Communication systems such as cellular phones, WLANS, etc., often employ adaptive power control.
When such systems find the quality of service is degrading, they ramp up their transmitter power to
compensate. Thus, it is conceivable that an indirect consequence of UWB systems could be a rise in
average SAR as cellular phones, etc. are caused to use increased powers.

Wireless transport of electrical energy

The concept of wireless-power transmission (WPT) from solar-power satellites (SPS) envisions the
generation of electric power by solar energy in space for use on earth (NRC 2001; Lin 2002a, URSI
2007). The system would involve placing a constellation of solar power satellites in geostationary Earth
orbits. Each satellite would provide between 1 and 6 GW of power to the ground, using a 2.45 or 5.8-GHz
microwave beam (see Table 1.3.12.). The power-receiving antenna (rectenna) on the ground would be a
structure measuring 1.0 to 3.4 km in diameter. The higher (5.8 GHz) frequency has been proposed since it
has a similar atmospheric transparency. Although, in principle, the higher frequency could involve a
reduced size for the transmitting and receiving antennas, as can be seen from the table current designs
have opted for larger transmitting antennas and smaller rectenna sites, but a larger power density on the
ground to conserve land use, especially in Japan.

As can be seen from Table 1.3.12, at the center of the microwave beam, where power densities would be
maximum, the proposed power densities range from 23 to 180 mW-cm™ (230 to 1800 W-m™) above the
rectenna. At 2.45 GHz, the power density is projected to be 1.0 W-m™ at the perimeter of the rectenna.
Beyond the perimeter of the rectenna site or 15 km, the side lobe peaks would be less than 0.1 W-m™.
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The danger of loss of control of highly focused beams may be minimized by tightly tuned phased array
techniques and by automatic beam defocusing to disperse the power in the event it occurs. Defocusing
would degrade the beam toward a more isotropic radiation pattern, which would give rise to even lower
power density on the ground (Osepchuk 1996).

Near the center of the microwave beam, power densities would be extremely high. Except for
maintenance personnel, human exposure would normally not be allowed at this location. In the case of
occupationally required presence, protective measures such as glasses, gloves and garments could be used
to reduce the exposure to a permissible level.

Table 1.3.12.: Microwave parameters for wireless energy transmission from space power satellites

System parameters NASA' JAXA? JAXA2
Frequency 2.45 GHz 5.8 GHz 5.8 GHz
Total transmitted power 6.72 GW 1.3 GW 1.3 GW
Maximum power density in beam 22,000 W m™ 630 W m™ 1,140 W m?
Minimum power density 2,200 W m™ 63 W m™ 114 Wm?
Maximum power/element 185 W 0.95 W 1.7W
Number of antenna elements 97 million 3,450 million 1,950 million
Transmit antenna size 1.0 km dia 2.6 km dia 1.93 km dia
Amplitude taper 10 dB Gaussian 10 dB Gaussian 10 dB Gaussian
Rectenna size 1.0 km dia 2.0 km dia 2.45 km dia
Max power density above rectenna 230 W m™ 1,800 W m™ 1,000 W m™

'National Aerospace Administration (NASA)
*Japan Aerospace Exploration Agency (JAXA)

1.3.4. Exposure systems for laboratory studies

In recent years the design of exposure systems for laboratory studies has been improved considerably.
The main purpose of exposure systems is to provide a highly defined electromagnetic exposure to the
study subject. These include all exposure parameters and their variation over time and space. In addition
exposure systems for laboratory studies need to fulfill certain criteria in order to prevent or at least
minimize any non EMF exposure related interference of the system itself with the study subject. Exposure
systems must for example be controlled for temperature variations, they have to provide a live friendly
environment (food, air, etc.), and they should not expose the study subject to other physical or chemical
agents. In addition, there are biological factors, which influence the design and the performance of an
exposure system that need to be known and considered. The requirements that exposure systems for RF
laboratory studies need to fulfill have been described in the literature (Burkhardt and Kuster 2000; Kuster
1997; Valberg 1995; Guy et al 1999; Kuster and Schénborn 2000).

Polarization of the incident field has a strong influence both on coupling and on homogeneity of the
induced field or SAR. In general there are three types of polarizations, E, H or K. They refer to the
orientation of the electric field, magnetic field or direction of propagation with respect to the long
dimension of the exposed object.

1.3.4.1. In vitro exposure systems

An important factor for the design of exposure systems for in vitro studies is the coupling between the
incident electromagnetic field and the medium. The factors that influence this coupling have been widely

discussed (Schuderer and Kuster 2003; Guy et al 1999; Schonborn et al 2001; Zhao 2005; Zhao and Wei
2005).
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In this case E-polarization provides the weakest coupling. It has been calculated that for a 60 mm Petri
dish the coupling factor increases by approximately one order of magnitude between 1 GHz and 2.5 GHz.
It also increases by approximately one order of magnitude when medium height increases from 2 to 5
mm. Depending on the height of the medium, coupling efficiency for an E-polarized standing wave can
be up to a factor of four higher than for a plane wave. SAR is highest at the bottom of the dish.
Homogeneity of the spatial SAR distribution with respect to a cell monolayer at the bottom of the dish or
flask is very good. For a 60 mm Petri dish a standard deviation of approximately 20% was calculated with
only little variation with medium height or frequency. For cell suspensions, however, homogeneity is
poor. H-polarization or K-polarization provides a much higher coupling efficiency, but homogeneity of
SAR distribution is very weak.

In addition the meniscus, which forms at the walls of dishes or flasks at the air-liquid boundary, can
significantly influence the SAR distribution in the medium (Schuderer and Kuster 2003; Guy et al 1999).
For a cell monolayer at the bottom of the dish, SAR values are underestimated if the meniscus is not
taken into account. The magnitude of this effect depends on medium height in the dish and on frequency.
In a 35 mm Petri dish with a medium height of 2 mm the error of ignoring the meniscus at 1800MHz can
be approx. 60 %. At much higher frequencies this error is reduced (Zhao and Wei 2005). If cells do not
settle from the meniscus in cell suspensions very high inhomogeneity in the SAR distribution of more
than 100% may result.

Generally, the placement of flasks within the scattering field of other flasks can result in significant
changes of the conditions, even in cases in which the magnitude of the scattering field is small. The
material used in the vicinity of the flasks can significantly alter the coupling as well.

Special attention must be paid to temperature control. For plastic flasks surrounded mainly by air, the
thermal coupling between the medium and the temperature controlled environment is poor, and even SAR
values much below 2 W kg may result in an unacceptable temperature rises (Pickard et al 2000;
Schonborn et al 2000).

For in vitro exposure systems different technical solutions have been chosen. They include wave guides,
transverse electromagnetic (TEM) cells, RF chambers or wire patch cells. The characteristics of these
exposure systems are quite different (Schonborn et al 2001).

TEM Cell

The most commonly used system in the past has been the TEM cell, since it is small, self-contained, and
can easily be placed in commercial incubators. In addition the incident field is similar to a plane wave
with only transversal electric and magnetic components. If only few dishes are used per cell, the
homogeneity is excellent. In an improved design Nikoloski et al (2005) modified a TEM cell to hold four
T25 flasks. They achieved an overall average SAR within the medium of 6.0 W kg™ at 1 W input power
with a standard deviation of less than 52%.

However, for larger numbers of dishes the inhomogeneity increases drastically, since the E field
amplitude decreases rapidly toward the wall of the cell. Therefore, the TEM cell can only be
recommended for studies with a very low number of dishes.

When using TEM cells for ultra wide band exposure, it should be considered that the flasks containing the
cells may disturb the field due to refraction and distortion of the incident wave combined with the
excitation of resonant modes within the flasks (Ji et al 2006).

RF Anechoic Chamber

In a RF chamber an array of flasks with a dimension of several wavelengths can be simultaneously
exposed. K polarization is normally employed, due to the immense power requirements for E
polarization.

In a more recent design (Lyama et al 2004) for a large scale in vitro study, up to 49 Petri dishes were
exposed employing a horn antenna, a dielectric lens, and a culture case in an anechoic chamber. The
average SAR was 0.175 W kg™ per 1 W antenna input power with a standard deviation of 59%. There are
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solutions to reduce the inhomogeneity of this design, for example by surrounding the flask with a
matching box filled with liquid to the same level as the medium in the flasks.

Radial Transmission Line

The Radial Transmission Line (RTL) exposure system consists of a circular parallel plate applicator,
driven at its center by a conical antenna and terminated radially by microwave absorbers or a matching
load (Pickard et al 2000). An interesting feature of this system is that several dishes can be exposed at the
same time and that it can be used for a wide frequency band. Moros et al (1999) positioned the flasks
either directly on the metal bottom or on an aluminum oxide layer in the RTL.

Waveguide System

Waveguide systems have also been widely used in the past (Czerska et al 1992; Joyner et al1989). The
flasks can be oriented in E, H or K polarization. If E polarization is employed to achieve low
inhomogeneity for plated cells at the bottom of the flasks, it may be necessary to overcome the poor
efficiency due to the weak coupling. One possibility that increases the efficiency by a factor of almost
four is to terminate one end of the waveguide with a short circuiting plate as described in Schonborn et al
(2000).

Optimized systems have been described (Schonborn 2000; Schuderer et al 2004a; Schuderer et al 2004b;
Calabrese et al 2006). Depending on the type of cell culture, the frequency used and other factors, up to
ten 35 mm Petri dishes are located inside a standard L-band waveguide (selected for the frequency used).
The efficiency in a non resonant waveguide setting at 1.62 GHz was 1.6 W kg per 1 W input power and
an inhomogeneity of approximately £30%. In a resonant design an efficiency of 50 W kg per 1 W input
power could be achieved with an inhomogeneity of again £30%. In general, the efficiency of a tuned
resonant system is higher than a non resonant one.

Another approach was to expose cells in a 60 mm Petri dish at the open end of a waveguide (Gajda et al
2002). Temperature was controlled by placing the Petri dish inside a 150 mm dish with circulating
coolant water. The efficiency was 8.55 W kg™ per 1 W input power and a standard deviation of SAR at
the bottom of the Petri dish of 24 %.

Wire Patch Cell

The wire patch cell is basically a parallel plate resonator fed in the center of the plate, resulting in large E
fields between the plates (Laval et al 2000). To reduce the inhomogeneity caused by the tangential E
field, the Petri dishes with medium are placed inside larger Petri dishes filled with medium to the same
height as in the smaller dishes. The efficiency reported in Laval et al (2000) is 0.6 W kg™ per W input
power at 900 MHz. The deviations from the mean value were within 12% when the evaluation was
restricted to the area more than 3 mm away from the edge of each 35 mm Petri dish. This exposure
system has been modified (Ardoino et al 2004) for experimental evaluations at 1800 MHz. The mean
power efficiency was 1.25 W kg™ per 1 W input power with a standard deviation of 15,2%.

1.3.4.2. In vivo exposure systems

In vivo exposure systems should in principle fulfill the same criteria as in vitro systems but with special
consideration of the needs of animals, which may cause additional problems like animal movement for
example. Free movement may have a huge impact on exposure homogeneity. Restraining of the animals
may increase exposure homogeneity but cause unacceptable stress for the animal. In addition, animals can
move even in the restraining holder, resulting in variation of exposure. It is important to evaluate
inhomogeneity of exposure during the experiment taking into account the many factors affecting exposure
(Kuster 2000). This includes limitations due to the animals’ body and its associated dependence on
coupling mechanisms of the electromagnetic fields. Details of dosimetric differences between laboratory
animals and humans are described in 11.6.7. Exposure systems need to provide a clearly defined SAR
distribution within the experimental animal (Kuster et al 2006). Average SAR may be misleading in cases
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where organ specific reactions are tested. Exposure systems for whole body and for partial body exposure
have been developed and used to investigate biological effects from near field and far field exposure.

Whole-body exposure systems

TEM cells

TEM cells have been used for animal exposure (Ardoino et al 2005). The animals are usually restrained in
holders. These systems operating at 900 MHz provide a mean whole body SAR in mice (24 g) of 0,38 W
kg per 1 W input power with a standard deviation of approximately 25 %.

Radial waveguide

Radial waveguides have been designed for whole-body exposure of different laboratory animals (Hansen
2003). Depending on the design up to 120 animals can be exposed simultaneously. Animals are typically
not restrained, but can move freely in a small volume. In hamsters the typical medium whole-body SAR
per 1 W input power was 1,7 mW kg™ (20%) at 383 MHz, 27,6 mW kg™ (£30%) at 900 MHz, and 24,2
mW kg (£30%) at 1800 MHz. The shielding factor of the system is better than 75 dB.

In a classical waveguide system (Chou et al 1984; Chao et al 1985; Chou and Guy 1987) with circular
polarization at 24,50 MHz, a whole-body average SAR in mice of 3.6 W kg per 1 W was reported. The
absorption in animals varies considerably with body mass and orientation.

Ferris wheel

The Ferris wheel design consists of two parallel circular plates shorted around the perimeter to form a
radial electromagnetic cavity fed at the center in order to excite a cylindrical TEM wave. This is a
resonant system and needs an appropriate tuning. These systems have been characterized and optimized
for the in vivo whole-body exposure of laboratory animals (e.g. mice) (Balzano et al 2000; Faraone 2006).
The average whole-body SAR in mice in this system was 0.79 W kg™ per 1 Watt. Over the selected range
of body mass from 23 to 36 g and varying locations of the animals in the exposure system, the peak SAR
variation was about 29%.

Reverberation chamber

Reverberation chamber exposure systems have been developed to overcome the body restraining to allow
free movement (Kainz 2006; Jung et al 2008). This is a multimode resonant cavity exposure system. In
this case the dosimetry is based on stochastic SAR values varying over time and space in a random
manner.

Anechoic exposure chamber

Anechoic exposure chambers have been used for free moving as well as for restrained animals (Chou et al
1985; Chou and Guy 1987). Calorimetric measurements showed an efficiency of one system with respect
to the whole body average SAR in mice ranging from 0.11 to 0.17 W kg™ per 1 W with a standard error
0f 0.01 W kg™ per 1 W depending on the orientation of the animal with respect to the electric field vector.

A system for the exposure of 100 free moving animals in a multi-generation study (Schelkshorn et al
2007; Tejero et al 2005) used a parabolic reflector with a diameter of 320 cm, to obtain a plane wave at a
relative short distance. Results from a numerical simulation show that the plane wave condition has been
fulfilled with a maximum phase deviation of 12° compared to an ideal plane wave. The standard
deviation of the power density within the whole exposure volume, was 14.9% and 15,5 % for GSM and
UMTS systems, respectively. Whole body SAR in the rats was 0002.3 mW kg™ per 1 W with a standard
deviation of 41 % at 900 MHz and 0002.5 W kg per 1 W with a standard deviation of 45% at 1966
MHz.

A similar system (Wilson et al 2002) used a flared parallel plate waveguide to produce a TEM wave
exposure to 18 animal cages located at the aperture plane. Average SAR efficiency with respect to whole
body SAR of the free moving animals was 2 mW kg™ per 1 W at 1.6 GHz.
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In mice experiments an exposure chamber attached to a horn antenna (Wang et al 2002) was used. Mice
could freely move inside a plastic container. This system had an efficiency with respect to the whole-body
average SAR of 0.36 W kg™ per 1 W and a variation of = 0.09 W kg™ at 2.45 GHz.

Partial-body exposure systems

Carousel systems

One example of local exposure systems is the carousel-type head exposure systems, although some body
exposure occurs also (Schonborn et al 2004; Wake et al 2007a; Swicord et al 1999). A dipole or
monopole antenna is located in the center of circularly arranged animal holders, like a carousel with his
head toward the antenna. Target organ is rat brain. The ratio of brain average to whole-body average SAR
is reported to be 5 and 9 in these systems operated at 900 MHz and 1.5 GHz, respectively. The ratio is
much less than that of actual mobile phone exposures in humans. The efficiency of such exposure systems
varies with animal mass and ranges from 5.3 W kg per 1 W for animals weighting 70-120 g to 2,8
W kg per 1 W for animals weighting more than 180 g, at a frequency of 1.6 GHz. SAR varied with
animal movement in the restrainers by +15% to - 30% (Schonborn et al 2004). SAR efficiency also varies
with frequency.

In another carousel design (Moros et al 1998; Moros et al 1999) average SAR in the brain of small rats as
measured thermo-metrically was 0.85 £ 0.34 W kg™ per 1 W at a frequency of 835.6 MHz.

Loop antenna

Several exposure systems using a tuned loop antenna close to the head of a restrained animal have been
designed (Chou et al 1999; Leveque et al 2004; Lopresto et al 2007). They can provide peak SAR values
inside the skull of well above 10 W kg™ for I W. Simulations showed that the ratio of the maximum local
SAR in the brain of a rat exposed with a loop antenna versus a human exposed by a GSM cell phone was
1.3 £0.6. In the human head, 20% of the brain absorbs approximately 60% of the total power deposited in
the brain, compared to approximately 35% of the total power absorbed by the same percentage of rat
brain. Additional exposure data obtained by such systems are summarized in Table 1.3.13.

Table 1.3.13.
System Frequency MHz Target Average W kg' SD W kg™ 'per Ref
per IW 1w
Loop antenna 837 brain 23.8 14.4 Chou et al 1999
whole body 1.2 4.6
1957 brain 22,6 11.3
whole body 1.1 4.6
900 brain 6,8 Leveque et al
2004
1800 cochlea 4.5 1.3 Lopresto et al
2007
1.3.4.3. Human exposure systems

Important characteristics that exposure systems for human laboratory studies have to fulfill, include well
defined exposure parameters, blinded exposure, and no emission of other physical or chemical agents.

Partial-body exposure systems

There are several exposure systems used for human studies (Boutry 2008; Haarala et al 2007, Krause et al
2007; Loughran 2005; Regel et al 2006). Some studies employed modified commercial products of
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mobile phones. The dosimetric analysis is based on a numerical approach which has been validated by
measurements with phantoms. SAR distributions in brain are estimated for each exposure system in
detail. The results show that the highly exposed part is limited and the location is different from phone to
phone. It has been shown that the SAR distribution from different types of cell phones could vary by
more than 15 dB (Kuster et al 2004).

As an alternative to the use of cell phones, antenna systems were developed that can comfortably be worn
on the head all day long and even through the night (Bahr et al 2006). Those systems simulate the
exposure from a standard mobile phone with integrated antenna. The efficiency at 900 MHz (GSM
signal) was estimated to be 7.66 W kg per 1 W, at 1966 MHz (WCDMA signal) it was 13.3 W kg™ per 1
W. Similar dosimetric results were reported from integrated mobile phone antennas (Manteuffel et al
2001; Kivekds et al 2004).

Whole-body exposure systems

In two studies on human well-being and cognitive performances (Health Council of the Netherlands 2004,
Regel et al 2006) a far-field, whole-body exposure system was used emitting GSM- and UMTS-like
signals of 1 V m™ incident electric field strength. A base station antenna was located at a distance of 3 m
from the subject sitting in an anechoic room. Numerical calculations by FDTD method revealed that the
whole-body average SAR was 6.2 pW kg™, and that the average and peak (1 g average) SAR in brain was
11 and 73 uW kg™, respectively for 1 V m™ incident electric field strength of UMTS signal at 2.1 GHz
(Regel et al 2006).

1.4. RF MEASUREMENT

1.4.1. Introduction

RF sources give rise to electric and magnetic fields which can directly couple into people, inducing fields
and currents in their bodies. The fields from sources can also couple into objects, which can then give rise
to indirect exposure when people touch the objects and currents flow into their body at points of contact.

The presentation here is concerned only with measurements performed outside the body. The external
measurable quantities include electric and magnetic field strength, induced current and, on occasion,
temperature. Measurements made with instruments inside the body are discussed in Chapter 1.6.

Given the disparity in the type and nature of the sources, a wide range of approaches is used to evaluate
exposure. There are many factors that affect instrumentation and its use in evaluating exposure for a
variety of purposes; consequently, there will be particular needs associated with specific tasks. However,
there are some commonalities in approach that will be highlighted here.

The electric and magnetic field components of an electromagnetic field can vary throughout space and
over time in terms of their magnitude and direction. A measurement aims to gain information about these
quantities that is needed for a particular purpose. The aim here is to indicate the approaches that can be
used to assess exposure to RF fields to evaluate compliance with guidelines, standards and regulations, or
for personal exposure assessment for health related studies.

While it is often convenient to describe the time-domain characteristics of fields, the diversity of sources
requires the assessment of sinusoidal, non-sinusoidal, pulse-modulated and wideband signals. The
implications for measurements of these aspects of fields are also considered here.

1.4.2. Principles of measurements

The measurement equipment must suitably record the quantities to be measured with sufficient accuracy
and precision with regard to the signal characteristics and the conditions under which the measurements
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are made. The equipment must have a sensitivity and a frequency range suitable for the application and
the measurement uncertainty must be considered.

The measurement results may be affected by environmental parameters such as temperature and
humidity, the equipment itself, or interference. The latter may arise due to interactions with the operator,
inadequate immunity of the equipment, including pick-up in its connecting cables, and the effect of other
fields including the effect of the magnetic component in the measurement of an electric field and vice
versa.

It is important that the behavior of the instrument as an entity is known insofar as its response to the
characteristics of the signal(s) is being measured. The detailed frequency spectrum content and aspects of
modulation and harmonics in the measured fields/currents must be taken into account. The calibration of
an instrument should take into account the purpose for which it is to be used, e.g. calibration should be
done using a GSM signal if an instrument is to be used for measuring GSM signals

Both narrow-band (frequency selective) and broad-band instruments can be used for assessing exposure
to RF fields (Chapter 1.4.4). In selecting instrumentation it is necessary to consider a number of key
factors that include the response time of the instrument, peak power limitations of the sensor, polarization
aspects of the field, dynamic range and the capability to measure in near- and far-fields depending on the
circumstances of the field measurement.

Standardization bodies such as the International Electrotechnical Commission (IEC), the European
Committee for Electrotechnical Standardization (CENELEC), and the Institute of Electrical and
Electronics Engineers (IEEE) have devoted considerable efforts into developing technical standards for
the assessment of EMF exposure. This has been to satisfy various needs, including product safety
certification, occupational exposure legislation, and the desire to standardize the methods for making
environmental measurements of electromagnetic fields. The documents are too numerous to list here and
this remains a rapidly developing area. The reader is advised to consult the work of the above bodies to
gain further perspective.

Guidance and suggestions for evaluating compliance with exposure guidelines have been given by the
FCC in OET Bulletin 65 (FCC 1997a). The Bulletin provides advice in predicting and measuring field
strengths. A supplement to the Bulletin has been published providing additional detailed information
relevant to radio and television broadcast stations (FCC 1997b).

The US National Council on Radiation Protection and Measurements (NCRP) has published a report
containing a practical guide to the determination of exposure to RF fields (NCRP 1993). The report
outlines procedures for evaluating exposure. It also describes methods for performing practical
measurements and computations of exposure specific to a number of different types of RF source.

In addition to the reports mentioned above, there are a number of monographs and technical notes
produced by instrumentation manufacturers that provide advice on making measurements and using
commercial products (Bitzer and Keller 1999; Kitchen 2001).

1.4.3. Characteristics of Electromagnetic Fields

1.4.3.1. General Considerations

The measurement of EM fields must account for numerous parameters including the following:

e The power of each field source and the field strength it produces at the location of interest.
Relevant considerations are whether the source uses adaptive power control, produces
intermittent transmissions, and whether it can produce multiple carriers.

o The modulation of the signal; that is, the time-dependent amplitude and frequency (or phase)
changes of each carrier.

e  Multipath propagation, wave contributions from the same source arriving at the measurement
position via different reflected paths and adding constructively or destructively according to
the path length in relation to the wavelength.
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e Fading of the signal, as statistical variations in its amplitude over time due to multipath
propagation between the source and measurement position.

o The radiation pattern generated by the source, which is the spatial distribution of the EM
field with respect to the source. In the near-field, angular field distributions change greatly as
a function of distance from the source. In the far-field, there should be no significant change
in the angular field pattern with distance from the source, but reflecting objects in the far-field
often make this assumption incorrect.

e The frequency spectrum of the source(s), as energy may be distributed over several decades
of frequency. The latest ultra wideband (UWB) sources have energy spread over ranges as
great as 3.1-10.6 GHz.

e The impedance of the field, which describes the amount of energy associated with the electric
versus the magnetic field at each point of interest in space.

e The polarization of the field, which for a single frequency field, is the direction of the electric
field vector and/or the magnetic field vector. The polarization may be constant in a particular
direction (linear polarization) or rotating (elliptical polarization).

e The direction of propagation for a far-field source.

o The spatial distribution of fields as a function of location from the RF source.

e The physical environment between the source and measurement location, including the
ground and other reflecting objects.

1.4.3.2. Measurements in the Far-Field Region

The far-field refers to a region far away from a single electromagnetic field source, as shown in Figure
1.4.1. The electric (E) and magnetic (H) field distributions are essentially independent of the distance
from the source. The field has a predominantly plane wave character, i.e., completely uniform distribution
of electric field strength and magnetic field strength in a plane normal to the direction of propagation. The
E and H-fields are perpendicular to each other and their magnitudes are related according o |E|/|H| = 377
Q where 377 Q is the characteristic impedance of free space. Problems can be encountered in any realistic
measurement situation in the far-field of a radiating source.
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Figure 1.4.1.: Near and Far-Field Nomenclature

Measurement issues for a single source at far-field.

When there is only a single source (the source can contain one or more frequencies) of EM fields,
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measurements in the far-field of this source can often be performed with relatively simple instruments and
techniques. Measurement of only one field, either electric or magnetic, is needed. In addition, high spatial
resolution is usually not necessary, since the far-field does not have transverse spatial gradients. In the
far-field of a single radiating source only one constant polarization is assumed to exist. This polarization
can be linear or elliptical.

Spatial variations in the far-field

Under far-field conditions the electric and magnetic field strengths decrease in proportion to the distance
from the source (inverse relationship). This relationship does not apply close to an electrically large
radiator such as an antenna that is several wavelengths long, or a reflecting surface (e.g. exterior wall)
that has dimensions that are large compared to a wavelength. Reflections cause constructive or destructive
interference which causes a periodic variation in the magnitude and phase of the E and H-fields. The
distances between maxima and minima are greater or equal to a half wavelength. Reflections of the
incident fields occur whenever objects are anywhere near to the region where measurements are being
performed and these can cause significant errors in the field strengths being measured. Reflecting objects
include the measurement instrument (its housing and cables connected to it) and the ground or other
objects in the region of interest. Also, the body of the operator can cause significant reflections.

Time variations of the far-field

Instrumentation must be able to make accurate measurements of fields with various time-varying
characteristics. Variations in the far-field region occur due to the source characteristics and the nature of
the environment. Under almost all circumstances, change can occur only in the amplitude and not in the
frequency. The exception would be the presence of a very rapidly moving source causing a Doppler shift
in frequency. Measurement issues associated with time varying field strengths can arise due to amplitude
and frequency modulation. There are several types of time variations of a field e.g.

e Variations much shorter than the averaging time, due to modulation or the fast fading of
signals due to multipath propagation.

e Certain sources such as air traffic control radars sweep their antenna beam as they scan a
volume of space. These sources cause periodic variations in the field strengths at any point,
and the changes occur over short periods of time (seconds).

e Slow variations that occur over periods longer than the averaging time at different times of
the day.

Measurement issues for multiple sources

If multiple field sources exist, special procedures must be used. Multiple sources may include near-, and
far-field conditions, with respect to the measurement instrument. Performing correct measurements
requires consideration of frequency, polarization, modulation, and on and off times of each source.

Interference from other sources outside the frequency range that the instrument is designed to measure
can greatly degrade measurement accuracy. This interference, called out-of-band interference, is
important in areas where multiple signals are present. Signals outside of the instrument’s designed useful
frequency band, may produce readings greatly in excess of the actual field strength from the useful band
signal. Caution should be exercised to ensure no strong fields exist outside the measurement range of the
instrument.

1.4.3.3. Measurements in the Near-Field Region

There are two types of near fields: reactive and radiative (Figure 1.4.1). The reactive near-field region
contains stored non-radiating energy (quasi-static fields) and is located closest to a source of
electromagnetic fields. The spatial distributions of the electric (E) and magnetic field (H) field are
effectively independent of each other. The amplitudes and phases of both the electric and magnetic fields
also vary greatly as a function of distance from the source. The ratio of the magnitudes of E- and H-fields
departs from 377 [ and is not constant or easily calculated without detailed knowledge of the structure of
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the EM source. Therefore, both E and H must be measured at every point of interest. The transition from
a region where the spatial distributions for E and H are independent to one where they are correlated is
gradual with increasing distance. For radiators that are small compared to a wavelength, the reactive near-
field is taken as extending to

r=A12x Eqn. 4.3.1
For radiators that are not small with respect to a wavelength, it is taken as extending to

r=0.62(D*/ 2) Eqn. 4.3.2

The radiating near-field region is farther away from the source. The spatial distributions of E- and H-
fields are well correlated in the radiating near-field region, but the far-field radiation pattern of a source is
not yet fully formed and there are changes in the angular distribution of the E- and H-fields with
increasing distance. This region is defined as beyond the reactive near-field region and extends to

r=2D*/2 Eqn. 4.3.3

In the above three equations:

r = distance from the geometric center of the radiating object
A= wavelength
D = the largest linear dimension of the radiator

Issues of near-field measurement do not only apply close to a traditional radiating object, such as a
transmitting antenna or mobile phone handset. A reflecting object that is in the far-field of a transmitter
produces near-field “radiation”. For example, a metallic object such as a structural beam in a building, an
electrical cable behind a wall, or the ground is a re-radiating object that produces near-fields.

Measurement issues for a single source of near-fields

Spatial variations in the near-field

In the near-field the field strength (E or H) does not diminish in direct proportion to increasing distance
from the source but more rapidly, as shown in equations 4.3.4 to 4.3.7 for a very small (infinitesimal)
electric dipole. The electric field component varies with distance cubed very close to the dipole (source).
Therefore, measurements of near-fields must be made at very frequent spatial intervals. Preliminary
measurements must be made to estimate the spatial gradients that exist in the region of interest. Then final
measurements can be performed to obtain accurate data.

E,‘:Me*ﬂ(r 277720+ - 2 T |cos® Egn. 4.3.4
4z d°  josd

E():Me’ﬂ"' M-ﬁ- - 1 3 +lg sin @ Eqn. 4.3.5
4z d josd d

H, :Me*fk" ﬁ+% sin@ Eqn. 4.3.6
4 d d
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where
=22 (m™) Eqn. 4.3.7
A
0 = impedance of free space (377 Q)
£ = permittivity of free space (F m ")
7, = permeability of free space (Hm ')
h = length of the dipole (m)
1y = antenna current (A)
w = angular frequency (rad s
A = wavelength (m)
d = distance from center of dipole to the location of interest (m)
0 = angle between the axis of the dipole and the vector from the center of the dipole to the point

Time variations in the near-field

When measuring time varying E- and H-fields, the factors that must be considered are identical to the
factors discussed in this chapter for time variations in the far-field. These factors include changes in
amplitude and frequency.

Perturbations of the near-field

Measurement instruments or other objects in the reactive near-field of a source can alter the field
strengths and phases of E and H. For example, the presence of measurement personnel or an instrument at
an arbitrary location in the reactive near-field of a source may change the E- and H-fields at any other
nearby locations. Therefore, sensors that are used to measure fields in this region must be very small
compared not only to the wavelength, but also to the field gradients.

1.4.4. Instrumentation

Traditionally, there have been two categories of instruments, namely broad- and narrowband (or
frequency selective). The band refers to the frequency range that the instrument measures at a particular
instant. A narrow bandwidth is one that is small with respect to the frequencies being measured and is
such that two different sources can be distinguishly resolved.

Modern telecommunications systems have been developed that separate different transmitted signals on
the basis of orthogonality of signals instead of frequency and/or time. Such systems include the current
3G cellular systems, which use CDMA (Code Division Multiple Access). Many signals are transmitted at
the same time within the same bandwidth meaning that even a spectrum analyzer cannot separate them. In
order to identify the individual signals associated with such systems, it is therefore necessary to use
specialized equipment able to detect all possible signal patterns and thereby identify the power level and
source of each individual signal.

There are essentially three classes of instruments used to measure external electric and magnetic fields,
namely survey instrumentation, spectrum analyzers and personal exposure monitors. These types of
equipment are described below, as are the instruments used to measure body current.

1.4.4.1. Broadband instrumentation for electric and magnetic fields

Portable RF measurement instrumentation, or “hazard survey meters”, provides a relatively simple and
convenient means for measuring electric and magnetic field strength to assess compliance with exposure
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guidelines. The desired characteristics of the meters, the principles of operation of different types of probe
and calibration methods have been described in the literature (see Chapter 1.4.2).

Most commercially available RF survey meters are broadband devices. A broadband electromagnetic
field instrument is one that ideally measures the total field (both near- and far-fields) impinging on the
instrument’s sensors simultaneously regardless of modulation (amplitude and/or frequency) within the
range specified by the manufacturer.

For the specific purpose of checking compliance with exposure standards, shaped frequency response
instruments have been developed. They are specially designed to have RF field sensors with detection
sensitivity that varies as a function of frequency. The displayed output from the instrument is a single
number that is expressed as a percent of the limit from a specific frequency-dependent standard.

The major components of a broadband instrument, as shown in Figure 1.4.2, are:

e Field Sensor — an antenna and detection device that produces a low frequency signal
proportional to the magnitude of the total field strengths or the square of field strengths being
measured. Usually the antenna is a dipole or loop that is small compared to the shortest
wavelength of the field being measured.

e Data link — a resistive or metallic wire, or a fiber optic cable that carries the output of the
field sensor to a display and data collection unit. The link cable usually is designed to prevent
RF currents from flowing from the sensor to the display/data collection unit. Ideally the link
is “transparent” to the RF field by being highly resistive at RF frequencies or being a fiber
optic cable. Some broadband units do not have this data link, since the field sensor, signal
conditioning and display parts are integrated into one unit that is small compared to a
wavelength.

e Data processing and display — provides the signal processing, which can include filtering,
amplification, summation, digitization, and a display to show the field strength, field-
strength-squared, and other data. This unit may also perform signal averaging and storage and
data transmission to a computer or other external computing device.
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Figure 1.4.2.: Schematic of a broadband hazard assessment instrument

The antenna and detector are generally contained within a hand-held probe connected either directly or
via a flexible lead to a meter containing the processing electronics and display. The antenna in an electric
field probe usually consists of one or more electric dipoles. Isotropic probes contain three mutually
orthogonal dipoles and derive a vector summation of their outputs to give a response independent of
probe orientation. The antennas in magnetic field probes are usually three mutually orthogonal loop or
coil elements.

Detectors commonly used in commercially available probes are often diodes and thermocouples. Diodes
are widely used since they are sensitive and can also tolerate relatively high field strengths without being
overloaded; they are non-linear devices and in weak fields produce a rectified voltage proportional to the
square of the incident field strength. In stronger fields, diodes operate out of the square-law region and
processing electronics are required to compensate for the deviation. This can introduce imprecision in
multiple-frequency environments and can affect the accuracy of measurements of time-averaged field
strength when the fields are pulse modulated. Another potential source of error is the sensitivity of diodes
to temperature variation.

Thermocouples detect temperature changes and produce a voltage proportional to the power deposited in
the junctions of the device. Disadvantages of thermocouples include thermal drift, limited dynamic range,
susceptibility to burnout in strong fields and their relative insensitivity.

1.4.4.2. Spectrum analyzers (narrowband instruments)

The limitations inherent in broadband instrumentation can be overcome by making narrowband
measurements. A narrowband instrument is frequency selective and measures the electric or magnetic
field strength from one or more sources in a “narrow” frequency band. This type of instruments capable
of stepping in time through an entire frequency range of interest is called spectrum analyzers. They
display and/or record the field strength versus frequency through the frequency range of interest. Some
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spectrum analyzers are designed to display the field strength at each frequency as a percentage of the
exposure limit in a specific frequency-dependent standard.

The instrument is designed to measure near-fields, the dimensions of the probe sensor should be a small
fraction of a wavelength at the highest operating frequency. The sensor and other instrument components
should not produce significant scattering of the incident electromagnetic fields.

The sensor response should be isotropic (independent of orientation), non directional, and not sensitive to
the polarization of the fields to be measured. A sensor with a non isotropic response is useful if the
polarization of the measured quantity (E or H) is known or if the sensor can be rotated to find the
direction of polarization. The leads from the sensor to the meter should not interact significantly with the
field or conduct RF current from the field to the sensor.

A spectrum analyzer generally employs a broadband antenna in conjunction with a narrowband tunable
receiver that provides the frequency and amplitude of the signal to which it is tuned. Spectrum analyzers
are tunable over a wide frequency range and they can be used to display the variation of amplitude over a
specified portion of the spectrum. An example of the equipment showing antenna, spectrum analyzer and
computer control is shown in Figure 1.4.3. Most types of antennas used in conjunction with spectrum
analyzers for narrowband measurements are not isotropic. Therefore, three measurements are required to
determine the vector-summed resultant field strength if the direction of propagation and/or the frequency
are unknown. The antennas also tend to be large, since they contain resonant elements, and this may give
rise to perturbation in the near-field and prohibit measurements with high spatial resolution. Moreover,
the antennas may couple with nearby dielectric bodies, including the operator, which complicates the
measurement.

Figure 1.4.3.: Typical spectrum analyzer measurement kit

There are many parameters that have to be carefully set when using a spectrum analyzer in order to obtain
a reading of the signal, e.g. the RMS field strength. Some of these are as follows:
e Frequency span — this is the bandwidth over which the analyzer sweeps. The sweep is not
continuous, but made in discrete frequency steps.
e  Resolution bandwidth — the bandwidth with which the analyzer measures the field strength at
a particular frequency. The measurement is typically made with a Gaussian filter. Insufficient
resolution bandwidth may result in under-reading of the field strength.
e Number of points — the number of discrete frequencies at which measurements are made over
the frequency span.
e Dwell time — the dwell time at any particular frequency is defined by the sweep time divided
by the number of points.
e Detector —several types of detectors are provided in most spectrum analyzers for average or
peak measurement.

A new generation of frequency-selective instruments has been developed for easy-to-perform frequency-
selective measurements. These portable spectrum analyzers with tailor-made software measure multiple
signals at different frequencies and then sum the results in the context of a given set of exposure
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guidelines and assigning percentage contributions to different signals. In some cases the measuring
antennas are placed on tripods in order to minimize interaction with the operator, while in other cases the
entire instrument (probe and spectrum analyzer) is in a single hand-held unit.

1.4.4.3. Personal exposure monitors

For studies of human exposure it is important to have meaningful estimates of exposure over time.
Personal exposure assessments have been made using exposure data obtained from spot measurements,
taken at a point in time and space where a person may be present. Measurements are generally made of
the electric field strengths and plane-wave equivalent power densities, and exposures are estimated based
on time and motion investigations. More recently, instruments using personal exposure monitors worn on
the body have been developed to enable exposure estimates. The type of monitor varies depending on the
exposure environment. Workers on antenna sites have worn pocket-sized devices and more sensitive
instruments have been developed to capture relatively low level exposures of the general population over
a range of frequency bands used for telecommunications. The characteristics of these types of devices
allow data logging over extended periods of time and activity.

While personal monitoring may be very useful for categorizing exposure of groups of people for
epidemiological studies, the perturbation of the incident field by the body may result in considerable
uncertainty.

1.4.4.4. Body current measurements

In addition to the measurement of external electric and magnetic fields, in some circumstances it is
possible to measure currents induced as a result of exposure to RF fields. There are two main types of
body current meter. Transformer clamps measure the currents flowing through limbs while foot current
meters measure the current flowing through the feet to the ground. Meters are also available for
measuring contact current as a result of a person contacting conducting objects.

Foot current meters

Current flowing between the feet and the ground can be measured using two parallel conducting plates,
separated by a slab of dielectric material and short circuited via a small resistance. The individual stands
on the upper plate and the lower plate is placed on the ground. The induced current is calculated by
Ohm’s law from the potential difference measured across the resistor using a voltmeter incorporating e.g.
a diode detector. Alternatively the resistor and detector could be replaced by a thermocouple RF
milliammeter connected in series with the two plates. Foot current meters may be appropriate for
measurements at ground level but are of limited use if carrying out measurements above ground.

Current transformers

Clamp-on current transformers have the advantage over foot current meters in that they can be used in a
greater range of environments. The clamp consists of a solenoid wound around a ferrite core and the
current induced in the coil provides a direct measurement of current flowing through the region of interest
in the body. Clamp-on instruments have been developed that can be worn and are generally placed around
the wrist, ankle or neck (Blackwell 1990).

The meter display unit can be mounted either directly on the transformer or connected through a fiber-
optic link to indicate the current flowing through the clamped limb. Current sensing in these units may be
accomplished using either narrowband techniques such as spectrum analyzers or tuned receivers or
broadband techniques using diode detection or thermal conversion. Instruments have been designed to
provide true RMS indications.

The upper frequency response of ferrite-cored current transformers is around 250 MHz. Lighter air-cored
transformers have been used to extend the upper frequency response of these instruments but they are
significantly less sensitive than ferrite-cored devices.
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Figure 1.4.6.: Example of a Personal Current Meter and Display

Contact current meters

RF contact current measurements are made to investigate the currents due to contact with metallic objects
in RF fields, The current measurement device has to be inserted between the hand of the person and the
conductive object. The measurement technique may consist of a metallic probe with a defined contact
area to be held by hand at one end of the probe while the other end contacts the conductive object.

A clamp-on current transformer, as described above, can be used to measure the contact current which is
flowing into the hand in contact with the conductive object. Other approaches are:
o the measurement of the potential difference across a non-inductive resistor of a few ohms
connected in series between the object and the metallic probe held in hand
e use of a thermocouple milliammeter placed directly in series.

Commercial equipment has been developed where there is a potential for high currents that could give
rise to RF burns. The principle of operation is to use an electrical network of resistors and capacitors
which can simulate the body’s equivalent impedance.

1.4.5. Calibration of external field measurement equipment

1.4.5.1. Introduction

A number of methods are used for calibrating RF survey probes. These may involve calibrating the probe
under free field plane-wave conditions or placing the probe inside a uniform field generated by, e.g. a
rectangular waveguide, TEM cell, anechoic chamber or, in the case of some magnetic field probes,
Helmholtz coils. The facilities may be used to generate standard fields or use transfer standard probes
whereby the field strength is first measured using a standard probe with known calibration traceable to
national standards institutions, and then measured with the uncalibrated probe.

The accuracy achieved in a calibration facility is rarely reproduced in practical measurements outside the
laboratory because of the following reasons.

e The calibration is usually performed under plane-wave or uniform-field conditions, however
the probe may respond differently under realistic conditions where exposure may be in the
near-field such that the field strength varies considerably over space. In the reactive near-field
the probe may couple with the radiator and alter its emission characteristics.

e In some calibrations only the probe is immersed in the field, however in realistic situations
the connecting lead and display unit are also positioned in the field.

e Measurements may be performed in the vicinity of dielectric or metallic scatterers and/or
reflecting surfaces.

e In calibrations the probe is positioned in a mount designed for minimum perturbation of the
incident field. During exposure assessments the probe is generally held by an individual
whose body may couple to the antenna or act as a scattering object.
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1.4.5.2. Factors for consideration

Apart from the effects of temperature and instrument stability drift over time there are a number of factors
that can materially affect the accuracy of RF instruments.

e Frequency response — calibrations are ideally carried out at frequencies over which the
instruments are to be used and at field strengths that are comparable with mid-range readings
or above. The response should be reasonably flat over the design frequency range and in the
range 1-3 dB.

e Linearity — a range of levels between 25% and 100% of full scale on each range should
permit a good assessment of linearity.

e Out of band response — the potential effect of signals outside of the specified frequency
response of an instrument need to be considered. Such signals which could originate from
multiple sources or harmonics and can potentially affect any element of the instruments
construction e.g. the sensor/detector, connecting cables and readout.

e Near-field response — where the instrument may be used in either high or low impedance
fields encountered in near-fields, the response of an instrument designed for E or H should be
appropriately evaluated to examine the response to the H or E-fields respectively. This can be
achieved using mismatched TEM cells up to about 300 MHz.

e Modulation — the modulation characteristics of sources are important considerations
particularly where pulsed modulation associated with digital equipment or with radar signals
where peak to mean power duty factors may be in the order of 0.001.

e Isotropy — instruments using orthogonal arrays of sensors should be insensitive to the
direction of propagation of the incident field however there will be some uncertainty in the
sensitivity of individual antenna/detector elements that can be ascertained by rotation of the
probe about the handle axis. Another aspect of the isotropic nature of probes can be assessed
by rotating the probe handle through the electric field plane.

e Interference — the possibility for RF interference occurring with some component of the
instrument should be considered, particularly if calibrations are carried out without all
components of the equipment in the field.

1.4.53. Uncertainty budgets

In carrying out calibrations in facilities such as those referred to above, the effect of scattering objects and
the conducting parts of the RF instrumentation being calibrated will disturb the incident field. In general it
would be expected that the uncertainty should not exceed 2 dB and in some circumstances may be less.
Uncertainty for TEM cell calibrations may be as little as 5%, but 10% is more typical. For GTEM cells,
where the field strength cannot be simply calculated from the power and cell geometry, it is likely that a
transfer standard field sensor will provide the lowest uncertainty for calibration.

In addition to the uncertainty in the calibration procedures, there are other measurement factors that will
affect the overall uncertainty when using RF field instrumentation in particular situations. These will
include temperature and drift effects, resolution of the display, issues related to the relative location of the
RF source and the measurement probe, positioning of the sensor, nature of polarization, perturbation of
measurement by people and the degree of repeatability. All of these will contribute to the derivation of
the expanded uncertainty budget which may be much larger than the calibration uncertainty but may be
reduced by adopting approaches to minimize the uncertainty on some of the foregoing factors.
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LS. MECHANISMS OF INTERACTION

1.5.1. RF exposure and coupling into biological systems

When a radio frequency electromagnetic field in air impinges on a biological body it is reflected,
transmitted, refracted or scattered by the biological body; the refracted and scattered fields may proceed
in directions different from that of the incident RF field. These phenomena are described and governed by
the well-known Maxwell’s equations of electromagnetic theory. The transmitted and refracted fields from
the RF exposure induce electric and magnetic fields in the biological systems that interact with cells and
tissues in a variety of ways, depending on the frequency, waveform, and strength of the induced fields
and the energy deposited or absorbed in the biological systems. Thus, to achieve a biological response,
the electric, magnetic or electromagnetic field must couple into and exert its influence on the biological
system in some manner, regardless of what mechanism(s) may be accountable for the response.

Nevertheless, knowledge of the specific mechanism responsible for a given observed biological effect is
of scientific interest because: (1) they facilitate understanding of the phenomenon, (2) they help in
analyzing relationships among various observed biological effects in different experimental models and
subjects, and (3) they serve as guides for comparison and extrapolation of experimental results from
tissue to tissue, from tissue to animal, from animal to animal, from animal to human, and from human to
human undergoing RF exposure. Therefore, it is important in assessing the health and safety risk of RF
energy to determine not only the fields induced in biological tissues, but also the mechanisms underlying
its biological interactions with cells, tissues and the human body. However, while a mechanism(s) must
be involved in giving rise to biological effects from RF exposure, it is possible that because of their
complexity and the limitations of our scientific knowledge some mechanism(s) responsible for producing
a significant effect(s) may still be awaiting discovery or identification.

As mentioned in chapter 1.4.3., radiation of RF electromagnetic energy is accomplished through the use of
antennas, applicators, or radiators. The spatial distribution of RF energy from an antenna is directional
and varies with distance from the antenna. At distances sufficiently far from an antenna so that the RF
field distribution changes only with distance, not angle or orientation, the region is called a far field or
radiation zone. At lesser distances, the energy distribution in the near field or zone is a function of both
angle and distance. Moreover, the behavior of RF fields and their coupling and interaction with biological
systems are very different in the near and far zones.

The demarcating boundary between near and far zones occurs at a conservative distance of R = 2 D* 1™,
where D is the largest dimension of the antenna. Furthermore, the near zone can be divided into two
subregions: the radiative region and the reactive region. In the radiative region, the region close to and
within 2 D* X', the radiated power varies with distance from the antenna. The vicinity of the antenna
where the reactive components predominate is known as the reactive region. The precise extent of these
regions varies for different antennas. For most antennas, the transition point between reactive and
radiative regions occurs from 0.2 to 0.4 D* A", For a short dipole antenna, the reactive component
predominates to a distance of approximately A/2x, where the radiative and reactive components are equal
to each other. However, the outer limit is on the order of a few wavelengths or less in most cases (Lin
2000b; 2007).

At the lower radio frequency of 100 kHz, the wavelength in air is 3 km and the A/2x distance is about 477
m for the reactive and radiation fields to have equal amplitudes. In contrast, at 900 MHz, the wavelength
in air is 33 cm and the /27 distance is 5.3 cm, which comes very close to the 2 D* "' distance of 6 cm for
a 10-cm RF antenna operating at 900 MHz in air. Clearly, both near-zone reactive and far-zone radiative
interactions are encountered in the vicinity of personal wireless telecommunication systems.

Some of the salient features of near zone field are: (1) RF electric and magnetic fields are decoupled,
quasi-static, and are not uniform, (2) wave impedance varies from point to point, (3) beam width from the
antenna is divergent and is small compared with the head or human body, especially for a small antenna,
(4) the power varies less with distance from the antenna and (5) the power transfers back and forth may
be nearly constant between the antenna and its surrounding medium.
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In the far zone, RF fields are characterized as follows: (1) they have plane wave fronts and are
independent of source configurations, (2) the radiated power decreases monotonically with distance from
the antenna, and (3) the electric and magnetic fields are uniquely defined through the intrinsic impedance
of the medium. Thus, a determination of the electric or magnetic field behavior is sufficient to
characterize the exposure in terms of power density.

An important consideration in RF exposure is the coupling of RF fields and their distribution inside the
body. This association is also valuable in human epidemiological investigations on the health effects of
RF field usage. The coupling of RF electromagnetic energy into biological systems may be quantified by
the induced electric and magnetic fields, power deposition, energy absorption, and their distribution and
penetration into biological tissues. These quantities are all functions of the source and its frequency or
wavelength, and their relationship to the physical configuration and dimension of the biological body.
Furthermore, the coupling is more complicated in that the same exposure or incident field does not
necessarily provide the same field inside biological systems of different species, size, or constitution.
Additionally, the interaction of RF energy with biological systems depends on electric field polarization,
especially for elongated bodies with a large height-to-width ratio.

It is emphasized that the quantity of induced field is the primary driving force underlying the interaction
of electromagnetic energy with biological systems. The induced field in biological tissue is a function of
body geometry, tissue property, and the exposure conditions. Moreover, determination of the induced
field is important because: (1) it relates the field to specific responses of the body, (2) it facilitates
understanding of biological phenomena, and (3) it applies to all mechanism of interaction. Once the
induced field is known, quantities such as current density (J) and specific energy absorption rate (SAR)
are related to it by simple conversion formulas. In this case, for an induced electric field E in V-m™, the
induced current density is given by

Jx,y,z)=0(x,y,z)E(x,,2) Egn. 5.3.1

where o is the electrical conductivity (S m™) of biological tissue and SAR is given,
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where p is the mass density of the tissue (kg m™).

At lower frequencies, e.g., 100 kHz or 10 MHz, where the wavelength of RF radiation is at least an order
of magnitude longer than the dimensions of the human body, field behavior inside the body is
characterized by near-zone reactive field and is quasi-static in character. The electric and magnetic fields
become decoupled, and they act separately and additively inside tissue medium (Lin et al 1973; Lin
2000b; 2007). For all practical purposes, the induced fields can be obtained by combining the two
independent quasi-static electric and magnetic solutions of the electromagnetic field theory. For example,
an externally applied uniform electric field gives rise to a uniform induced electric field inside the body
that is in the same direction, but reduced in strength by a factor inversely proportional to the dielectric
constant and is independent of body size. The magnetically induced electric field amplitude inside the
body is given by

E(x,y,z) = wB(x,y,z)r/2 = afryiH (x, y,z) Eqn. 5.3.3

where f = @/2x is the frequency, p is magnetic permeability, r is the equivalent radius of a region with
homogeneous electrical conductivity, B is magnetic flux density, and H is the strength of the magnetic
field component. A uniform magnetic field produces an internal electric field that increases in proportion
with distance away from the body center. Thus, magnetically induced electric field, i.e., inductive
coupling, would dominate inside a biological body except for tissue bodies that are 1 mm or less in size.
A similar scenario exists in the near-zone-reactive region of all antennas and radiating systems. A case in
point, the interaction of a cellular mobile telephone handset with the user’s head is quasi-static in nature
and inductive coupling of antenna-current-generated magnetic field dominates power deposition in the head.
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L.5.2. Biophysical mechanisms of interaction

1.5.2.1. Ionization potential of RF fields

Electromagnetic energy may be thought of as being carried by photons or quanta. In this case, the energy
(E) of a photon is given by E = Af, where 4 is the Planck’s constant = 6.625-10>* I's, and f is frequency in
Hz. Note that 1 eV (electron volt) is equal to 1.602-10™" J, and the frequency of 1 eV photon is equal to
2.418-10" Hz. Therefore, the higher the frequency, the higher the energy per photon. A definite amount
of photon energy is required to produce ionization by ejection or promotion of orbital electrons from
atoms of the material through which an electromagnetic wave propagates. The minimum photon energies
capable of producing ionization in water and in atomic carbon, hydrogen, nitrogen, and oxygen are
between 10 and 25 eV. Inasmuch as these atoms constitute the basic elements of living organisms, 10 eV
may be considered as the lower limit for ionization in biological systems.

A single photon of RF radiation has relatively low energy levels, less than 1.24-107° eV; therefore it is not
capable of ionization. Accordingly, electromagnetic radiation in the RF spectrum is regarded as non-
ionizing radiation. The deleterious biological effects of such ionizing radiations as gamma- and x-rays
that largely result from ionization taking place in biological cells and tissues are not produced by a single
photon of RF radiation (Lin 1978). It is noted that for strong RF fields, simultaneous absorption of
8.06:10° or more low energy RF photons, could potentially produce ionization in biological materials, but
the probability is small. The point is that RF radiation has low energy photons, therefore under ordinary
circumstances, RF radiation is too weak to affect ionization or cause significant damage to biological
molecules such as DNA, which is especially renowned for its repair mechanism.

1.5.2.2. Induced charge and dipole relaxation

Polar molecules such as water and other cellular components of biological materials can translate and
rotate in response to an applied sinusoidal electric field. The translation and rotation is impeded by inertia
and by viscous forces. Therefore, the orientation of polar molecules does not occur instantaneously,
giving rise to a time-dependent behavior known as the relaxation process. Moreover, cells and tissue
structures carry different electric charges. When subjected to a sudden electrical stimulation they require a
finite time for charges to accumulate at the interfaces and to equilibrate. The accumulation of charges at
the interfaces continues until a condition of equilibrium is re-established, leading to the relaxation
phenomenon. Many types of relaxation processes can take place in biological tissues, owing to polar
molecules and membrane charges.

When a dipole distribution is uniform, the positive charges of one dipole cancel the effect of the negative
charges from another adjacent dipole. However, when the dipole distribution varies from point to point,
this complete cancellation cannot occur. At an interface especially, the ends of the dipoles leave an
uncancelled charge on the surface, which becomes an equivalent bound charge in the material. The
relaxation process may therefore be illustrated by considering the response of bound charges to an applied
electric field (Lin 2000b; Michaelson and Lin 1987). In this case, the dynamic force balance equation is
given by

d*x ) dx

m——-=qE-mo;x-—mv— Eqn. 5.4.4
dt dt

where x is the displacement of a charged particle, E the applied electric field, w; is the characteristic
frequency of the elastic, spring-mass system, v, is the particle collision frequency, and m and q are the
mass and charge of the particle, respectively. The force exerted on the particle -- mass multiplied by
particle acceleration on the left-hand side of equation (5.4.4), results from an electric driving force qE, an
elastic restoring force in proportion to displacement x with elastic constant denoted as m >, and a
retarding damping force proportional to velocity dx/dt with damping coefficient, mv.
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After Fourier transformation and rearranging terms, equation (5.4.4) becomes

x(w) =[(g/m)E)/[0] - & + jov)] Eqn. 5.4.5

Note that the equilibrium position for the charge (x = 0) represents local charge neutrality within the
medium. When the charge is displaced from its equilibrium position, a dipole is established between the
charge itself and the ,hole” that is left behind and bound in the molecular and membrane structure. A
dipole moment p is formed by the charge q times the displacement x. For a medium with volume-bound
charge density p, the total dipole moment per unit volume or polarization P is

P=pp=[p(q’ /mE]/[o] - o + jov)] Eqn. 5.4.6

The electric flux density D may be expressed in terms of the electric field E and polarization P as

D=¢E+P Eqn. 5.4.7

For isotropic media, the permittivity may be related to D by the expression D = ¢E. These relations
together with equation (5.4.6), give an equation for the permittivity,

(o) =¢g,[1+ (coﬁ )/(cos2 —0% + jov)] Eqn. 5.4.8

Where
o} = pq*/me, Eqn. 5.4.9

and g is the vacuum or free-space permittivity. Clearly, € is a complex quantity and can be denoted by
e=¢'— je" Eqn. 5.4.10

where €' and ¢” are the real and imaginary parts of the permittivity and can be obtained by equating the
real and imaginary parts of equations (5.4.8) and (5.4.10). The relationship between electrical
conductivity ¢ and €" is derived from Maxwell’s equations and it is

o =wse" Egn. 5.4.11

The velocity of bound charge motion v = dx/dt can be obtained from equation (5.4.5), such that
(@) =[(g/m)E)/[v - j(@ - &)/ w] Eqn. 5.4.12

The finite velocity of charge motion in the material media indicates that the particle cannot respond
instantaneously to a suddenly applied electric field. This time-delay phenomenon gives rise to a
frequency-dependent behavior of charge displacement leading to changes in permittivity with frequency
or the relaxation mechanism of interaction of electromagnetic radiation with biological systems. It is
noteworthy that the same conclusions are reached by performing the inverse Fourier transforms of
equations (5.4.8) and (5.4.12) and examining the phenomenon in the time domain. Note that the
dependence of permittivity on source and characteristic frequencies o, ,, and o, suggests that the charge
displacement and motion given by equations (5.4.5) and (5.4.12), respectively, can also be resonant in
nature.

1.5.2.3. Enhanced attraction between cells for pearl-chain formation
Molecules and cells under the influence of RF electric fields at frequencies up to 100 MHz would
rearrange and form chains along the direction of the field. This phenomenon has been observed by many

investigators and often referred to as the pearl-chain effect (Schwan 1982; Takashima and Schwan 1985).
Pearl chains have been formed with biological materials such as erythrocytes or bacterial suspensions.
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Under the influence of RF electric fields, electrical charges tend to accumulate on opposite cell surfaces
to form induced dipoles, whose orientation changes with oscillations of the field. A dipole—dipole
attraction occurs in the process. The attractive forces between the dipoles are enhanced when the cells are
in close proximity to each other. The dipoles then align in the direction of the applied electric field and
form chains of many cells or molecules. These chains are mostly single-stranded but they can be multi-
stranded as well.

The pearl-chain effect has been extensively investigated, both experimentally and theoretically (Sher et al
1970; Schwan 1982; Takashima and Schwan 1985). It has been shown that, for frequencies up to about
100 MHz, the threshold electric field strength needed to produce the effect depends on frequency, cell or
particle size, and pulsing parameters of the applied field. At higher frequencies, the induced dipoles have
insufficient time to follow the oscillating field to change their directions. At low frequencies, the
threshold is proportional to the 0.5 power of frequency, but it is nearly independent of frequency above 1
MHz. At 70 MHz, the threshold is around 10 kV-m™ and it decreases markedly below 100 kHz to about 2
kV-m™ at 500 Hz for an approximately 2.2 pm albumin coated silicon particle. The threshold field using a
variety of particles with different sizes, shapes, and compositions indicates that particle properties do not
significantly influence the threshold field strength. However, the threshold field has been demonstrated to
be proportional to R on the particle size, where R is the radius of the particle.

Both pulsed (single or multiple pulses) and continuous wave (CW) fields are known to produce the pearl-
chain effect, with a time constant that appears to be proportional to E?, where E is the field strength. A
minimum amount of energy -- proportional to TE*, where 7, and E are the minimum pulse width and
threshold field strength, respectively, is required to overcome the Brownian forces associated with
random motion. Note that the minimum average field strength required of pulsed fields to produce pearl
chains is equal to the minimum average field strength for CW fields, suggesting that pulsed field is no
more effective than CW fields in inducing the pearl-chain effect. On the basis that the pearl-chain effect
can be produced by a single pulse without a significant temperature rise, the pearl-chain effect is regarded
as being caused by forces induced by RF electric field, not by a biologically significant temperature
elevation (Sher et al 1970; Takashima and Schwan 1985).

The rotation of non-spherical cells - typical biological cells in a circularly polarized electric field - is a
related electric-field induced, nonthermal effect with a high threshold field strength about 10 kV-m™,
depending on the cell and at frequencies up to the GHz range (Holzapfel et al 1982; Saito et al 1966).

1.5.2.4. Other REF fields-induced force effects

In addition to alignment of cells and larger molecules, other RF fields-induced effects such as shape
changes and electroporation or permeabilization of cells have been documented (Gehl 2003; Weaver
1993). However, the mechanisms responsible for reversible and irreversible changes in membranes
require much stronger fields. For example, millisecond wide pulses of up to 100 kV m™ are required for
permeabilization of cells using frequencies from 50 to 500 kHz.

L.5.2.5. Microwave auditory phenomenon

The microwave auditory phenomenon or microwave hearing effect pertains to the hearing of short-pulse,
modulated microwave energy at high peak power by humans and laboratory animals (Lin 1980; 1990;
2007b). It involves electromagnetic waves whose frequency ranges from hundreds of MHz to tens of
GHz. Experimental and theoretical studies have shown that the microwave auditory phenomenon does not
arise from an interaction of microwave pulses directly with the auditory nerves or neurons along the
auditory neurophysiological pathways of the central nervous system. Instead, the microwave pulse, upon
absorption by soft tissues in the head, launches a thermoelastic wave of acoustic pressure that travels by
bone conduction to the inner ear. There, it activates the cochlear receptors via the same process involved
for normal hearing. The effect can arise, for example, at an incident energy density threshold of 400
mJ'm? for a single, 10-ps-wide pulse of 2450 MHz microwave energy, incident on the head of a human
subject at an SAR threshold of 1.6 kW-kg". A single microwave pulse can be perceived as an acoustic
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click or knocking sound, and a train of microwave pulses to the head can be sensed as a buzz or audible
tune, with a pitch corresponding to the pulse repetition rate.

The microwave auditory effect is a biological effect of microwave radiation that occurs at a
physiologically insignificant temperature rise with a known mechanism of interaction: the thermoelastic
theory. Analyzes have shown that the minuscule, but rapid (~us) rise in temperature (~10 °C) as a result
of the absorption of pulsed microwave energy, creates a thermoelastic expansion of the soft tissue matter,
which then launches an acoustic wave of pressure that travels to the cochlea, detected by the hair cells and
relayed to the central auditory system for perception. In addition to the expected dependence of sound
pressure on the strength of microwave pulses, the theoretical prediction and experimental measurements
have shown a sound pressure or loudness that initially increases with pulse width and after reaching a
peak value, and then, with further increases in pulse width, it starts to oscillate toward a lower pressure.
Moreover, the induced sound frequency exhibits an acoustically resonant behavior and depends on head
size. For example, the fundamental sound frequency or pitch varies inversely with the head radius: the
smaller the radius, the higher the frequency. For rat-size heads, it predicts acoustic frequencies of 25 to 35
kHz in the ultrasonic range, which rats can easily hear. For the size of human heads, the theory predicts
frequencies between 7 and 15 kHz, which are clearly within the audible range of humans and have been
verified experimentally. Peak amplitudes of thermoelastic pressure waves have been computed for
spherical head models approximating the size of rats, cats, infant and adult humans and exposed to 10 ps
plane wave pulses at 1 kW-kg". The corresponding incident peak power density is about 5 to 20 kW-m™
for frequencies between 915 and 2450 MHz and the induced peak pressures were found to vary from
approximately 350 to 1000 mPa. (The threshold pressure is 20 mPa for perception of sound at the cochlea
by humans.)

1.5.2.6. Thermal effect and temperature elevation

Tissue heating is the most widely accepted mechanism of microwave radiation with biological systems.
Obviously, RF energy is the driving force for any temperature elevation associated biological response.
These effects can result from elevations of tissue temperature induced by RF energy deposited or
absorbed in biological systems through local, partial-body or whole-body exposures.

As mentioned previously, the bulk RF properties of biological materials are characterized by complex
permittivity and electrical conductivity. These bulk properties cause the electric fields and currents
induced to be absorbed and dissipated in cells and tissues of the human body with thermal consequences.
The extent of tissue temperature rise depends on the various pathways through which heat is transferred
and removed from the tissue inside the body, heat exchange between the body surface (namely, the skin)
and the external environment, and the thermoregulatory process, besides RF energy.

The temperature distribution, T = T(r,t), as a function of location and time inside the body may be
modeled using the so-called Bioheat equation for RF exposures, where Qv(r) is the SAR distribution in
W-m™ or SAR divided by the volume density, p(r).

V- (K(x)VT)+ A(x,T) + Q,(t)~ RL(x) - B(x,T) (T ~ T, )= C(r) p (r) %—f [W/m’] Eqn.5.4.13

The other terms on the left side of equation (5.4.13) represent heat transfer through passive conduction,
where K [W/(m°C)] is the tissue thermal conductivity; A (W-m™) is metabolic heat production; RL (W-m"
%) is respiratory heat losses from the lungs; and the last term is heat exchange due to capillary blood
perfusion, which is proportional to blood flow, and is represented by the parameter B [W/(°C m™)], and
the difference between blood and tissue temperature (T T). Note that Ty is a function of time [i.e., T =
Tg(t)]. The right side of equation (13) denotes the temperature increase (or decrease) per unit time. The
thermal capacitance per unit volume is given by the product between the tissue specific heat, C [J/(kg
°C)] and density, p (kg m™) (Lin and Bernardi 2007c).
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For pulsed or brief applications of RF energy, the exposure duration is not long enough for significant
conductive or convective heat transfer to contribute to tissue temperature rise. In this case, the time rate of
initial rise in temperature (slope of transient temperature response curve) is related to SAR through,

c AT
At

SAR =

Egn. 5.4.14

where AT is the temperature increment (°C), ¢ is the specific heat capacity of tissue (J/kg®C), and At is
the pulse width or duration of RF exposure. Thus, the rise in tissue temperature during the initial transient
period of RF energy absorption is linearly proportional to SAR and inversely proportional to the specific
heat capacity of tissue. As mentioned before, only a minuscule (~10° °C), physiologically insignificant
temperature rise would result from the absorption of brief (~10 pus) but high peak pulse of RF energy, as
in the case of microwave auditory effect.

For longer durations and especially at sufficiently high intensities, RF energy can produce temperature
rises that can result in thermal effects and adversely impact functioning of the human body. As suggested
by equation (5.4.13), the nature of temperature rise depends on the animal or tissue target and their
thermal regulatory behavior and active compensation process. For local or partial body exposures, if the
amount of RF energy absorbed is excessive, rapid temperature rise and local tissue damage can occur.
Under moderate conditions, a temperature rise on the order of 1°C in humans and laboratory animals can
result from an SAR input of 4 W-kg'. However, this value falls within the normal range of human
thermoregulatory capacity. Above this temperature or SAR value, disruption of work in trained rodents
and primates has been reported for normal environmental conditions (ICNIRP 1998).

A major consideration of existing guidelines is the prevention of adverse biological effects resulting from
either partial-body or whole-body exposures that could bring about temperature rises on the order of 1°C
in humans and laboratory animals. Under ambient environmental conditions where the temperature and
humidity are already elevated, the same SAR could produce body temperatures that reach well beyond
normal levels permitted by the 1°C increment, and it could precipitate undesired heat-stress-related
responses. The central premise of the exposure guidelines to protect exposed subjects against temperature
increases could be eclipsed, breaching the temperature threshold for induction of adverse thermal effects.
Thus, attention to temperature as a basic restriction may be a necessity in developing RF exposure
guidelines. It should be noted that an increasing number of investigations are beginning to address the
problem of human exposure to RF fields with a thermal analysis to estimate the temperature increment
induced inside an exposed subject (Lin and Bernardi 2007c). It is emphasized that tissue heating during
RF exposure is strongly influenced not only by the power dissipated in the local tissue mass, but also by
how the absorption is distributed in the surrounding volume, by the thermal characteristics of the tissue
and its unexposed neighboring tissues and, finally, by the heat exchange with the external environment.

1.6. DOSIMETRY

L.6.1. Introduction

Dosimetry is a term to represent “evaluation of dose”. It is therefore necessary to identify the dose metric
or the quantity that is closely related to the effect of concern. Internal field in tissue is the primary cause
for biological effect of RF fields regardless of the mechanism (Lin 2007a). Thus the induced electric field
or the derived dosimetric quantities of specific absorption rate (SAR) and current density must be
evaluated and correlated with the observed phenomenon. This is the role of dosimetry.

The thermal effect is the dominant established mechanism of biological and health effects of RF
exposures. The current guidelines of human exposure are based on thermal effects. Elevation of deep-
body temperature is closely related to the energy absorption rate in the whole body, or whole-body
average SAR, when the exposure duration is more than the thermal time constant of the body (> 6
minutes) (ICNIRP 1998). Thus dosimetry of RF exposure is generally equivalent to the determination of
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SAR in the body exposed to RF fields. It is noted that nerve and muscle stimulation are dominant at lower
frequencies and are relevant for health effects up to approximately 10 MHz. This effect is related to
electric currents inside the human body. Studies on contact and induced currents are summarized in
Chapter 1.6.3.

In the case of extremely localized exposures on some body part, significant temperature rise could occur
around the exposed part resulting in thermal injury of the tissue regardless of the deep-body temperature
elevation. Local SAR in the part of the body should be considered in this case. Temperature elevation in
the body part, however, is not necessarily proportional to the local SAR because of the heat conduction.
Thus dosimetry of RF exposure sometimes includes measurement or estimation of temperature as an
adjunctive dose metric since it is more directly related to thermal injury.

The RF exposure guidelines are derived from the threshold of thermal effects in terms of SAR. A set of
basic restrictions have been recommended in terms of SAR (ICNIRP 1998, IEEE Std. C95.1-2005). Local
SAR limits are defined up to 10 GHz for ICNIRP guidelines while different applicable frequency region
for local SAR limits are defined for different guidelines, e.g., up to 6 GHz for IEEE Std. C95.1-2005. The
SAR is a quantity that is not directly measurable. Reference levels are provided in order to be used in
practical assessment of compliance with the basic restrictions in actual exposure situations. Dosimetry
plays an important role in the implementation of guidelines especially in the derivation of the reference
levels. Dosimetry is also important when the exposure exceeds the reference levels. In this case it is
necessary to examine whether the exposure actually exceeds the basic restriction or not by means of
dosimetry.

Dosimetry is also important in scientific researches. The well-defined exposure conditions for biological
experiments are required for adequate interpretation and reproducibility of the result. Since the
International EMF project of WHO started, the importance of dosimetry has become much more
recognized than before (Repacholi 1998). Minimum requirements for exposure systems were proposed
for biological experiments addressing health concern of RF exposure due to wireless communications
systems (Kuster and Schénborn 2000).

Various procedures are available for dosimetry. Those are classified into theoretical manner and
experimental one. Each method has advantages and disadvantages. For example, theoretical dosimetry
using realistic biological models can provide very fine spatial distribution of SAR, induced current
density, and so on. Actual exposure conditions can be assumed in experimental dosimetry. Details are
described in the following subchapters. It is highly recommended to select relevant dosimetry techniques
for each purpose and to validate the evaluated dose by comparing between theoretical dosimetry and
experimental dosimetry.

1.6.2. Biological models and materials

1.6.2.1. Physical phantom

For health risk assessment, it is necessary to evaluate SAR or induced current density in a human body
exposed to high-frequency electromagnetic fields. It is very difficult to measure the internal E-field
strength or temperature elevation in the actual human body using non-invasive methods (See Chapter
1.6.4.2.). Therefore a surrogate of the human body, a so called “phantom” is used.

Phantoms for RF dosimetry are required to simulate the electrical properties equivalent to those of the
human body. Various types of materials have been developed for phantoms and their references may be
found in international standards on RF dosimetry (IEEE Std. C95.3-2002; IEC 62209-1-2005). In this
subchapter, important characteristics of the phantoms are summarized.

Liquid, gel or jelly phantoms have widely been used for RF dosimetry because it is easy to prepare these
materials and to adjust their electrical properties. Another advantage is easy to scan E-field sensors in
these phantoms. One of the disadvantages of these materials is poor stability of the electrical properties
due to water evaporation. Although dry phantoms with fine stability have also been developed, they
require complex and skilled procedures and high cost (Kobayashi 1993; Nikawa 1996).
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Because electrical properties depend on the type of tissues and organs and on frequency, the phantom
must be fabricated for each condition. High-water-content tissues such as muscle are easily simulated
with wet material although low-water-content tissues such as fat and bone are usually realized with dry
material. A phantom recipe, optimized for each tissue or organ, can generally simulate the electrical
properties from several hundred MHz to several GHz (Hartsgrove 1987; Okano 2000). It is however
difficult to adjust the electrical properties of the phantom within small deviation, e.g., 5 %, from those of
the actual biological tissues over broad frequency region. Different recipes optimized to the target
electrical properties at each frequency are therefore used for strict measurements such as compliance tests
(Chou et al 1984b; IEC 62209-1 2005). Nevertheless many studies to develop broad-band phantoms are
now undertaken (Youngs 2002; Lazebnik 2005; Gabriel 2007a).

There are some difficulties for preparation and maintenance of the phantom:
e It is not easy to adjust both real part and imaginary part of the complex permittivity of the
phantom to the target values simultaneously.
e The uncertainty of the electrical properties measured by commercially available systems is
sometime considerable.
e Temperature change and water evaporation also affect the electrical properties of the phantom
materials.

In order to overcome above difficulties, detailed investigations are necessary although it requires tedious
work (Fukunaga 2004).

Generally homogeneous tissue is used for physical phantom, e.g., a standard head phantom for
compliance tests of cellular phones (IEC 62209-1-2005, IEEE Std 1528-2003), or full-size models of the
human body (Olsen 1979; Olsen and Giner 1989) because it is difficult to develop heterogeneous
structure with liquid or jelly materials. However some heterogeneous phantoms were developed. For
example, Stuchly et al (1987a) developed a whole-body phantom which simulates heterogeneous
structure with solid material for bone within liquid phantom for high-water content tissues such as
muscle. They measured E-field distributions by scanning with an E-field probe in the heterogeneous
phantom. Several heterogeneous head phantoms have also been developed for SAR evaluation during use
of a mobile wireless handset (Cleveland 1989, Okano 2000). Actual bones have been used in some
heterogeneous phantoms.

1.6.2.2. Numerical model

Basic characteristics of the RF energy absorption in a human body have been established by simple
models such as a sphere and a spheroid. Those have been systematically summarized (Durney 1986) and
used for the rationale of RF safety guidelines.

One of the most important recent dosimetric techniques is the development of voxel based anatomical
human-body models. A voxel is a small volume element or cube with a few millimeters on each side and
identified with corresponding tissues and organs. A whole-body human voxel model can consist of
several million voxels.

Various whole-body human models and laboratory animal models have been developed (Dimbylow 1997,
Dimbylow 2005a, Dimbylow 2005b, Mason 2000b, Nagaoka 2004, Gandhi 1995, Dawson 1997, Lee
2006)). The voxel model developed by Brooks AFB Laboratory based on the database of the Visible
Human Project (VHP), has been most used in RF dosimetry. Various dosimetric characteristics have been
investigated with the VHP Man (Mason 2000a). However the disadvantage of VHP Man, i.e., significant
deviation of the size and weight from the averaged values, has promoted development of other whole-
body human voxel models with average height and weight which are specified in ICRP and other
standards (Dimbylow 1997, Dimbylow 2005a, Nagaoka 2004). Recent investigation suggests that the
calculated SAR values of those whole-body human voxel models are generally within the variation of the
calculation results of the simple human models.

Other whole-body human voxel models such as various postured ones, children, fetuses and embryos,
have also been developed and described in Chapter 1.6.7.2. Most of those models have been developed by
deforming the up-right standing adult human models (Dimbylow 2006a, Findlay 2005, Wang 2006c,

54



Exposure to high frequency electromagnetic fields, biological effects and health consequences (100 kHz-300 GHz)

Cech 2007, Nagaoaka 2007, Kainz 2003). On the other hand, recently, whole-body child models have
been developed based on MRI or CT database of children (Lee 2006, Kainz 2007, Christ et al 2008).

An anatomically based human voxel model is essential for FDTD calculation (See Chapter 1.6.4.1.). Such
a numerical model is developed commonly from MRI or CT scans. MRI or CT provides gray-scale image
data as many transverse slices, at a designated spacing, from the head to feet of the human body; the
resolution in each slice is on the order of several millimeters. MRI data are generally superior to CT data
in identifying interior tissues because of high contrast images of soft tissues. Consequently MRI data are
used more often in the development of numerical models. In order to develop a voxel model for FDTD
calculation, original gray-scale data are interpreted into tissue types, referred to as segmentation. Since
the gray scales in MR images do not correspond to tissue types directly, the tissue- and organ-
identification processing has to be performed manually to a large extent. Even if software for automatic
identification is applied, manual verification or correction is required. The highest complexity used in
contemporary models of the whole human body is about 50 tissue types, and the finest resolution is about
1 mm.

Furthermore CAD-based human models have also been developed. The CAD models can easily move and
rotate in any direction with 3-D CAD software and no limitation of their spatial resolution (Kainz 2007).
The surfaces of the model can be readily deformed but care must be taken for the joints of the body to be
correctly articulated. CAD models are usually segmented with voxels when applied to FDTD
calculations.

Numerical dosimetry using these novel numerical models is now underway. Although it is important to
pay attention to the results of the numerical dosimetry using the novel numerical models, it is also noted
that most results of the realistic voxel models have generally agreed with those of the simple anatomical
models of the whole body.

1.6.3. Dosimetry of contact and induced currents

In many industrial operations, RF current is induced in the body of operators, for example, plastic sealers.
The magnitude of induced currents dependents on many factors, such as the electric and magnetic field
strength, the polarization of the field, and the grounding conditions. In deed, operators of RF plastic
sealers represent an occupational category that is highly exposed to RF electromagnetic fields (Wilen et al
2004).

The induced current flowing from the feet to the ground may reach values up to 600 mA. Table 1.3.4
shows some representative values measured for typical polyvinylchloride (PVC) welders. Often,
operators report of a heating sensation in their arms during the heating period, which clearly indicates that
currents of several hundred milliamperes are induced per arm.

In general, the coupling of the body to the electric field is stronger than the coupling to the magnetic field.
High electric fields around the electrode induce RF-currents flowing along the legs and torso. Absorption
is at its maximum in the limbs where the current density increases considerably due to a small cross-
section and high amount of low conductivity bone. Recent estimates strongly suggest that the local 10 g
average SAR is about 10 W-kg™' for the arm and 5-8 W-kg™' for the foot with 100 mA current through that
limb (Dimbylow 2001; Findlay and Dimbylow 2005). More than 70 percent of the power absorbed in the
body is absorbed in the limbs. Good galvanic and capacitive contact to the ground increases considerably
the current in the lower legs, and the current maximum shifts to the ankles. Additionally, the whole body
average (WBA) SAR may increase by a factor of 2 as Chen and Gandhi (1991) have reported. Extending
the hands over the electrode increased SAR by an additional factor of 2. Screening the room and adopting
a sitting posture further increases SAR (Gandhi et al 1997). Therefore, it is important to isolate the feet, to
keep the hands far away from the electrode and to avoid metallic structures near the HF heater. The
effective blocking of the ankle current requires at least 10 cm of insulation between the feet and ground.

Measurements with a big body current transformer (Jokela et al 1999) indicate that the induced current is
less sensitive to the variation in the electric field as a function of the distance. This is to be expected
because the whole body integrates capacitive displacement current. For increasing distance the electric
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field becomes more uniform which partly compensates for the decrease of the peak field at the electrode
plane. Induced current is a very useful indicator of the exposure at frequencies below 30 MHz. Recent
study (Kénnild et al 2008) indicates that the induced current even in the torso is mainly longitudinal when
the distance from the electrode is greater than 30 cm. This suggests there exists a simple relationship
between the current and both local and whole body average SAR and consequently non-invasive SAR
assessment on the site may be possible by measuring the current induced by the electric field in the
operator. There exists a local hot spot in the surface of the torso region closest to the applicator but this
hot spot becomes critical only when the distance is less than 30 cm.

Any assessment of the exposure from dielectric heaters must take into account the effect of the off-time
on the exposure. To determine the rms (root-mean-square) value of the electric field strength and current,
the short-time peak value must be multiplied by the square root of the duty factor. Additionally, the
electric field strength should be averaged spatially over the whole body (see Table 1.3.4.).

Table 1.3.4.:  Electric and magnetic field strengths and currents induced in operators seated at
PVC welding machines (AGNIR 2003).

Frequency Powe Emax Hma  Duty Operating ankle Non-operating
(MHz) r Ground Vm  x factor current (mA) ankle current (mA)
(kW) D) (Am~ (DF) DF corrected DF corrected
9

27 - Rubber/concre 280 - 0,3 84 46 79 43
27 3 te 280 0,45 0,3 270 148 280 153
27 3 Concrete 212 - 0,3 85 47 55 30
27 1 Concrete 40 - 0,5 18 13 17 12
27 1,6 Concrete 150 0,16 0,3 100 55 - -
28 1 Concrete 316 - 0,5 70 49 70 49
29 3 Concrete 37 - 0,2 27 12 19 8
36 1,6 Wood/concret 30 - 0,5 17 12 13 9
45 7 e 100 - 0,16 60 24 60 24
50 3 Rubber/concre 113 - 0,13 190 69 120 43
51 7 te 100 - 0,2 37 17 37 17

Concrete

Concrete

Wood

"Rubber; “Concrete

In the frequency range of 100 kHz-110 MHz, shocks and burns can result either from an individual
touching an ungrounded metal object that has accumulated electric charges or from contact between a
charged individual and a grounded metal object. Human body impedance is essential to estimate induced
current in human. Kanai et al (1984) measured the contact body impedance and then developed a human-
equivalent circuit model in the frequency range between 10 kHz and 3 MHz for limited number of human
subjects. In the study of Chatterjee et al (1986), measurement has been conducted for 367 adult
volunteers. Two contact areas are considered in the same frequency band, and the body impedance of a
human is found to be inversely proportional to the body dimensions, i.e., the height for the case of finger-
touching to the metal object by a human standing on the ground plane. They also showed that the
threshold current is proportional to the cross section of the body. Kamimura et al (2005) proposed a
simple equivalent circuit model in the frequency from 75 kHz to 15 MHz based on measured data for
Japanese adults. Unlike the human-equivalent circuits proposed by Kanai et al (1984) and Chatterjee et al
(1986), this model does not need to consider the circuit time constant for muscle.

Gandhi et al (1985) investigated current induced in the human body for plane wave exposure in the range
between 3 and 30 MHz. They then found that vertically polarized electromagnetic waves induced high
SAR around the ankle of a barefoot human standing on the ground plane. Foot currents were proportional
to the frequency of incident wave in the frequency rage of 0.63-27.4 MHz, suggesting that the quasi-static
approximation is roughly applicable up to this frequency region (Lin et al 1973), as also indicated by a
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simple analytical model derived by Jokela et al (1994). Gandhi et al (1986) extended their investigation to
the frequency region up to 50 MHz. Measured foot current was found to become maximal at 40 MHz, and
the value was 780 mA for the incident power density of 10 W m™. This phenomenon is known as the
whole-body resonance. Further studies have been conducted in the whole-body resonance frequency
region (See Chapter 1.6.4.1.).

From the studies by Gandhi et al (1986) and Chen and Gandhi (1989), quasi-static approximation is
reasonably applicable to a few tens megahertz despite lack of detailed discussion. This implies that the
human body is considered as good conductor in such frequency region, and thus computational
techniques developed in the extremely low frequency (ELF) region is applicable in this frequency region.
Several computational techniques were proposed and successfully applied to human body — ELF
interactions. A review of computational methods based on quasi-static approximation can be found in the
study by Stuchly and Dawson (2000).

In the 1980s, the impedance method was used for calculating induced current due to magnetic field
(Gandhi et al 1984). In this method, the human is represented as impedance mesh. For each face of voxel,
Kirchhoff voltages are equated to the electromotive force produced by the rate of change of magnetic
field flux normal to the loop surface. The system of equations for loop currents is solved with the
successive over-relaxation method. This method was applied for the calculation of induced current for
450-kHz induction heaters (Gandhi and Deford 1988) and electronic article surveillance (Li and Gandhi
2005) and for the calculation of body-equivalent impedance (Kamimura et al 2005).

In the 1990s, the scalar potential finite difference method (SPFD) was developed by Dawson et al, (1996).
In this method, the equations for the electric field components in each voxel are derived from Maxwell’s
equation. The set of equations is solved using the conjugate gradient method. A main difference between
the impedance method and the SPFD method is that the first is based on vectors and the second on
scalars. Then, the computational cost for the latter is more reasonable than the former.

The Finite-Difference Time-Domain (FDTD) method was proposed by Yee in 1966 and well reviewed in
the book by Taflove and Hagness (2005). Although this method has mainly been used for higher
frequencies such as VHF and UHF bands, it is often applied for the analysis in the ELF and the
intermediate frequency (IF) regions (300 Hz to 10 MHz) using frequency scaling techniques (Furse and
Gandhi 1998; Gustrau et al 1999). Namely, actual simulation is performed at a frequency of several
megahertz, and then the results are scaled down linearly by the ratio of the target frequency to the
frequency assumed at the FDTD calculation. A quasi-static FDTD method has been proposed for proper
evaluation of induced current due to electric or magnetic field separately. In this method, two plane waves
propagating in the opposite directions are excited for cancellation of electric or magnetic field (Dawson et
al 1996).

As mentioned above, there are various calculation methods for dosimetry in IF region. The best method
would be different for specific applications. It is also noted that the post processing of the calculation, i.e.,
the spatial average of the induced current density, significantly affects the results. The detailed
description of the procedure is necessary to hold repeatability of the numerical calculation (Dimbylow
2005a; Hirata and Fujiwara 2007).

1.6.4. Specific absorption rates (SAR)
1.6.4.1. Numerical calculation

Numerical methods

Early dosimetry calculations were mainly focused on dielectric spheres, circular cylinders and prolate
spheroid bodies (Durney 1980, Durney et al 1986; Lin 1986), which were considered as a highly
simplified human head or human body model. For a homogeneous or stratiform structure, an analytical
solution is possible to these models under the condition of plane-wave exposure. Although the analytical
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solutions do not provide detailed dosimetry information for actual human bodies, they contribute to
qualitative analyzes, especially for the resonance in the whole body.

From the end of 1970s, numerical calculation methods have attracted more attentions due to their
advantage in modeling the anatomy of a human body. The most notable one is the method of moments
(MoM) in which the human body was divided into many blocks and the corresponding dielectric
properties were assigned in each block to model the anatomical structure (Liversy and Chen 1974; Chen
and Guru 1977; Hagmann et al 1979, Gandhi 1980). The MoM is based on solving linear simultaneous
equations for unknown electric fields in the blocks so that its computational scale is proportional to the
number of blocks squared. Furthermore, the block number is inversely proportional to the size of the
blocks. This limits its application at frequencies higher than several hundred MHz because smaller size
blocks are required for higher frequencies, i.e., shorter wavelength. The MoM was mainly used in 1980s
for numerical calculations of the whole-body average SAR. In fact, the reference levels of incident
electric field or power density in various guidelines were derived mainly from the MoM calculations of
the whole-body average SAR. It was demonstrated that an incident electric field or power density under
the reference levels never yield a whole-body average SAR larger than the basic restrictions.

Since 1990s, the finite-difference time-domain (FDTD) method (Taflove and Hagness 2005) becomes the
most widely accepted means for SAR calculation. The FDTD method is based on Maxwell's time-domain
equations. The discretization of the Maxwell’s equations is based on a Yee cell approach (Yee 1966). A
special feature of the Yee cell is that the electric field (E) and magnetic field (H) components are
staggered one half space-cell apart. That is , the E field is assigned at the edges of the Yee cell and the H
field is assigned on the faces of the Yee cell to facilitate the differencing scheme. The computational scale
of FDTD method is proportional to the number of cells, which enables to apply to millimeter-resolution
human models with several millions of cells (See Chapter 1.6.2.2.). The fine block models, that is, voxel
models, can be used for electromagnetic simulations over 1 GHz.

In applying the FDTD method for numerical dosimetry calculation, the Yee cells correspond completely
to the voxels in biological models. By assigning the corresponding permittivity and conductivity to each
voxel, one can easily model the anatomical tissues and organs, and calculate the internal electric and
magnetic fields. As for the permittivity and conductivity values of each tissue, the parametric models
using 4-Cole-Cole equations based on measured data from 10 Hz to 20 GHz by Gabriel constitute the
most widely accepted database (Gabriel 1996).

Since the FDTD method requires discretization of the entire domain over which the solution is to be
calculated, it is impossible to discretize an infinite space because of the finite memory capability of
computers. The calculation domain, therefore, must be truncated to a finite size. Once the infinite space is
truncated to a finite size, absorbing boundary conditions must be applied to the outside boundaries of the
calculation domain in order to simulate the non-reflective nature of open space. One of the most popular
and effective absorbing boundary conditions is known as the perfectly matched layers (PML) (Berenger
1994). The basic concept of PML is based on impedance matching to minimize reflections. Theoretically
speaking, semi-infinite PML provides a perfect absorption for traveling waves with any angle of
incidence. However, in practice, the PML must be terminated, because of finite computer memory.
Typically termination is accomplished using a perfect electric conductor, which introduces a reflection
back into the calculation domain. The performance of PML therefore is characterized by three
parameters: (1) thickness, (2) conductivity profile, and (3) the reflection coefficient at normal incidence.

In addition to the FDTD method, some hybrid methods have also been developed for SAR calculation. A
typical one is the combination of the ray-tracing method and the FDTD method (Bernardi et al 2000b), in
which the ray-tracing method is used to calculate the incident electric field, e.g., base station
environment, and the FDTD method is used to calculate the SAR. Such an approach avoids the huge
calculation burden in modeling the actual electromagnetic environment with the Yee cells. Another
typical one is the combination of the MoM and the FDTD method (Mangoud et al 2000, Mochizuki et al
2004). Such an approach is commonly used in the SAR calculation of a helical antenna next to a human
head because the FDTD method is not suited for modeling a curved wire.
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Whole-body average SAR

In the 2000’s Dimbylow ( 2002; 2005), Mason et al (2000a), Nagaoka et al (2004), and (Wang 2006¢)
conducted whole-body SAR calculation by the FDTD method together with anatomically based high-
resolution models of the human body human. The whole-body average SAR for adult voxel models
exposed to plane wave at 1 W/m™ are equal or less than 0.04 W kg’ at the whole-body resonance
frequency, e.g., about 70 MHz for adult male in free space, and 0.008 W kg at 2 GHz. However, for
children, nearly 40-% increases in the whole-body SAR have been reported at the body resonance
frequency and around 2 GHz (See Chapter 1.6.7.2.).

Spatial peak SAR

The numerical calculation in the human head for various wireless communication devices has become an
area of active research since the 1990s (Dimbylow and Mann 1994; Gandhi et al 1996; Watanabe et al
1996; Schonborn et al 1998; Lazzi and Gandhi 1998; Bernardi et al 2000; Wang and Fujiwara 2002a;
Wang et al 2004a). The main efforts were focused on calculation of the spatial peak SAR as averaged
over one-gram or ten-grams of tissue.

In order to investigate causes of the differences in the evaluated spatial peak SARs among different
FDTD calculations with different head models, it is essential to use a common procedure to derive such a
spatial-averaged SAR. Otherwise unnecessary confusion will occur especially in the case of complex
tissue structure. ICNIRP guidelines define the spatial peak SAR as a contiguous 10-g tissue (ICNIRP
1998) while IEEE defines 10-g cubic tissue (IEEE Std. C95.1-2005). IEEE has also defined procedures to
evaluate spatial average SAR for voxel human models (IEEE Std. C95.3-2002).

Recent inter-laboratory comparison using the same human head models and the mobile phone models
reported that the maximum 10-g SARs for an adult head model with a mobile phone model at the cheek
position for 1-W output power are 3.92 W kg™ (+/- 0.35 W kg STD) and 5.12 W kg (+/- 1.78 W kg™!
STD) at 835 MHz and 1900 MHz, respectively (Beard et al 2006). For mobile antennas, the maximum
electromagnetic absorption is found at the superficial tissues and the SAR decreases with depth into the
head. No maximum local SAR occurs in the deep region of the head below 6 GHz (Dimbylow and Mann
1994; Gandhi et al 1996; Watanabe et al 1996; Schonborn et al 1998; Lazzi and Gandhi 1998; Bernardi et
al 2000a; Wang and Fujiwara 2002a; Wang et al 2004a) while it occurs in a homogeneous sphere model
exposed to plane wave (Kritikos 1975).

For a cellular telephone, the spatial peak SAR is strongly dependent on the antenna types. Previous
studies suggest that the maximum one-gram or ten-gram averaged spatial peak SAR is induced by a
helical antenna with a metal box, and this is followed by the 1/4-wavelength monopole antenna, the 3/8-
or 5/8-wavelength monopole antenna, the 1/2-wavelength dipole, and the back-mounted planar-inverted-F
antenna. It is noted that the actual cellular phones generally cause lower SAR than the half-wavelength
dipole antenna (Ali 2007). These findings can be explained by the current distribution along the antenna
and box, and the distance between the antenna and box and the head, because the current on the antenna
and box, or the incident magnetic field, is directly related to the spatial peak SAR (Kuster 1992).

The ankle SAR is also an important index for the whole-body resonance region, especially for the case
where a human stands on the ground plane. Limb current can be measured easily and linked to the ankle
SAR. Dimbylow conducted some numerical simulations with voxel human models for investigating the
relationship between the ankle SAR and limb current (Dimbylow 1988; Dimbylow 1991; Dimbylow
2001; Dimbylow 2006b).

1.6.4.2. Measurement

In order to evaluate the SAR and induced current density inside of the human body exposed to EMF,
various measurement methods have been developed (IEEE C95.3-2002). For the measurements, human-
body phantoms are frequently used (See Chapter 1.6.2.1.) while in other cases, volunteers or cadavers
have been used (Conover et al 1992; Hill 1984; Swicord et al 1999). In order to keep the repeatability of
the measurement, human-body phantoms are preferable although the human-body phantoms are usually
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homogeneous or very simple heterogeneous structure such as bones and high-water content material
which has similar permittivity to those of muscle and brain.

For local SAR measurement, there are two methods. One is E-field measurement and another is
temperature measurement. E-field measurement is used for compliance tests of mobile phones because
the sensitivity is relatively high and 3-D measurement is available if liquid-type phantom is used. The
procedures of the compliance tests of wireless terminals such as mobile phones based on E-field
measurement have been standardized internationally between 300 MHz and 3 GHz (IEC 62209-1-2005;
IEEE Std. 1528-2003).

It is also noted that E-field probes must be calibrated at each frequency and in phantom materials with the
electrical properties adjusted to those of the biological tissues at the frequency of interest. Thus an E-field
probe which is only calibrated in free space cannot be used to measure E-field strength in phantoms that
have electrical properties different from free space. Various calibration systems for E-field probes have
been developed (Hill 1982; Meier 1996; Jokela 1998) and summarized in the international standards (IEC
62209-1-2005; IEEE Std. 1528-2003; IEEE Std C95.3-2002).

For the temperature method, SAR is derived from the following equation (see Chapter 1.5.2.6.).

SAR = cd—T Egn. 6.4.1

dtly 0

where c is specific heat, T is temperature, and t is duration of exposure. This equation means that
temperature elevation is proportional to SAR if conduction and other thermal diffusion mechanism can be
ignored during a brief RF exposure. The advantage of the temperature method is non/low-invasiveness
because infra-red cameras or very-small temperature probes such as fiber-optic probes or small thermistor
probes are available (Guy and Chou 1986; Okano 2000). Liquid-crystal has also been used for non-
invasive temperature measurement in a phantom (Suzuki 2006).

The temperature-measurement methods are very effective for dosimetry in small laboratory animals such
as rats and mice for in vivo studies (Lin et al 1977; Swicord et al 1999; Wake et al 2007a) and of in vitro
studies (Pickard 2000; Schuderer 2004c). Whole-body averaged SAR can also be evaluated with
calorimeters (Padilla and Bixby 1986; Olsen and Griner 1989).

L.6.5. Temperature elevation

Temperature elevation is one of the dominant factors to induce adverse health effects. The temperature
elevation inside the human body, however, cannot be measured directly. In order to overcome this
difficulty, computational schemes for calculating temperature variations have become very useful . A
well-known bioheat equation was proposed by Pennes (1948) for following the time variation of
temperatures in a human body (see Eqn. 5.4.13). When discretized, this formula has the capability of
handling inhomogeneous media, and takes into account the heat conduction, basal metabolism, blood
flow, heat production due to RF heating, and heat transfer between body and air. Increased blood flow
and perspiration rate with the temperature elevations were also incorporated into the equation (Spiegel
1984; Hoque and Gandhi 1988). The effectiveness of the bioheat equation is discussed by Wissler (1998).
The bioheat equation did not account for thermoregulatory response until later. Thermal responses were
first modeled by Stolwijk and Hardy (1977) with highly-simplified human bodies . The effectiveness of
this thermal response model was verified by Foster and Adair (2004) on the basis of experimental data
with human volunteers (Adair et al 2003). This thermoregulatory model was incorporated into the bioheat
equation by Bernardi et al (2003). This combined formula enables computation of the temperature
elevation in an anatomically-based human body model in the time domain. As a drawback, the
computational cost of this scheme was large. Recently, alternating direction implicit (ADI) finite-
difference formulation was successfully applied to the bioheat equation for reducing the computational
cost (Pisa et al 2003; Ibrahiem et al 2005).
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For localized exposure, the thermal time constants in human tissues are mainly determined by the balance
of the rate of RF power deposition and a time constant for heat convection by blood flow and for heat
conduction. Due to tissue inhomogeneity and the frequency-dependent penetration depth of EM waves,
thermal time constants cannot be estimated in a straightforward manner. A 1-D model analysis is
discussed by Johnson and Guy (1972) and Foster et al (1998). For whole-body and intense-localized
exposure, the absorbed EM energy compared with basal metabolism leads to body-core temperature
elevation (Guy et al 1975; Adair et al 2003). Body-core temperature elevation is caused by EM energy
absorbed in different body parts and then transferred to body core via blood flow. Due to body-core
temperature elevation, some thermoregulatory responses activate to maintain body temperature (Adair
and Black 2003). Due to these factors, the thermal time constant of the body core would be somewhat
larger than that of temperature elevation in a body part due to localized exposure. It is also noted that
some tissues can increase their blood flow even when body core temperature is not significantly
increased, and this mechanism can play an important role in limiting temperature rises for intense
localized exposure (Wainwright 2003).

When considering the temperature elevation due to whole-body exposure, the temporal variation of blood
temperature should be taken into account. This factor was ignored in the original bioheat equation;
Bernardi et al (2003) incorporated the blood temperature into the bioheat equation and found that for
plane-wave exposures at 40 MHz with a power density of 2 W m?>, the maximum steady-state
temperature elevation at the ankle reached 0.7 °C where whole-body resonance occurs in a man on the
perfect ground. An additional finding was that the presence of the thermoregulatory response reduces
temperature elevations especially in the body core. Hirata et al (2007b) investigated elevation in body-
core temperature for far-field exposures at a whole-body resonance frequency (65 MHz) and 2 GHz. In
particular, they discuss the effect of perspiration on body-core temperature elevation. The variability of
temperature elevation caused by sweating was found to be 30%. A whole-body average SAR of 4.5 W kg’
"'was required for a body-core temperature elevation of 1 °C after 60-min exposure in the model of human
with the lower sweating coefficients. The thermal time constant in the body core was 20 min, which was
shown to be almost the same at frequencies of 65 MHz and 2 GHz. In these studies, however, the effect of
clothing on temperature elevation was not taken into account. Nelson et al (2005) proposed a scheme for
determining heat transfer coefficient of garments suitable for high-resolution computations. Further
research would be required to quantify the effect of clothing on temperature elevation.

The temperature elevation in the eye is often singled out since intense localized exposure on the eye was
shown to induce a variety of effects, including cataract formation. One of the key studies was conducted
by Guy et al (1975), in which microwave-induced cataract formation was reported in rabbit eyes. To
computationally predict temperature elevation, Emery et al (1975) developed a heat transfer model for the
rabbit eye. In this early model, the eye was assumed to be an object thermally isolated from the rest of
head on the basis of | high blood flow rates in the choroids and tissues surrounding the eyeball. Lagendijk
(1982) employed improved heat transfer coefficients between the eye and air and that between the eye
and the rest of the head in anatomically-based human models to quantify the temperature elevation in the
eye.

Bernardi et al (1998) investigated the temperature elevation at millimeter frequency bands used in WLAN
applications. For frequencies above 6 GHz, the maximum temperature elevation (0.04 °C for the incident
power density of 10 W m™) appears near the surface of the eye due to small penetration depth of EM
waves. For the same reason, the maximum temperature elevation in the lens decreases with increasing
frequency. Hirata et al (2000) obtained a maximum temperature elevation of 0.06 °C in the lens for the
same incident power density at 0.6 — 6 GHz. The temperature elevations estimated by Bernardi et al
(1998) and Hirata et al (2000) were comparable at 6 GHz.

The results obtained using improved heat transfer models that take into account blood flow in the
choroidal and retinal tissues and heat transfer in the whole head showed a maximum temperature
elevation of 0.3°C for an eye-average SAR of 2 W kg™ (Hirata 2005; Buccella et al 2007; Wainwright
2007). As expected, a correlation was observed between the average eye SAR and the maximum
temperature elevation in the lens. However, a lower temperature elevation was reported in Flyckt et al
(2007) using a heat transfer model involving discrete vasculatures (DIVA). (This is more of a side
issue)With the rapid progress of wireless communications system, considerable attention has been
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devoted to the temperature elevation due to handset antennas. Several studies with anatomically-based
head models have been published on this issue (Wang and Fujiwara 1999; Van Leeuwen et al 1999;
Bernardi et al 2000a, 2001; Wainwright 2000; Gandhi et al 2001; Hirata and Shiozawa 2003; Hirata et al
2003, 2006¢; Ibrahiem et al 2005). In these studies, the blood temperature in humans is assumed to be
constant, since the output power of handset antenna is on the order of a few hundred mW which is much
lower than the basal metabolic rate of an adult male of 100 W or more. However, using DIVA modeling,
Van Leeuwen et al (1999) t showed that the local temperature elevation around the blood vessel could be
lower due to the cooling effect of blood flow in the vessel. Wainwright (2000) applied the finite-element
method which can better simulate surface curvatures of the human head to calculate SAR and temperature
elevation. The results obtained were comparable to those reported in the above mentioned works. The
issue of overestimating surface areas in the FDTD voxel models, which could potentially result in
excessive heat transfer from human head to air was investigated by Samaras et al (2006) to help improve
the accuracy for FDTD modeling of the bioheat equation (Neufeld et al 2007). Nevertheless, the thermal
time constant of temperature elevation of 6-8 min was consistent with other studies (Wang and Fujiwara
1999; Bernardi et al 2000a). Note that it takes 30 min or more to reach a thermal steady state in human
head models.

A direct comparison of the maximum temperature elevations reported in different papers is difficult since
different handset antennas and head models were used. In addition, different average schemes, masses,
and algorithms are used for the computation of peak spatial-average SAR and temperature. An analysis of
the correlation between peak spatial-average SAR and maximum temperature elevations in the head was
conducted by Hirata and Shiozawa (2003) for different frequencies, polarizations, feeding positions, and
antennas. They showed fairly good correlations between peak spatial-average SAR and maximum
temperature elevation in the head excluding the pinna. In addition, Hirata et al (2006¢) investigated the
correlation of maximum temperature elevation in the head with peak SAR calculated by different average
schemes and masses. Under steady state conditions for exposure times of 60 min or longer, or, the
maximum temperature elevation in the head reached 2.4 or 1.4 °C, respectively depending on whether the
pinna is included or excluded from the head, at a peak SAR of 10 W kg™ for 10g of contiguous tissue. At
a peak SAR of 10 W kg-1 for averages over a 10g cubic volume, the maximum temperature elevation in a
head without the pinna was 2 °C, which is higher than that for contiguous tissues (Bernardi et al 2000a;
Wainwright 2000; Hirata and Shiozawa 2003; Hirata et al 2008b; Razmadze et al 2009).

It should be noted that a high degree of spatial correlation between peak SAR and maximum steady state
temperature elevation for durations of 60 min or longer is not expected, especially for exposures of large
biological bodies with efficient thermal transfer characteristics (Hirata 2006b,c). Heat transfer by passive
diffusion and active blood flow convection in biological tissues have the averaging effect of flattening the
temperature elevations even though RF heat deposition from SAR is local and instantaneous. It is also
worth noting that the proximity of mobile phone handset and battery to the head allows them to behave as
heat sources to cause temperature elevation (Bernardi et al 2001; Gandhi et al 2001; Ibrahim et al 2005).
The temperature elevations have been shown to rise by 1°C or more, comparable to that caused by RF
energy deposition.

1.6.6. Uncertainties of RF dosimetry

t is important for risk assessment to investigate the uncertainty associated with dosimetry. Uncertainty is
defined as the amount by which the estimated value may depart from the true value. The expanded
uncertainty with a coverage factor of k=2 means the confidence interval is nearly 95 %. The general
concept and evaluation procedure are described in ISO/IEC Guide to the Expression of Uncertainty in
Measurement (ISO/IEC 1995).

The expanded uncertainty (k=2) of the SAR measurement for compliance tests of mobile phones has been
reported to be within 30 % (IEC 62209-1-2005; IEEE Std. 1528-2003). The dominant factors are probe
calibration, boundary effect, test sample positioning and device holder (IEEE Std. 1528-2003).

However, the uncertainty of SAR calculations has not been established. One of the important factors to
cause uncertainty in FDTD calculations is “staircase modeling” (Holland 1993). It has been reported that
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the numerical calculation of temperature elevation with voxel models is also significantly affected by the
staircase modeling (Samaras 2006). Boundary conditions that require truncating the region used for
FDTD calculations is also a source of uncertainty although reported significance of this effect (PML
boundaries) on the whole-body SAR has not been consistent among related studies (Wang et al 2006¢;
Findlay et al 2006; Laakso et al 2007). Some standard organizations have undertaken inter-laboratory
comparison for evaluating the uncertainty of SAR calculations. A recent study reported that a standard
deviation of 30 % was found in 12 separate SAR calculations of heads exposed to the near field of a
mobile phone with the same voxel models and exposure conditions (Beard et al 2006).

For risk assessment, additional uncertainty factors, i.e., the generality and/or worst-case situation of
human models and exposure conditions should be taken into consideration. This is especially important
when realistic voxel human models are used. Simple models have long been considered as typical worst-
case models, some reports of comparison of various realistic voxel models have been published (Kainz et
al 2005a). It is however noted that the simple models frequently may provide considerably higher doses
(SAR or induced current density) or artificial phenomena such as the appearance of maximum local SAR
in the deep region of the model (Lin 2002b). It has been reported that the standard deviation of whole-
body average SARs from 20 MHz to 2.4 GHz for six adult voxel models can reach up to 40% (Conil et al
2008). An inter-laboratory comparison of whole-body SAR calculations and the uncertainty of the
calculations are given in Dimbylow et al (2008).

For in vivo animal studies, there have been several investigations on dosimetric uncertainties (Wang et al
2004b; Wang et al 2006b; Kuster et al 2006; Wake et al 2007). Specifically, the estimated uncertainty of
SAR was within 15 %, i.e., 0.6 dB, for a large-scale in vivo study involving 300 rats during the 2-year
exposure period (Wake 2007a). However, in another systematic uncertainty evaluation the expanded
uncertainty (k=2) was found to be greater than 2 dB (Kuster et al 2006). Thus, the expanded uncertainty
(k=2) dosimetry in animal studies is between 1 to 2 dB if the models and exposure conditions are strictly
defined although careful consideration of additional uncertainty factors of the models and exposure
conditions are necessary for risk assessment.

1.6.7. Other topics
1.6.7.1. Dosimetry for biological and epidemiological studies

In vivo studies

There are two general types of exposure situations in experiments designed to investigate effects of RF
exposures in vivo: near-field and far field exposures. The near-field or local body exposure is used to
simulate exposures by a mobile phone handset held near the head of a user. The far-field or whole-body
exposure is used to simulate exposures to the RF fields radiated from broadcasting stations or mobile
phone base stations.

In the near-field exposure situation, the exposure is localized so that the local SAR is significantly higher
than the whole body average SAR. The ratio of the maximum local SAR to the whole body average SAR
can exceed 100 in the actual human exposure to mobile phones. It is therefore required that the exposure
system should provide such the localized exposure condition in animals. This condition is not easy to
achieve in animals as the body size of animals is much smaller than humans while the antenna size is
determined by the wavelength. In recent studies localization of exposure has been provided by
sophisticated exposure system design with appropriate dosimetry. The dosimetry has made use of
anatomically realistic numerical animal models with different body sizes which takes into account animal
growth during long term exposure studies.

One example of near field systems is carousel-type exposure systems for rats or mice (Swicord et al 1999;
Schonborn et al 2004; Wake et al 2007a). A dipole or monopole antenna is located in the center of
circularly arranged animal holders, like in a carousel, with the animal’s head toward the antenna. The
reported ratio of brain average to whole-body average SAR is 5 — 9 in these systems when operating at
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900 MHz and 1.5 GHz, respectively. The ratio is much less than that of actual mobile phone exposures in
humans and is also less than the ratio of maximum local SAR to whole-body SAR in the basic restrictions
of the current exposure guidelines (ICNIRP 1998; IEEE C95.1-2005). Another example of near-field
exposure concerns effects on the eyes of rabbits (Guy et al 1975; Kramar et al 1975; Wake et al 2007b)
and primates (Kues et al 1985; Kamimura et al 1994). In these studies waveguide antennas or applicators
for microwave hyperthermia treatment were used. Dosimetry on these studies was based on temperature
measurements made with a probe inserted in the animal eye (Guy et al 1975; Kramar et al 1975; Kues et
al 1985). More recently numerical calculations have provided more detailed data on SAR and temperature
elevation in and around the eye (Hirata 2007b) (See Chapter 1.6.5.).

It should be noted that near-field, localized exposure systems usually require constrain of animals to keep
constant the relative position of body to the radiating structure. This allows better-defined exposure
conditions for more precise dosimetry. On the other hand it causes restriction in the experimental design.
In some cases, animals can move even in the holder for constraint, resulting in variation of exposure.
Thus, many factors could affect the actual exposure during the experiment (Kuster 2000).

The far-field or whole-body exposure systems allow movement of animals without or with minimal
restraint. A whole-body exposure apparatus used in an experiment involving long term exposure of
transgenic mice reported an elevated risk of lymphoma at a whole body SAR ranged from 0.008 — 4.2 W
kg'(Repacholi et al 1997). The large exposure uncertainty was mainly attributed to unconstrained
condition of exposure of the animals . The exposure was improved in the subsequent replication studies
using Ferris wheel type exposure systems with animal holders located on the perimeter of the wheel
excited by a loop antenna in the center (Utteridge et al 2002; Oberto et al 2007).

The Ferris wheel exposure system consists of a radial electromagnetic cavity formed by parallel circular
plates mounted on a polycarbonate frame. A tunable transition from a 50-Q coaxial feed line excites a
cylindrical TEM wave that propagates in a carousel of symmetrically arranged mice, equidistant from the
excitation. The mice, restrained in plastic tubes inserted through circular holes in the plates, are held co-
polarized with the incident electric field to maximize the absorption of RF energy (Balzano et al 2000).
While the Ferris wheel system allows more accurate dosimetry, constraining the animals causes stress on
the animals during long term exposure experiment and limits the exposure duration per day and
constraint. In addition the design makes impedance matching more sensitive to the cavity load, e.g., the
size of mice.

Reverberation chamber exposure systems have been developed to overcome some of the identified
limitations restrictions, principally with more extensive computer simulation of exposure scenarios
(Kainz 2006). However, the dosimetry provides SAR values characterized by stochastic properties as the
SAR varies in a random manner. A wide variability of exposure is expected for individual animals, akin
to those associated with the Repacholi et al (1997) experiment.

In vitro studies

In vitro biological experiments usually involve cells contained within flasks or Petri dishes and are
exposed to a well-defined EM field. Several types of exposure systems have been developed for in vitro
studies. Many of them are closed systems based on a waveguide or a TEM cell (Schénborn 2001; De
Prisco et al 2008). The coupling with field depends on the polarization, or direction of electric field
relative to the surface of the medium. The E-polarization has a weak coupling, i.e. low efficiency to
provide RF energy to the medium with cells and the perturbation of the field in the presence of the culture
dish is small. An efficiency of 0.04 W kg™ per 1 W input power was reported for TEM cell system with
E-polarization (Schonborn et al 2001). Standing waves are sometimes utilized to improve the efficiency.
It should be noted that standing waves have minimum H-field at the location of maximum E field, and
vice versa. The exposure condition in vitro could be different from that in the free space because of this
fact.

A far field or anechoic chamber exposure system has also been used in some experiments (Iyama et al
2004). The signal of IMT-2000 (2.14 GHz) is radiated from a horn antenna and led through a dielectric
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lens to be focused on a plate on which culture dishes are arranged. This system aims to expose many
dishes at a time with fairly homogeneous and efficient conditions.

Dosimetry for RF in vitro experiments characterizes the SAR distribution in the medium containing the
cell specimen. The energy absorbed by cells is taken to be the same as absorption in the medium. Thus
the meaning of dosimetry is different from the dosimetry for in vivo or human volunteer experiments in
this case.

In general, exposure should be uniform for the entire cell population to achieve a well-defined condition
of exposure. It is difficult, however, to realize uniform exposures throughout the whole culture dishes
especially for high frequency RF fields with the wavelengths in the medium comparable to the dimension
of the dishes (Kuster et al 2000). Moreover, the SAR distribution is sensitive to the presence of meniscus
at the perimeter of the culture dish. Numerical simulation of SAR in a Petri dish with meniscus revealed
that it not only affects the distributions but also the average values of SAR in the dish (Schuderer et al
2003).

Non-uniform SAR can cause significant temperature gradients in the medium. Temperature gradient can
then cause convective transfer in the medium, resulting in changes in temperature of the cell. The
movement of fluid can also cause shear stress on the cells. These phenomena make the experimental
results difficult to interpret. Toroidal convection has been observed when a culture dish was exposed to
millimeter waves resulting in periodical fluctuations of temperature in the medium (Khizhnyak 1996).

Human studies

Human volunteer studies can provide important data for risk assessment as they directly assess the effects
on humans. Exposure levels are low in these experiments due to ethical reasons and subtle effects on
neurological functions are of principal interest. Thus, the target organ is the central nervous systems
(CNS). A particular hypothesis in human studies is that the site of interaction is localized. Results of
detailed dosimetry have been reported recently for several exposure systems used in human studies
(Boutry et al 2008). The exposure systems examined include those used in Turku (Haarala et al 2007,
Krause et al 2007), Swinburne (Loughran et al 2005), and Zurich (Regel et al 2006). The Turku and
Swinburne studies employed modified commercial mobile phones. The dosimetric analysis is based on
numerical approach which has been validated by comparing with measurements in phantoms. SAR
distributions in the brain are estimated for each exposure system in detail. The results show that the
highly exposed part is limited and the location is different from phone to phone. In fact, the peak spatial
SAR within the human cortex can vary by more than a factor of 20 from phone to phone (Kuster et al
2004).

In some studies a base station antenna located at a distance of 3 m from the subject sitting in an anechoic
room was employed to simulate far-field, whole-body exposure humans. Numerical calculations by
FDTD method revealed that the whole-body average SAR is 6.2 u W kg™, and that the average and peak
(1 g average) SAR in brain is 11 and 73pu W kg™, respectively for 1 V m™ incident power density of
UMTS signal at 2.1 GHz (Regel et al 2006).

Epidemiological studies

Assessment of exposure plays a crucial role in epidemiology investigations. However, the exposure
metric for this assessment is not easily defined. A plausible hypothesis is that the tissue which
experiences the stronger and the more prolonged exposure could have more risk of diseases. Thus an
exposure metric could be defined as the energy absorbed at a point due to the exposure as

Dose=Y"" SAR(1,)-,

where t; is the time interval of the exposure with dose rate SAR (t;) (Balzano 1999). This metric is a
function of tissue or the location exposed to RF fields. It is necessary for dosimetry in this case to identify
and quantify SAR distribution in tissue, radiation source, duration of exposure, characteristics of the field,
output power, incident field distribution, etc. for individuals. It is important to take into account a priori
the exposure contributions from all relevant sources and not to restrict the evaluation to one source so
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long as it is not demonstrated that this source is dominant with respect to others (Neubauer et al 2007).
However, data accuracy and reliability are difficult to ascertain because data acquisition in many of the
RF epidemiology research are from self reporting. In addition the radiated power varies significantly, as it
is controlled by the wireless systems which depend on the status of the communication signal (Wiart
2000). Thus there are many uncertainties in the dosimetry for epidemiological study of RF exposure.

1.6.7.2. Dosimetry for children, fetuses, and embryos

The dosimetry for children and the unborn from RF exposure has gained considerable attention given
their special status during human development and growth. Aside from the physical size, the variation of
tissue electromagnetic properties as a function of age may have significant influence on RF energy
absorption and distribution.

Dielectric properties

The most widely accepted database of dielectric property for biological tissues lacks data for children
(Gabriel 1996). The dielectric properties, i.e., permittivity and conductivity, are considered to decrease
with age due to the changes of water content and organic composition of tissues. This consideration has
been demonstrated in Peyman et al (2001) i.e., compared to adult rats, at 900 MHz, 16% and 43% higher
conductivity were found for the brain and skull of new-born rats, respectively, which suggests a
possibility of SAR increase due to the higher tissue conductivity. They also reported relatively lower
increase of permittivity, i.e., 9.9% and 33%. Recently, they have reported a significant dependence of the
dielectric properties of the white matter and spinal cord on age while no age-related variation was found
for the gray matter (Peyman et al 2007). The establishment of a database for children’s dielectric
properties should be an essential and urgent task.

Spatial peak SAR for cellular telephones

In 1996, Gandhi et al reported a deeper penetration and considerable increase in the spatial peak SAR in
children’s heads for cellular telephones by using linearly scaled child head models with adult dielectric
properties (Gandhi et al 1996; Gandhi and Kang 2002). An increase up to 50% in the one-gram averaged
spatial peak SAR was found in a child head model. On the other hand, Kuster et al developed two child
head models from magnetic resonance imaging (MRI) data and used them to conduct similar calculations
(Schonborn et al 1998). Their results revealed no significant differences in the peak SARs between adults
and children, and also for children approximated as scaled adults. To clarify, Wang and Fujiwara (2003)
repeated Gandhi’s and Kuster’s calculations using a scaled Japanese head model. The scaling was
conducted based on a statistical database of child heads in order to get a better approximation. They were
able to reproduce both Gandhi’s and Kuster’s calculation results, suggesting that the contradictory
conclusions drawn are due to differences in their calculation conditions, specifically, whether the results
were normalized with the output power or with the antenna current. Moreover, the authors pointed out the
need of further studies on standardization of the averaging procedure used for spatial peak SAR
calculations. The same conclusion was reached based on a statistical approach from another study (Bit-
Babik et al 2005).

A multi-laboratory collaboration (Beard et al 2006) for computational comparison of spatial peak SAR
was conducted by an international task force comprising 14 groups from government, academic and
industrial research institutions. The study protocol specified the use of the Specific Anthropomorphic
Mannequin (SAM) head (without a pinna) model designed for mobile phone compliance measurement
(IEC 62209-1-2005; IEEE Std 1528-2003), an anatomically correct adult head model and a scaled 7-year-
old head model. Each institution used a different FDTD code and independently positioned the cellular
telephone and head models following the protocol. Each participant ran twelve simulations to fill a data
sheet comprising the three head models, two frequencies (835 and 1900 MHz), and two phone positions
(cheek and tilt). The spatial peak SARs for one- and ten-grams averages were required according to the
IEEE C95.3-2002 averaging procedure, and tissues considered in the SAR averaging volume included all
tissues, head only tissues, and pinna only tissues. In addition, the SAR values were normalized to both the
antenna input power and feed-point current. The results were very different for the two frequencies and
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phone positions. For 1900 MHz cell phones, the peak 1 and 10 g SAR values in the head, pinna and
average tissue of the adult model were consistently higher than those for the child model, either
normalized to the antenna current or power for the cheek and tilt positions. However, a majority of the
SARs were higher in the child than the adult model, especially for the 835 MHz phone in tilt position
when normalized to antenna current.

A study by Hadjem et al (2005) using child-sized (CS) and child-like (CL) head models showed that since
the brain is closer to the mobile phone in the case of the CS or CL heads, the SAR in the child brain
models is slightly higher than that of the adult. The difference between the heads of 5 and 10 year olds
and between the CS head and the CL head are very small, except for brain tissues at 900 MHz. More
recently Wiart et al (2008) reported that exposure of the cerebral cortex of children is higher than in
adults.

It should be note that Wang et al (2006) derived an empirical formula for dielectric properties in children
according to Lichtenecker’s exponential law for the complex permittivity of various tissues as a function
of the total body water (TBW). Following validation by comparing with the measured data for rats
(Peyman et al 2001), they showed that the adjusted dielectric properties of children do not affect
significantly the spatial peak SAR or the penetration depth. The finding can be qualitatively explained as
cancellation of the increased conductivity and decreased electric field penetrating into tissue because of
the same degree of increase between the conductivity and permittivity in children compared to the adults.

Whole-body average SAR

Some published studies (Wang et al 2006, Dimbylow and Bolch 2007, Conil et al 2008, Nagaoka et al
2008, Kuehn et al 2009) showed that in the frequency ranges of body resonance (~100 MHz) and from 1
to 4 GHz for bodies shorter than 1.3 m in height (corresponding approximately to a child of 8 years or
younger) at the recommended ICNIRP reference level the induced SARs could be up to 40% higher than
the current basic restriction under worst case conditions. Since the shape and tissue properties of child
models can influence whole body SAR in children, there have been several efforts in developing more
realistic child models based on actual anatomy (Lee 2006; Kainz 2007, Christ et al 2008, Nagaoka 2008).

Dosimetry of fetuses

Numerical dosimetry of fetuses was mainly conducted for metal detectors at several MHz (Kainz et al
2003) and MRI equipment at several 10’s of MHz (Wu 2006; Hand 2006). By modeling only the
abdomen region and using nine different pregnancy stages, Wu et al showed significant increase of SAR
and temperature elevation in patients at late pregnancy stage. Recently, whole-body pregnant female
models have been developed. Dimbylow (2007) developed a pregnant female model by combining a non-
pregnant female model and a mathematical fetus model. Nagaoka et al (2007) reported a more realistic
whole-body pregnant female model by embedding a MRI-based voxel fetal model inside a non-pregnant
female model. The induced current and SAR of fetuses are shown to be generally similar or lower than
those of the mother. At microwave frequencies, the electromagnetic fields attenuate more rapid in the
pregnant body so that the energy reaching the fetus is insignificant. Using Nagaoka’s pregnant female
model, SAR calculations for the fetus in a mother holding a cellular phone around her lower abdomen
showed that the averaged SAR in the fetus is lower than that in the mother (Togashi et al 2008).

More detailed calculations, it would require more knowledge of dosimetric parameters of pregnant
females and fetuses. Note that Kawai et al (2006) reported that the conductivity of rabbit fetuses is 1.3
times of that of muscle at 150 MHz. The same situation is true for temperature simulation because the
thresholds of thermal effects in fetuses and embryos have not been established in terms of SAR.

1.6.7.3. Dosimetry for implant issues

ICNIRP and other exposure guidelines (ICNIRP 1998; IEEE Std C95.1-2005) do not address human
bodies with implanted metal objects. The guidelines do not consider the enhancement of SAR around the
objects and the malfunction of medical implant equipments such as cardiac pacemakers. The number of
the persons who have such implant objects within their bodies however rapidly increasing. Therefore the
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dosimetry of a human body with implant objects is an important topic. The enhancement of SAR due to
metal implant objects are described in this chapter while the malfunction, i.e., electromagnetic
interference, of medical implant devices and equipments may be found elsewhere (Hayes et al 1997,
Irnich 2002; Kainz et al 2005b; Silny 2007).

Implant objects with metal parts generally cause enhancement of SAR in a human body exposed to RF
fields. The enhancement depends on various factors. One of the important factors is geometrical
resonance. That is, excessive enhancement of local SAR may occur when the size of a metal object in the
body is comparable to wavelength in tissues. McIntosh et al (2005) also reported on resonance like multi-
reflection between the metal object embedded in the cranial bone and the skin surface. The size, shape,
location and orientation of a metal object implanted in a human body can affect the enhancement of the
SAR and SAR distribution. These dependencies are summarized in a recent review paper (Virtanen et al
20006).

Although significant enhancement of local SAR can occur around an implanted metal object, the impact
on SAR values is limited if the local SAR is averaged over 1 g and 10 g of tissues. A study with realistic
heterogeneous head model exposed to a dipole antenna at 900, 1800, and 2450 MHz showed that the
factor of enhancement of the maximum SAR is 3 and 2 for 1-g SAR and 10-g SAR, respectively
(Virtanen 2007). Temperature simulation demonstrated that the temperature elevation due to enhanced
SAR around a metal object is not higher than 1 °C for exposure of RF safety guidelines (McIntosh et al
2005).

It has been suggested that temperature elevation would be a more appropriate measure to evaluate the
safety of the thermal effects due to implant metal objects in a human body exposed to RF fields instead of
1-g SAR or 10-g SAR (Virtanen et al 2006). Experimental investigation is also highly recommended,
although there may be many difficulties. Detailed knowledge of thermal and physiological parameters
should be considered in the thermal simulation. A very high-resolution and low-perturbation sensor is
required to experimentally evaluate the effect of the implanted metal object.

1.6.7.4. Dosimetry for millimeter and THz wave exposure

Above 30 GHz, the power absorption of EMF waves becomes increasingly superficial, where the
penetration depth, i.e., the distance from the boundary of a medium to the point at which the field strength
or induced current density have been reduced to 1/e of their values at the boundary, is 1 mm or less.
Absorption of these high-frequency EMF waves takes place in a very shallow region and depends
strongly on the incident power density, thus the basic restriction of the safety guidelines are more
appropriately set in term of the incident power density instead of SAR.

An important issue in millimeter and THz-wave exposures is the paucity of available data on dielectrical
properties. Recent measurements of the dielectrical properties of the human and mouse skin in the 37-100
GHz frequency range showed good agreement among various reports (Alekseev and Ziskin 2007,
Alekseev et al 2008a; Gabriel et al 2007b).

Dosimetric calculations of power density, penetration depth, and SAR using a single layer and multilayer
models of skin showed that. Alekseev et al 2008b) the thin stratum corneum (SC), has little influence on
the interaction of mm waves with skin. In contrast, the thick SC in the palm played the role of a matching
layer and significantly increased power deposition. In addition, the palmar skin manifested a broad peak
in reflection within the 83-277 GHz range. The viable epidermis plus dermis, containing a large amount
of free water, greatly attenuated mm wave energy. Therefore, the deeper fat layer had little effect on the
power density and SAR profiles. The appearance of a moderate SAR peak in the 42-62 GHz frequency
range within the skin at a depth of 0.3-0.4 mm. Millimeter waves penetrate into the human skin deep
enough (0.65 mm at 42 GHz) to affect most skin structures located in the epidermis and dermis (Alekseev
et al 2008b). Moreover, in murine models, mm waves penetrate deep enough into tissue to reach muscle.
However, in human skin, mm waves are mostly absorbed within the skin. Therefore, when extrapolating
the effects of mm waves found in animals to humans, it is important to take into account the possible
involvement of muscle in animal effects (Alekseev et al 2008a).
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A recent report showed that the Pennes bioheat equation is not adequate to quantify mm wave heating of
the skin at high blood flow rates (Alekseev and Ziskin 2009). It was necessary to incorporate an
“effective” thermal conductivity to obtain a hybrid bioheat equation. The presence of the fat layer (non-
specific tissue) resulted in the appearance of a significant temperature gradient (up to a few °C) between
the dermis and muscle layer which increased with the fat layer thickness.

It should be noted that other models have been used for millimeter wave dosimetry (Riu et al 1997;
Walters 2000). However, because the voxel size of realistic human models is comparable to the
wavelength in tissue, significant errors can occur in numerical calculation of EMF power absorption.
Nevertheless, simple models have been used to predict a threshold of the thermal sensation due to
temperature elevation (about 0.06 °C) at the skin surface. Foster and Glaser (2007) calculated the
corresponding threshold in terms of incident power density from 10 to 94 GHz. They found that the
threshold of incident power density decreases as frequency increases, i.e., 200 W m? at 10 GHz to 50 W
m? at 94 GHz, and that the threshold at 94 GHz is the same level of the IR (50 THz) radiation. The above
calculations generally assumed short-term and large-area exposures. Short-term exposures can ignore the
effects due to thermo-physiological response of the human body. For large-area exposure conditions, very
simple 1-D human surface models can be used because the thermal diffusion at the tangential direction
can be ignored. Further dosimetric investigations considering actual complex conditions are therefore
necessary. Gustrau and Bahr have reported detailed dosimetry of human skin and eye exposed to 77 GHz
millimeter-wave which is used for radar systems for adaptive cruise control (Gustrau and Bahr 2002).

L.6.7.5. Microdosimetry

Microdosimetry refers to the determination of the microscopic distribution of absorbed energy. It deals
with the quantitative study of the distributions of EM fields imparted in cellular and subcellular biological
structures and their relationship to biological effects.

Recently a growing attention has been devoted to RF-microdosimetry. WHO has considered such item in
the research priorities agenda (http://www.who.int/peh-emf/research/children/en/index1.html) and it has
been argument of discussion in many workshops, one of them specifically devoted to this topic (Physical
Effects of Pulsed RF Fields at Microscopic and Molecular Dimensions — Microdosimetry, Dresden 2001).

Supposing that RF bioeffects could manifest under exposure conditions that do not present detectable
levels of heating of the body, then the search for biophysical mechanisms involving energy transfer over
molecular dimensions and the field strength knowledge at this level is needed to establish a quantification
of the effect (Schwan 1999; Apollonio et al 2000; Valberg et al 2007). In order to achieve this result it is
crucial to relate the average field absorbed by the whole system, organ or tissue, obtained through
macroscopic dosimetry, to the local field induced inside cells and their compartments. While the EM field
distribution inside the exposed biological system can be determined via macroscopic dosimetry (Chapter
1.6.7.) the problem must at the single cell level be solved considering A>>d, where A is the EM field
wavelength and d the maximum dimension of the cell. It can be worthwhile to recall that, in the frequency
range of interest, A is around tens of centimeters and d is of the order of pum. This assumption implies
quasi-static conditions, where the EM wave has a constant phase in all the points of the cell (Liu and
Cleary 1995; Postow and Swicord 1996; Kotnik and Miklavcic 2000; Simeonova and Gimsa 2006).

Induced field at the microscopic level may in part be instantaneous (due to electronic and atomic
polarizability) and also may have proper time delays (due to the polarization phenomena involved in the
specific structures). A fist example has been suggested (Liu and Cleary 1995; Kotnik and Miklavcic
2000) in a dielectric model of a cell. The different microscopic structures imply differentiation in the
polarization phenomena involved. As a consequence there will be different time (frequency) responses
from some parts of the dielectric model in local EM field absorption (Kotnik and Miklavcic 2000).

Some attention has been devoted to quantifying the differences in absorption at microscopic and/or
molecular levels and determining if these differences, or associated temperature gradients and energy
transfer, could influence biological functions. However, there seems to be a general consensus (Schwan
1999; Foster 2000; Pickard and Moros 2001) that microthermal heating has to be considered negligible
(Schifer and Schwan 1943). The cell, cell membrane, and structures of molecular size, that may absorb
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more energy than surrounding matter, nonetheless are likely to remain essentially at the same temperature
as the surrounding matter.

Moreover, marked field discontinuities at microscopic level of cell membrane (up to 20 fold (Kotnik and
Miklavcic 2000; Munoz et al 2003)) are plausible due to differences in dielectric properties (e.g., between
protein and lipid regions in the cell membrane and cytoplasm and extracellular medium) (Liu and Cleary
1995; Kotnik and Miklaveic 2000; Apollonio et al 2000). For such reason, in approaching
microdosimetric studies, membrane dielectric models, valid through a wide frequency range, seem to be
particularly appropriate (Kotnik and Miklavcic 2000; Simeonova and Gimsa 2006). The molecular
structure and dynamics of lipid membranes and of protein domains in membranes have been extensively
explored, both theoretically (Klosgen et al 1996; Simeonova and Gimsa 2006; Hu et al 2006) and
experimentally (Bordi 1993; Chan et al 1997; Asami 2002; Feldman et al 2003; Bonincontro and Cametti
2004), although much more work remains to be accomplished. Membranes exhibit a complex anisotropic,
frequency-dependent structure and proteins (in both membranes and cytoplasm) can have markedly
different dielectric permittivity and conductivity with respect to those of the surrounding media (Bordi et
al 1993; Klosgen et al 1996; Simeonova and Gimsa 2006).

The EM field solution can be held by two principal approaches: the first considers analytical methods
applied to simplified cell shapes: spherical and spheroidal multi-shell models (Liu and Cleary1995;
Apollonio et al 2000; Kotnik and Miklavcic 2000, 2006; Gimsa and Wachner 2001; Simeonova and
Gimsa 2006). The main advantages of this approach are the simplicity of the technique (Stratton 1941)
and the possibility to furnish simplified formula to evaluate influence of different parameters (Postow and
Swicord 1996; Wachner et al 2002; Maswiwat et al 2007). The second way is through numerical
techniques that allow irregular shape of the cells and the inhomogeneous spatial distribution of the fields
due to realistic shapes (Sebastian et al 2001; 2004, Munoz 2003, 2004; Stewart et al 2005; Smith et al
2006; Pucihar et al 2006). With such techniques some authors have also approached the mesoscopic
problem of cells assemblies (Pavlin et al 2002).

Further research on microdosimetry applying dielectric theory to cells and subcellular entities is needed to
achieve a better understanding of the possibility that in the absence of overall temperature change, RF
radiation might influence biochemical processes over microscopic dimensions and sub-microsecond
times.

Microdosimetry is of interest also in all cases where the interaction of fields with biological materials at
the microscopic level is studied for biomedical reasons. This is the case in the rapidly evolving field
related to electric field manipulation of cells, electroporation, and a variety of possible laboratory
diagnostic techniques based on dielectric spectroscopy (Pucihar et al 2001, 2007; Stewart et al 2004; Hu
et al 2005; Frey et al 2006; Vasilkoski et al 2006; Gowrishankar et al 2006; Munoz et al 2006).
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Exposure to high frequency electromagnetic fields, biological effects and health consequences (100 kHz-300 GHz)

IL.1. INTRODUCTION

This report reviews the results of biological studies of the effects of exposure to radiofrequency (RF)
radiation published after the World Health Organization (WHO) Environmental Health Criteria
monograph on electromagnetic fields in the range 300 Hz — 300 GHz (WHO 1993). Biological studies are
taken here to include laboratory experiments using volunteers, as well as those using various animal
species such as rats or mice and those using cultured cells. The report focuses on individual volunteer,
animal and in vitro experimental studies published after 1993, but it also takes account of the numerous
national and international reviews of RF studies published since that date. Of particular note are those
published by the International Commission on Non-lonizing Radiation Protection (ICNIRP 1997, 2001),
the Health Council of the Netherlands (HCN 2004-2009), the UK Independent Expert Group on Mobile
Phones (IEGMP 2000), the Royal Society of Canada Expert Panel on RF (Krewski et al 2001a, b; 2007),
the UK independent Advisory Group on Non-Ionizing Radiation Protection (AGNIR 2001, 2003), the US
National Council for Radiation Protection (NCRP 2003), the French Agency for Environmental Health
Safety (AFSSE 2003, 2005) and the Swedish Radiation Protection Authority (SSI 2004-2008). Papers
written in languages other than English have been included in the present review.

WHO (1993) reviewed a large number of biological studies of the effects of RF radiation. The studies
often used levels sufficient to induce considerable heating at frequencies commonly used for industrial,
scientific and medical purposes, most commonly 915 and 2450 MHz. The RF radiation was usually
continuous wave (CW), sometimes pulse-modulated and occasionally amplitude-modulated at extremely
low frequencies (ELF). In subsequent years, the rapid increase in wireless telecommunications,
particularly those used in mobile telephony resulted in public health concerns regarding the increasingly
ubiquitous exposure to the complex but generally low-level RF signals emitted by such devices. A
number of large, well-coordinated programs of biological research have been undertaken, often at
frequencies of around 900 and 1800 MHz which are typical of GSM (Global System for Mobile
Telecommunications) signals. More recently frequencies at around 2100 MHz, typical of the third
generation systems (e.g. UTMS, Universal Mobile Telecommunication System) have been investigated.
Much of this effort has been centered in Europe. Past and ongoing multi-laboratory European biological
research programs have included: CEMFEC, GUARD, PERFORM, RAMP 2001, and REFLEX. These
projects comprise volunteer studies of physiological effects; animal studies of cancer, reproduction and
other end-points; and in vitro studies of genotoxicity, gene expression, etc. In addition, many countries
support their own biological research programs, e.g. Australia, China, Denmark, Finland, France,
Germany, Italy, Japan, the Netherlands, South Korea, Sweden, Switzerland and the UK.

These research programs have to varying degrees been coordinated through regular meetings, workshops
and conferences; an approach strongly supported by WHO through the publication of its Research
Agenda (www.who.int/emf/research/en/). Such an approach favors the coordinated replication of notable
study outcomes that are of some concern. These studies include, for example, the report of lower levels of
well-being in volunteers following UTMS exposure (Zwamborn et al 2003), reports of increased
permeability of the blood-brain barrier and the number of dark-staining neurons, thought to indicate
degenerating neurons, in rat brains following exposure to GSM-type signals (Salford et al 2003), and
reports by several groups of increased levels of heat shock proteins (hsps) and of increased DNA strand
breaks in cultured human fibroblasts following exposure to low level GSM-type radiation (e.g.
Leszczynski et al 2002; Kwee et al 2001; Diem et al 2005). In addition, an increase in the number of
single- and double-strand DNA breaks in rats exposed to pulsed and CW 2.45 GHz fields was reported by
Lai and Singh (1995, 1996a,b), and a two-fold increase in the incidence of lymphoblastic lymphomas in
transgenic mice was reported by Repacholi et al (1997). Replications of some of these and other studies
are published and discussed in this review; other replication studies are currently in progress.

Different types of laboratory study contribute to the evaluation of possible risks to human health in
different ways. Studies using volunteers can give valuable insight into the transient, physiological effects
of acute exposure of human populations. Animal studies provide the opportunity to investigate possible
effects of prolonged exposure on reproductive outcome for example, or on the incidence of cancer, that
cannot be conducted using volunteers. They play an essential role in evaluating the integrated responses
of the systems of the body, particularly the nervous, endocrine and immune systems. However, the direct
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extrapolation of the outcome of such studies to human populations may be limited because of species
differences such as lifespan or tumor susceptibility. Finally, experimental observations on cultured cells,
tissue samples and biological molecules can, in principle, give insight into the basic mechanisms by
which effects might be induced in more complex organisms. Again however, anomalous cellular behavior
generated by the culture conditions and other factors may limit the extrapolation of such data to humans.

Criteria for assessing the strength of these experimental data include the adequacy of experimental design,
the statistical analysis of the data, and the avoidance of possible confounding that might otherwise result
in a misleading or erroneous conclusion (Repacholi and Cardis 1997). In this respect, it is a fundamental
principle of scientific investigation that effects described in one laboratory can be repeated in the same
and in other laboratories, providing the appropriate procedures and protocols are followed. Thus
replication of an effect by an independent laboratory considerably strengthens the view that any effect
represents a true response. In addition, the identification of a dose-response relationship would clearly
strengthen the view that an agent such as RF interacts in a systematic way with a biological process.
Finally, a lack of conflict with current scientific understanding further strengthens the plausibility of any
effect. However, these criteria can, of course, only serve as a guide to judgment.

This review specifically examines the biological evidence for different proposed RF interaction
mechanisms (Chapter 11.2.), the evidence for genotoxic and non-genotoxic effects in cultured cells
(Chapter 11.3.) and the evidence for genotoxicity and effects on cancer, reproduction and development,
the nervous, endocrine, cardiovascular, immune and hematological systems in animals (Chapter 11.4.). A
review of human laboratory studies (Chapter 11.5.), which covers effects on the nervous system and
behavior, and the endocrine and cardiovascular systems is followed by a summary and conclusions
(Chapter 11.6.).

I1.2. BIOLOGICAL EVIDENCE FOR INTERACTION MECHANISMS

In this chapter the biological evidence for interaction mechanisms is reviewed. Physical aspects are
addressed in Chapter 1.5. In addition, this chapter focuses on non-thermal interactions; RF-induced
heating and thermal dosimetry are also addressed in Chapter 1.5. and 1.6. The distinction between thermal
and non-thermal interactions is rather important, particularly in the interpretation of biological studies,
and has been discussed recently by Glaser (2005) and Foster and Glaser (2007). RF-induced heating is
well understood, resulting from the dielectric relaxation of water and other molecules and the translational
motion of ions. From a biophysical point of view, Glaser (2005) notes that a mechanism is non-thermal if
the interaction of the electric or magnetic vector of the RF field leads to specific effects other than
heating. Pragmatically, however, experimental effects are often termed non-thermal when they are not
accompanied by a predictable or measurable temperature increase. In practice it is difficult to ensure that
small localized temperature increases, in a cell culture for example, have not occurred during RF
exposure. In addition, Foster and Glaser (2007) note that cells possess various temperature sensitive
molecules that can activate cellular responses to small changes in temperature, sometimes of less than
0.1°C. One class of thermally sensitive molecules are the temperature-dependent ‘riboswitches’, RNA
sensors that direct gene expression through changes in RNA conformation (e.g. Serganov and Patel 2007)
and are, for example, involved in the heat-shock response and the expression of hsps (e.g. Chowdhury et
al 2003; Shamovsky et al 2006). Another class are the transient receptor potential (TRP) family of
membrane ion channel proteins which respond to a variety of changes in their local environment
including temperature (e.g. Moran et al 2004; Bandell et al 2007); both warm and cold sensitive TRP ion
channels have been described (Benham et al 2003; Patapoutian et al 2003). As noted by Glaser (2005),
subtle temperature effects may occur following low level RF exposure that would be part of the normal
repertoire of cellular responses to the small temperature changes encountered in everyday life and are
therefore unlikely to be of any health significance.

Another important consideration is the plausibility of any proposed non-thermal mechanism of
interaction. In terms of energy per RF photon for example, the available energy of 4x107 eV at 1 GHz is
much lower than the average thermal energy of molecules at room temperature (3x107 eV), and very
much lower than the strength of a weak chemical bond (around 1 eV) or a threshold for ionization
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(around 10 eV), suggesting that RF will be unable to cause direct damage to biological molecules through
chemical bond disruption or ionization.

However, because of the ubiquity of RF exposure and the remaining uncertainties regarding possible low-
level effects, it is crucial to perform theoretical analyzes and biophysical investigations in order to yield
information on plausible interaction mechanisms and suggest further research.

11.2.1. Biophysical studies

Several processes have been considered that could lead to biological effects. They have been reviewed
(Adair 2003; Challis 2005; Foster and Glaser 2007) and are summarized below.

11.2.1.1. Dielectric properties

All living matter contains electrical charges (ions, electrically polarized molecules such as water, etc) and
insulating materials such as lipids; it is therefore a weakly conducting medium (called a dielectric). The
dielectric properties of tissues determine the net electromagnetic energy absorbed (specific absorption or
SA; J kg) which is ultimately converted into heat due to an increase in molecular translational and
rotational kinetic energy (see Chapter 1.5.). Above about 500 MHz, macroscopic loss mechanisms shift
from predominantly ionic conduction to more equal contributions from ionic conduction and dielectric
relaxation (Pickard and Moros 2001). Increased knowledge of the dielectric properties of biological
tissues has enabled a more accurate derivation of the dosimetric relationship between exposure, specific
energy absorption rate (SAR; W kg') and the elevation of tissue temperature (see Chapter L.6.).

11.2.1.2. Magnetite

Magnetite (Fe;0,), found in magnetosomes that are present in the human body, including brain tissue, is a
strong absorber of RF radiation between 500 MHz and 10 GHz (Kirschvink 1996). However, it is present
at very low concentrations (5-100 ppb) in human tissues and the resultant heating should be biologically
unimportant at localized SARs below guideline levels (Adair 1994; Kirschvink 1996; Pickard and Moros
2001).

A preliminary study by Cranfield and co-workers of the effect of exposure of the magnetite-containing
bacterium Magnetospirillum magnetotacticum using a GSM 900 MHz handset reported that exposure
increased the proportion of cell deaths (Cranfield et al 2003a). However, the experimental protocol was
only briefly described and dosimetry was inadequate, although the exposure was presumably below
guideline levels so the results were potentially of interest. In later work in which cells were exposed
inside a waveguide with proper dosimetry (GSM-1800 MHz, with an SAR of up to 2 W kg™), there was
no effect on cell viability (Cranfield et al 2003b). The ELF magnetic fields produced by the handset were
not present in the later study and the authors speculated that this might have accounted for the difference
in study outcome. However, there is no clear evidence that low-level ELF magnetic fields are associated
with increased cell death (ICNIRP 2003; WHO 2007).

The presence of magnetite in human tissues is not associated with any known function as it is in birds and
other species and is unlikely to result in increased heating under RF exposure or in non-thermal biological
effects.

11.2.1.3. Demodulation

The possibility that biological tissue can demodulate an RF signal through the non-linear conversion of
RF energy, generating a signal within the tissue at the modulation frequency, is of considerable interest
(Foster and Repacholi 2004). Generally, RF signals are modulated at low frequencies to which neurons
and neuronal networks such as those in the CNS are particularly sensitive, and so even weak
demodulation could be significant. Ionic conduction through membrane ion channels results in
demodulation but only at frequencies below about 10-20 MHz (Pickard and Barsoum 1981; Pickard and
Moros 2001). So demodulation at higher frequencies would need to involve other biological components
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and an investigation to look for these is currently underway in the UK using a setup composed of a
doubly resonant cavity (Balzano 2002, 2003; Balzano and Sheppard 2003; Balzano et al 2008). In this
study, the CW RF test signal at 900 MHz irradiates a sample of cultured cells held in the resonant cavity
tuned to this frequency; any non-linear processes will generate a second harmonic at 1800 MHz, to which
the cavity is also tuned. The sensitivity of the doubly resonant cavity system is such that it should allow
the detection of one or two non-linear oscillators per 1000 cells (Balzano et al 2008).

11.2.1.4. Radical pair mechanism

The “radical pair mechanism” is one of the most plausible hypotheses for explaining the
biological effects of low-level (< 1 mT) static and ELF magnetic fields (see Brocklehurst and
McLauchlan 1996; Timmel and Henbest 2004). Scission of a covalent bond in biological molecules
results in the formation of a radical pair, usually as an intermediate stage in some metabolic reaction. If
the radical pair lives long enough, a magnetic field can affect the probability of radical recombination and
thereby change the reaction yield. There is ample experimental evidence for this mechanism in
biochemical systems but less so for biological processes, although some support has been given by the
evidence from studies on animal navigation mechanisms (Ritz et al 2004).

For RF fields, transitions between non-degenerate states should be induced when the transition frequency
equals the RF frequency. For most biomolecules, these frequencies are below 100 MHz, although
molecules containing transition metal ions can have hyperfine splitting of 1000 MHz or more (Challis
2005). Generally, this phenomenon is unlikely to take place in normal solvents in living tissues such as
water because of the very short lifetime of the radical pair, typically tens of nanoseconds. However,
conditions are more favorable in membranes and/or bound to an enzyme where the radical pair may be
held in close proximity for longer periods, possibly microseconds, increasing the possibility of singlet-
triplet mixing (Brocklehurst and McLauchlan 1996; Eveson et al 2000). Ritz and colleagues have reported
that an RF field of 1.315 MHz can disorient the magnetic compass orientation of the migratory bird
species Erithicus rubecula in agreement with theoretical predictions based on a radical pair mechanism
(Thalau et al 2005). Further experimental work should explore possible biological effects in mammalian
cells and animal models.

11.2.2. Biochemical studies

Biochemical studies are carried out using cell free systems such as proteins, membranes, liposomes, etc.
Such investigations can yield useful information concerning the validity of hypotheses made at the
physical or biophysical level and about the way RF exposure might trigger biological effects, possibly
leading to health effects.

11.2.2.1. Biological macromolecules

A few studies have addressed the effects of RF exposure on the structure and function of biological
macromolecules such as proteins or DNA. The hypothesis being investigated is that absorption of RF
energy by these molecules could modify their structure and/or perhaps their behavior, as first noted by
Frolich (1968).

Bohr and Bohr have performed a series of experiments on globular proteins, particularly B-lactoglobulin.
RF was applied for 5 s in a microwave oven at 2.45 GHz and 800 W, causing a ~0.3°C temperature
increase in the protein solution. In the first publication (Bohr and Bohr 2000a) using optical rotational
dispersion, the authors showed that exposure accelerated conformational changes of the protein and in a
second paper (Bohr and Bohr 2000b) they reported an enhancement of folding and denaturation of the
protein. These observations were interpreted as evidence of coherent RF excitation of vibrational or
torsional modes leading to altered conformation of the protein molecules. However, their discussion did
not consider the difficulty of direct excitation of vibrational modes by RF nor the effects of damping
(Adair 2002; Challis 2005).

94



Exposure to high frequency electromagnetic fields, biological effects and health consequences (100 kHz-300 GHz)

The hypothesis of an alteration of the conformation of proteins through transient heating resulting from
pulsed RF exposure was suggested by Laurence et al (2000). However, the maximum temperature rise
produced by the RF heating depends on the heat capacity of the heated volume and the rate at which it
diffuses away. The authors had used an incorrect value of the heat capacity and the temperature rises
became extremely small when the correct figure was used (Laurence et al 2003).

D’Ambrosio and colleagues have investigated the effects of RF exposure on protein model systems for
several years. In earlier work (La Cara et al 1999), they had compared the effects of RF and conventional
heating on the activity of a thermophilic beta-galactosidase. This thermostable enzyme was exposed at
70°C at SAR levels of 1100 and 1700 W kg'1 for 15, 30, 45, or 60 min and its activity compared to that of
a sample heated in a water bath at the same temperature. Enzyme activity was reduced to 10% at the
highest SAR level while water-bath heating did not affect activity. In further work by the same group
(Bismuto et al 2003) solutions of the myoglobin protein were exposed at 1.95 GHz in a thermostatically-
controlled waveguide for 2.5 h at 30°C (rising from 25°C at the start of exposure at an SAR of 51 W kg’
". Absorption spectroscopy, circular dichroism, and fluorescence emission decay in the frequency
domain were used to assess the influence of RF exposure on the native structural state of the protein.
Under those exposure conditions, the structural organization of myoglobin molecule, its internal
dynamics and CO binding affinity were not affected. As a follow-up to the work on myoglobin,
Mancinelli et al (2004), under identical exposure conditions, used an acidic solution at pH 3 to look at the
kinetics of protein refolding. The kinetics of the exposed samples was slower than that of the sham-
exposed one. This was interpreted as an effect of RF on the propensity of myoglobin to populate specitic
conformational substates among which it fluctuates at acidic pH, possibly leading to protein misfolding.
However, the observations of these small-amplitude effects are prone to artefacts caused by small
variations in the temperature control of the samples and the results await confirmation.

More evidence that RF exposure can alter protein conformation without bulk heating comes from the
work of de Pomerai et al (2003). The exposure of solutions of bovine serum albumin at 1 GHz (15-20
mW kg™, exposure lasting from 3 to 48 h and temperature from 25 to 45°C) enhanced the aggregation of
the protein in a time- and temperature-dependent manner.

More recently, Copty et al reported on some specific effects on a solution of green fluorescent protein
exposed at 8.5 GHz (Copty et al 2006). Samples were either exposed to RF or heated using resistive
heating. [At maximum RF power, the calculated SAR was 4 kW kg and AT was 3°C.] In both cases,
heating produced a decrease in the protein fluorescence intensity and the spectrum became red-shifted. It
was noted though that, for a similar temperature rise, the alteration of fluorescence was larger in the RF-
exposed samples, which was interpreted as evidence of a specific nonthermal effect of RF exposure.
However, the theoretical and experimental determination of AT under RF exposure is very uncertain but
critical for any conclusion regarding nonthermal effects.

There have been a few investigations on isolated DNA in solution, all dating back to the 1980s. Initially
there were some reports showing a frequency-specific absorption in DNA from plasmids or DNA
breakage due to RF exposure in solution (Swicord and Davis 1982; Edwards et al 1984, 1985, and
Sagripanti and Swicord 1986). However, follow-up studies showed that this was incorrect (Foster et al
1987; Gabriel et al 1987). DNA breakage was most likely to have been the result of free radical formation
due to the use of copper electrodes and hence the presence of copper ions in solution, but not the result of
a direct action of RF absorption (Sagripanti et al 1987). Further theoretical calculations by Foster and
Baish (2000), Adair (2002) and Prohofsky (2004) support the view that viscous damping would be
sufficient to make any ‘resonant’ behavior of DNA molecules in solution very unlikely.

Vanderstraeten and Vander Vorst (2004) have evaluated the dielectric properties of DNA in the nucleus
and estimated that the local SAR in the layers of condensed counterions and bound water molecules is
one and two orders of magnitude above that in muscle tissue. However, the authors conclude that the
increased local RF absorption will not generate appreciable rises in temperature in those regions because
of the high levels of thermal conductivity of the surrounding fluid medium.

In summary, the search for nonthermal effects of RF on biological macromolecules such as proteins and
DNA has not been very active in recent years and to date there is no good evidence to suggest that such
effects exist.
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11.2.2.2. Liposomes and membranes

Liposomes are artificial phospholipid vesicles, constructed in the laboratory, which have often been used
as models for studies of membrane properties. Early work by Liburdy & Magin (1985) reported an
enhanced release of drugs trapped in the liposomes under exposure at 2.45 GHz, 60 W kg™ The effect
occurred at temperatures below the membrane phase transition temperature of 41°C.

Following initial work on liposomes exposed to RF (Ramundo-Orlando et al 1993), Ramundo-Orlando
and colleagues have more recently used liposomes entrapping glycoenzyme ascorbate oxidase (Ramundo-
Orlando et al 2004). Exposure was performed at 2.45 GHz, at SAR levels up to 5.6 W kg'. Exposure at
the maximum SAR level reduced enzyme activity, although the conformation of the enzyme was not
affected. The authors suggested that RF interactions with the oligosaccharide chains of the enzyme were
critical in eliciting this effect. Further work by the same group at 130 GHz using the carbonic anhydrase
enzyme led to increased liposome permeability under pulsed exposure, but only when modulation was at
7 Hz and not 5 or 10 Hz (Ramundo-Orlando et al 2007).

Overall, there is limited evidence to date that nonthermal RF effects occur in model liposomes although
the biological significance of such effects is not clear.

I1.2.3. Summary on mechanisms

There are several theoretical hypotheses describing potential nonthermal mechanisms for low-level RF
biological effects. Some have been tested experimentally, but so far there has been no compelling
evidence that they might plausibly account for any such effects. From a biophysical point of view, the
most plausible include the possibility that RF can affect metabolic reactions involving a radical-pair
mechanism, and that biological tissue can somehow demodulate an RF signal through the non-linear
conversion of RF energy. Both are of interest with regard to potential health effects but there is as yet no
convincing evidence that such interactions occur in mammalian systems.

Whilst biological effects resulting from low level RF exposure are usually taken to indicate evidence for a
non-thermal interaction, it is important to note that cells possess various thermally sensitive molecules
such as the TRP family of ion channels and RNA ‘riboswitches’ that are able to initiate cellular responses
to temperature changes possibly as small as 0.1°C. The implication is that 