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Health Effects from Radiofrequency
Electromagnetic Fields

Report of the independent Advisory Group on Non-ionising Radiation

Chairman: Professor A J Swerdlow

This report from the independent Advisory Group on Non-ionising Radiation reflects understanding and
evaluation of the current scientific evidence as presented and referenced in this document.






Executive Summary

In the years since the last AGNIR review on radiofrequency (RF) electromagnetic fields, in 2003, large
research programmes in the UK and across Europe have come to fruition. The amount of research
published has greatly increased and much of it has been of higher quality than was previously available.

Exposure of the general public to low level RF fields from mobile phones, wireless networking, TV and
radio broadcasting, and other communications technologies is now almost universal and continuous.
Additional sources of exposure to RF fields are appearing from new technologies such as domestic smart
meters and airport security scanners. In addition, some members of the public are exposed to higher
levels of exposure from certain medical uses of RF fields, notably MRI and diathermy. The greatest
occupational exposures to RF fields are from dielectric heating, but there are also high exposures from
several other industrial sources including induction heating, sputtering and welding.

Current exposure guidelines are based on the thermal effects of RF fields. Individual exposures and
doses associated with many RF field sources are well documented, enabling predictions to be made of
associated temperature rises in vivo.

Studies of the effect of RF field exposure on cells in vitro now include an increasing number that have
re-tested findings from previous studies. No consistently replicable effects have been found from RF field
exposure at levels below those that produce detectable heating. In particular, there has been no convincing
evidence that RF fields cause genetic damage or increase the likelihood of cells becoming malignant.

Studies of animals have employed a wide range of biological models, exposure levels and signal
modulations. Taken together, these studies provide no evidence of health effects of RF field exposures
below internationally accepted guideline levels. In particular, well-performed large-scale studies have
found no evidence that RF fields affect the initiation and development of cancer, and there has been no
consistent evidence of effects on the brain, nervous system or the blood-brain barrier, on auditory
function, or on fertility and reproduction.

The evidence suggests that RF field exposure below guideline levels does not cause acute symptoms in
humans, and that people, including those who report being sensitive to RF fields, cannot detect the
presence of RF fields. Similarly, well-conducted studies do not suggest that exposure to RF fields gives rise
to acute cognitive effects. There is, however, some evidence that RF field exposure may affect EEG and
other markers of brain function. However, these effects have not been consistent across studies. In
addition, the size of these reported effects is often small relative to normal physiological changes, and it is
unclear whether they have any implications for health.

Short-term exposures to RF fields at levels well above the limit set in current exposure guidelines can
cause thermal injury to tissues. The highest occupational levels of exposure to RF pulses can cause
perception of a banging or clicking sound (‘microwave hearing’).
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Although research on the potential long-term effects of RF field exposures below guidelines levels on
other non-cancer outcomes in humans has been very limited, the literature provides no substantial
evidence of such effects, in particular in relation to cardiovascular morbidity, reproductive function and
non-cancer mortality.

Epidemiological studies on cancer risks in humans in relation to occupational RF field exposures and
residential exposures from proximity to RF transmitters have had considerable methodological
weaknesses, particularly in exposure assessment. They give no evidence of any causal effect but also give
no strong evidence against it.

There is now a substantial body of epidemiological research published on cancer risks in relation to mobile
phone use. Although some positive findings have been reported in a few studies, overall the evidence
does not suggest that use of mobile phones causes brain tumours or any other type of cancer. The data,
however, are essentially restricted to periods of less than 15 years from first exposure.

Conclusions

The guantity, and in general quality, of research published on the potential health effects of RF field
exposure has increased substantially since AGNIR last reviewed this subject. Population exposure to

RF fields has become more widespread and heterogeneous. There are still limitations to the published
research that preclude a definitive judgement, but the evidence considered overall has not demonstrated
any adverse health effects of RF field exposure below internationally accepted guideline levels. There are
possible effects on EEG patterns, but these have not been conclusively established, and it is unclear
whether such effects would have any health consequences. There is increasing evidence that RF field
exposure below guideline levels does not cause symptoms and cannot be detected by people, even by
those who consider themselves sensitive to RF fields. The limited available data on other non-cancer
outcomes show no effects of RF field exposure. The accumulating evidence on cancer risks, notably in
relation to mobile phone use, is not definitive, but overall is increasingly in the direction of no material
effect of exposure. There are few data, however, on risks beyond 15 years from first exposure.

In summary, although a substantial amount of research has been conducted in this area, there is no
convincing evidence that RF field exposure below guideline levels causes health effects in adults or children.



1 Introduction

1.1 Advisory Group on Non-ionising Radiation and its Remit

The Advisory Group on Non-ionising Radiation (AGNIR) was set up in 1990, reporting to the Director of the
former National Radiological Protection Board (NRPB) — now part of the Health Protection Agency (HPA) —
and with the terms of reference:

‘to review work on the biological effects of non-ionising radiation
relevant to human health and to advise on research priorities’

AGNIR was reconstituted in 1999 as an independent advisory group and now reports to the board of the
HPA. In addition to the work of the AGNIR, subgroups are convened from time to time in order to address
specific issues.

ACNIRR has issued 14 major reports in the Documents of the NRPB/Health Protection Agency: Radiation,
Chemical and Environmental Hazards series and a number of statements that are listed in an appendix to
this report. The AGNIR publications have reviewed experimental and epidemiological studies, together
with exposure data, relevant to assessing possible health effects from exposures to electromagnetic fields
(EMFs), ultraviolet radiation (UVR), static magnetic fields, ultrasound and infrasound. They have been a
valuable input to HPA, and previously NRPB, advice and have been used in the development of exposure
guidelines as well as being widely circulated and used by government and the devolved administrations.
AGNRR last published a review of the health effects of radiofrequency (RF) electromagnetic fields in 2003.

This AGNIR review, like its predecessors, reflects the consensus of the AGNIR members.

1.2 RF Field Exposures in the UK: Sources and Public Concern

People are exposed to RF fields from many sources, including radio and TV transmitters,
telecommunications links and satellite communications, as well as mobile phones and their supporting
transmitters (base stations), and a myriad of other wireless applications such as Wi-Fi. There are also
occupational exposures in the telecommunications and manufacturing industries. The use of mobile
phones has increased considerably in recent years and has come to be seen as an essential means of
communication in commerce and society. There are now over 80 million mobile phones in use in the UK
supported by nearly 53,000 base stations. The number of phones, which is more than the number of
people in the UK, and the widespread domestic, workplace and public access to the internet through
wireless applications, reflects the utility and pervasiveness of these technologies in modern life.

There have, however, been concerns expressed for a number of years about the possible health effects
associated with exposure to RF fields. These were particularly common when many tall masts for mobile
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phone base stations were being erected across the country at the turn of the century. Public concerns
remain today, but have not apparently hindered the uptake of new wireless technologies. Expressions
of concern continue (Rowley, 2004; European Commission, 2007, 2010; Dolan and Rowley, 2009) and
are often focused on new applications. In particular, concerns about the use of Wi-Fi in schools have
grown in recent years, while the technology has become extensively deployed. The HPA has conducted
a detailed investigation of exposures from Wi-Fi, the results of which are summarised in Appendix A.

It is clear from enquiries to the HPA and media coverage that there is continuing public interest in
these issues.

1.3 History of Scientific Review and Advice about the Health Effects
of RF fields

The UK Independent Expert Group on Mobile Phones (IEGMP, 2000) drew attention to concerns on this
topic in its report and called for more research. Around the same time a number of other reviews were
issued by national bodies concerned with the possible health effects of exposures to RF fields from maobile
phones and base stations. These included a review of research needs by a European Commission Expert
Group (1996), a review by an Expert Panel of the Royal Society of Canada (1999), the Zmirou Report for
Health France (2001), reviews of both base stations and mobile phones for the Health Council of the
Netherlands (2000, 2002), an interim report by the British Medical Association on mobile phones and
health (2001) and a French Senate Report (OPECTS, 2003). The results of these and additional expert
group reports have been reviewed by Sienkiewicz and Kowalczuk (2004). Similar calls for research were
raised in other countries around the same time, and also within the European Union (EU) and the World
Health Organization (WHO). The result has been a substantial programme of research supported by
governments, industry and the EU.

In recognising that research would proceed apace, the IEGMP recommended that a further review of the
science should be carried out within three years of its own report and the AGNIR prepared such a review
in 2003. At that time, many studies were in progress and, in particular, epidemiological research on
mobile phone users was at an early stage. Hence, it was agreed in 2003 that the AGNIR should produce a
further review of studies relevant to concerns about health for publication in a few years’ time.

After the 2003 AGNIR review, the NRPB produced updated advice entitled ‘Mobile Phones and Health
2004’ (NRPB, 2005) and also published a review of the evidence about the health effects of
electromagnetic field exposure (in the range 0-300 GHz), as well as revised guidelines for public and
occupational exposures (NRPB, 20043,b).

The first phase of the UK Mobile Telecommunications and Health Research (MTHR) Programme has
finished and reported (MTHR, 2007), and the majority of funded studies have been published in the peer-
reviewed scientific literature. The initial phases of work funded in other countries and by the EU are also
largely complete. Some results from a large international pooling study of brain tumour and other cancer
risks in relation to mobile phone use, which brings together the data from a number of national studies,
have been published (Interphone Study Group, 2010).



SCOPE OF THE REVIEW

1.4 Need for a New Review of RF Field Health Effects

Since the last AGNIR review of RF field exposure there has been a marked increase in the use of wireless
devices across the world. The worldwide interest in the topic and investment in scientific programmes in
the early 2000s has resulted in a rapid expansion in the number of peer-reviewed scientific papers
relevant to this review.

Despite a wealth of new scientific information there remain substantial problems with the interpretation
of some individual studies and the outputs from broader research programmes. Some studies

(both epidemiological and experimental) appear to have problems with selection of adequate controls,
others are complicated by, for example, multiple testing or positive findings confined to subgroups.
Careful scientific review is needed to draw sound conclusions from this mass of evidence and the recent
publication of major studies makes this an appropriate time for AGNIR to undertake a new review. Work
on this review began in 2009 and it contains published evidence up to the end of 2010 with a few 2011
papers included where they add particularly to the body of evidence in Chapters 2, 4, 5, 6 and 8.

1.5  Scope of the Review

For the purposes of this review, RF fields are defined as that part of the electromagnetic spectrum
between 100 kHz and 300 GHz. These frequencies are used for a great variety of applications, including
radar and navigation, induction and dielectric heating, asset tracking and identification, professional
radio communications systems and medical applications, as well as the now ubiquitous mobile phones
and their associated base stations. Since the previous AGNIR review, a number of new technologies using
RF fields have emerged or become much more widespread, notably Wi-Fi, and these systems are
considered in Chapter 2.

This review addresses the scientific research related to the potential health effects from exposures to

RF fields, concentrating on new evidence since 2003. In Chapter 6 on symptoms in humans there was
very little information in the 2003 review, so the whole of the literature is reviewed and referenced there.
The conclusions drawn, however, take account of the entire literature, irrespective of the year of
publication. It covers sources of RF field exposure as well as experimental and epidemiological studies
relevant to concerns about human health. The RF fields to which people may be exposed from a variety of
devices cover a wide range with very variable signal characteristics and these are considered. The report is
limited, however, to the direct effects of RF fields and does not consider the indirect effects associated
with the use of mobile phones or other wireless devices, eg distraction and accident risk from the use of a
mobile phone while driving. The report does not include an in-depth review of the already well-
established heating effects of RF field exposure.

In this review the term ‘biological effect’ is used to describe a detectable effect on a living system. It does
not imply that this is necessarily an adverse health effect. Many things - for example, food, water and
exercise — have detectable ‘biological effects’.

This review considers many hundreds of scientific studies. The convention that has been used to
summarise succinctly results of individual studies is to refer to a ‘positive’ study as one where a statistically
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significant effect was found and a ‘negative’ study as one where no statistically significant effect was
found. A ‘positive’ study finding does not necessarily imply a causal association. Several additional criteria
need to be met to demonstrate causality.

Readers wishing to consider the detailed view of AGNIR on individual studies from before 2003 should
consult the previous report on RF fields (AGNIR, 2003), which is not repeated here.

The scientific papers reviewed here have been carefully examined to determine what weight should be
given to individual findings. This includes consideration of scientific quality as well as expert judgement
about each study and how it fits within the canon of work. Consistency with the existing body of evidence
is an important criterion, but AGNIR also recognises that the quest for alternative explanations for data is
an important part of the scientific process.

Summing the number of positive and negative studies is not an adequate way to review a scientific field,
not least because of publication bias which favours publication of new positive findings. Also, pure
replication studies of positive findings may be less likely to be published, even though they may
strengthen the body of evidence.

1.6 Structure of the Review

There are far more published cellular and animal studies than experiments with human participants or
epidemiological studies. However, human experiments and epidemiological studies are of the greatest
direct relevance to public health. Epidemiological studies are often complex to interpret due to the
effects of chance, bias and confounding. Therefore individual human and epidemiological studies have,
in general, been considered in greater detail in this review. Each chapter is separately referenced with its
own conclusions which are brought together in Chapter 9.

The executive summary summarises the report and its conclusions and recommendations.

Chapter 2 considers the exposures, mechanisms of action of RF fields, the way that exposure and dose to
the body can be estimated (dosimetry), and how the public are exposed to them (sources).

Chapter 3 considers the mechanisms of interaction of RF fields with living tissue and the cellular studies
that have been done to investigate them.

Chapter 4 considers experimental studies of RF field effects on various tissues in animal models. Much
work has concentrated on investigating whether exposure to RF fields may increase the risk of cancer, but
work on other endpoints and behaviour is also reviewed.

Chapter 5 considers acute cognitive and neurophysiological effects of mobile phone signals including
experimental human provocation studies and observational studies.

Chapter 6 considers whether exposure to RF fields can cause symptoms and also considers the issue of
whether some people are sensitive to RF fields.
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Chapter 7 considers non-cancer observational studies (epidemiology) and experimental human studies
on the effects of RF fields on a range of outcomes, including sexual function, fertility, birth outcome, child
development and cardiovascular function.

Chapter 8 considers observational studies of cancer risks in relation to RF field exposures, including
studies of residence near RF transmitters and mobile phone use in relation to a wide range of cancer
endpoints with a preponderance related to head and neck tumours. Occupational and domestic studies
are considered.

The principal conclusions and recommendations for further research are given in Chapters 9 and 10,
respectively.

The report has three appendices describing the results of an HPA project to assess exposures from Wi-Fi
in schools, a summary of the International Commission on Non-lonizing Radiation Protection exposure
guidelines and a list of previous AGNIR publications.
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2 Exposures, Interaction Mechanisms,
Dosimetry and Sources

Exposure of the general public to low level man-made radiofrequency (RF) electromagnetic radiation is
now essentially universal. Furthermore, some sectors of the working population may be exposed to higher
levels than the general public, arising from equipment used in their particular workplace, and patients
may be exposed as part of medical procedures. This chapter reviews the characteristics of these
exposures from a wide range of sources, each in terms of its frequency bandwidth, exposure levels and
modulation characteristics. These sources are used for communications, medical diagnosis, treatment and
surgery, and a wide range of industrial applications. Experimental and computational dosimetry is
reviewed, including the current emphasis on the development of age-specific models. With the current,
very rapid proliferation of devices and techniques, the most important developments are included and,
where possible, future trends are identified. Other detailed authoritative reviews, including one focusing
on emerging RF technologies, may be found elsewhere (ICNIRP, 2008, 2009).

2.1 Characteristics of RF Fields

The term RF (radiofrequency) refers to the parts of the electromagnetic spectrum that can be readily
used for radio communications purposes and which lie below the infrared region: specifically, for this
document, frequencies in the range of 100 kHz to 300 GHz. Frequency bands within this range have
been named more formally by the International Telecommunications Union (ITU). Figure 2.1 shows these
bands, together with the ranges of frequencies commonly used for various applications considered later
in this chapter, including those for telecommunications, in medicine, and for industry. Human exposure to
RF fields may arise from their deliberate use - for example, as part of the global telecommunications
networks — or adventitiously, as part of industrial and other processes utilising RF energy. The term radio
wave is used in this chapter to denote a radiofrequency electromagnetic field that is transmitted from a
source for communications purposes, while the term microwave can be used to refer to RF fields with
frequencies between 300 MHz and 300 GHz.

2.1.1  Quantities and units

Electromagnetic waves are characterised by an electric field strength £ expressed in units of volts per
metre (V m™") and magnetic field strength H expressed in units of amperes per metre (A m™') that
typically oscillate sinusoidally between positive and negative values at a frequency f. The distance along a
wave between two adjacent positive (or negative) peaks is called the wavelength, A, and is inversely
proportional to the frequency. The strength of the electric or magnetic field can be indicated by its peak
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FIGURE 2.1 RF spectrum and sources

The International Telecommunications Union (ITU) band abbreviations are given as LF, low frequency; MF,
medium frequency; HF, high frequency; VHF, very high frequency; UHF, ultra high frequency; SHF, super high
frequency; and EHF, extremely high frequency

value (either positive or negative), although it is more usually denoted by the rms, or root mean square,
value (the square root of the average of the square of the field). For a sinusoidally varying field, this is
equal to the peak value divided by \2. At a sufficient distance from the source where the wave can be
described as a plane wave, the electric and magnetic field directions are at right angles to each other and
also to the direction in which the energy is propagating.

The gquantity of electromagnetic energy per unit area at right angles to the direction of flow and per
second is called the power density (intensity), S, and is expressed in units of watts per metre squared

(W m™). In other words, if a power of one watt passes through one square metre, the power density is

1 W m™. Beyond about one wavelength from a transmitter (see Section 2.1.6), the positive (or negative)
peaks in the electric and magnetic fields occur at the same points in space. In other words they are in
phase, and the power density equals the electric field strength multiplied by the magnetic field strength:

S=EH

Power density decreases with increasing distance from the source because the waves spread out as they
travel. In free space, power density in the far field follows the inverse-square law (S is proportional to 1/d°,
where d is the distance from the source).
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2.1.2 Waveforms

In considering how to categorise human exposure, it is important to account consistently for the

signal characteristics of particular communication systems when summing them together in the context
of a chosen exposure metric. This involves considering whether the waveform is continuous or
intermittent and whether the way information is carried affects important aspects of the signal (Foster
and Repacholi, 2004).

2.1.2.1 Modulation

The signals generated by various sources across the spectrum may be very different in character. While
the underlying waveform from a source is usually sinusoidal, the signal may then, for example, be
amplitude modulated (AM) or frequency modulated (FM) for radio communication. The aim of
modulation is to carry a message signal, such as a speech signal, on another signal that can be physically
transmitted. The RF signal that carries the information is called the carrier wave. Modern digital radio
communications systems can use more than one type of modulation in the same signal. Many industrial
sources produce waveforms with high harmonic content resulting in complex waveforms. Complex
waveforms are not confined to signals generated by communications systems.

Older analogue radio systems tend to produce signals that are essentially continuous. For example,

radio signals in the VHF broadcast band involve audio information that is encoded on to slight changes in
the frequency of the signal, while signals in the long and medium wave bands use amplitude modulation.
Some modern digital systems involve radio transmitters that take it in turn to transmit on a given
frequency channel, which means that the signals from any given transmitter are pulse modulated

(see Section 2.1.2.2 below).

2.1.2.2 Pulsing (pulse modulation)

RF signals are often transmitted in a series of short bursts or pulses — for example, in radar applications.
Radar pulses last for a time that is very short compared with the time between pulses. The pulse duration
could be one microsecond (one-millionth of a second), while the time interval between pulses could be
one millisecond (one-thousandth of a second). The detected signal arises from reflections from objects
where the distance of the object is determined by the time between a transmitted pulse and its
reflection. The long interval between pulses is needed to ensure that an echo from the most distant
object arrives before the next transmitted pulse is sent. Thus, with a pulse modulated signal the time-
averaged power is lower than the peak power (power during transmission) by a quantity known as the
duty factor, which is the ratio of the time-averaged power to the peak power.

Signals from Global System for Mobile Communication (GSM) mobile phones and Terrestrial Trunked Radio
(TETRA) handsets are also pulsed. In these cases pulsing is introduced to achieve time division multiple
access (TDMA), which allows each frequency channel to be used by several other users who take it in turn
to transmit. For GSM phones and base stations, a 0.58 ms pulse is transmitted every 4.6 ms, resulting in
pulse modulation at a frequency of 217 Hz; pulsing also occurs at 8.34 Hz and at certain other frequencies
because of changes in the pattern of bursts produced. For TETRA handsets and mobile terminals, the
main pulse frequency is 17.6 Hz. The signals from TETRA base stations are continuous and not pulsed.
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Third-generation mobile phones employ a different modulation technique called code division multiple
access (CDMA), which allows several users to use the same frequency channel simultaneously by ‘labelling’
each of their transmissions with a specific coding scheme. Communications are carried out between
handsets and base stations using frequency division duplex (FDD) mode, although a time division duplex
(TDD) mode is also provided for by the standard. FDD mode uses separate frequency channels for
transmissions from the handset and the base station. Each transmission is continuous and so there is no
pulsing, although the Adaptive Power Control (APC) updates that occur at a rate of 1500 Hz will cause this
component to ‘colour’ the otherwise broad spectrum of the power modulation. With TDD mode,
transmissions are produced in bursts at the rate of 100 Hz and so pulsing would occur at this frequency,
in addition to the frequency of the APC.

Another technology that uses pulse modulated signals is Digital Enhanced Cordless Telecommunication
(DECT), and is commonly used for cordless phones in homes. A DECT base station on standby (when not
making a call) transmits for 0.8% of the time on average. The power during transmission (peak power) is
250 mW and so the average power level is 2 mW (see Section 2.4.3.4).

2.1.3 Signal fading and multipath propagation

Fading is a fundamental characteristic of radio signals in the environment, particularly at relatively high
frequencies. Radio signals are reflected from buildings and other structures, leading to multiple paths for
a signal to follow from the transmitter to the receiver. The signal contributions arriving by these different
paths travel different distances and so arrive at slightly different times. Also, the path lengths differ by
amounts that are larger than the wavelength (typically around 10 cm), meaning that the signal
contributions can sum to reinforce or diminish at a given position. The consequence of multipath
propagation is to create large variations in field strength over distances of the order of the wavelength,
and also over short time intervals (fractions of a second). Fading implies that the exposure of a person is
generally a dynamic quantity, even if the person is not moving, and the statistical characteristics of the
fading in space and time have to be taken into account in how exposure is assessed.

2.1.4 Source-dependent considerations

The properties of an electromagnetic field change with distance from the source. They are simplest at
distances more than a few wavelengths from the source. In general, the field can be divided into

two components: radiative and reactive. The radiative component is that part of the field which
propagdates energy away from the source, while the reactive component can be thought of as relating to
energy stored in the region around the source. The reactive component dominates close to the source in
the reactive near-field region, while the radiative part dominates a long way from it in the far-field region.
Whilst reactive field components do not contribute to the radiation of energy, the energy they store can
be absorbed and indeed they provide a major contribution to the exposure of people in the near-field
region. The measurement of the reactive components of the field can be particularly difficult since the
introduction of a probe can substantially alter the field.
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2.1.4.1 Far-field and near-field characteristics

Roughly speaking, distances within about one-sixth of a wavelength (A/27) from the source define the
reactive near-field region, while distances greater than 2D°/ (where D is the largest dimension of the
antenna) define the far-field region. Since D is usually comparable in size to A (or larger), 2D%/A is roughly
comparable to A (or greater). Distances between A/2r and 2 D°/ form a transition region in which
radiative field components dominate, but the angular distribution of radiation about the source changes
with distance. This is known as the radiating near-field region. Since wavelength is inversely proportional
to frequency, it varies considerably, from 10 km to a few millimetres over the range of radiofrequencies
considered here (100 kHz — 300 GHz). Antennas with a high degree of gain, eg dish antennas, have large
radiating near-field regions around them. For frequencies above 300 MHz (or 1 m wavelength) human
exposure more usually occurs in the far-field region. A near-field exposure occurs when approaching very
close to the source — in particular, for example, with mobile phones and body-mounted devices. This is
not the case at lower frequencies.

As already noted, the power density of an electromagnetic wave, S, is equal to the product of the electric
and magnetic fields, S = E H. Since E = 377H beyond the reactive near-field region (assuming the
quantities are all expressed in Sl units), this becomes:

S=E%377=377H* (Wm™)
Hence E=19vS (vm') and H=0.052VS (Am’)

Table 2.1 gives the far-field values of electric field strength and magnetic field strength for power
densities from 0.1 to 100 W m™.

The field structure in the reactive near-field region is more complex than that in the far-field region.
Generally, the electric and magnetic fields are not at right angles to each other and they do not reach
their largest values at the same points in space, ie they are out of phase. Hence, the simple relation
between S, E and H given in Table 2.7 is not obeyed and calculations of energy absorption in tissue in this
region are more complicated than in the far-field region.

TABLE 2.1 Examples of far-field (plane-wave) relationships

Power density (W m?) Electric field strength (V m™) Magnetic field strength (Am™)
0.1 6.1 0.016
1.0 20 0.052
10 61 0.16
50 140 0.36
100 200 0.51
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2.1.5 Exposure to RF fields

People are exposed both at home and at work to electric and magnetic fields arising from a wide range of
sources that use RF electrical energy. It should be noted that even at the highest frequency of the range,
300 GHz, the energy quantum, h f, where h is Planck’s constant and f is frequency, is still around

three orders of magnitude too small to cause ionisation in matter. This region of the spectrum, together
with optical frequencies, is therefore referred to as non-ionising.

In contrast to ionising and ultraviolet radiations, where natural sources contribute the greater proportion
of the exposure to the population, man-made sources tend to dominate exposure to time-varying
electromagnetic fields over the spectrum shown in Figure 2.1. Over parts of the frequency spectrum,
such as those used for electrical power and broadcasting, man-made fields are many thousands of times
greater than natural fields arising from either the sun or the Earth (see Section 2.4.1). In recent decades
the use of electrical energy has increased substantially for telecommunications purposes and it is clear
that exposure of the population in general has increased.

Everyone is exposed continually to low level RF fields from transmitters used for broadcast television and
radio, and for mobile communications. Many individuals will also be exposed to low level fields from
microwave communications links, radar, and from domestic products, such as microwave ovens,
televisions and display screen equipment. Higher exposures can arise for short periods when people are
very close to sources such as mobile phone handsets, portable radio antennas and RF security equipment.
Some of the sources of electromagnetic fields and the estimated levels to which people are exposed,
both at work and elsewhere, are shown in Table 2.2, and details are given in Section 2.4.

Depending on the frequency, output power and the distance from the RF source, direct or indirect
coupling into the human body can occur. The result of this coupling can be the induction of fields and,
consequently, currents inside the body, or a rise in local or whole-body temperature. A more detailed
explanation of the interaction between RF fields and the human body is given in Section 2.2.

For exposure assessment purposes, both physical quantities of the electromagnetic fields (£, H and S) and
dosimetric quantities (induced current density or rise in temperature, see Section 2.2.1) are considered.
The International Commission on Non-lonizing Radiation Protection (ICNIRP) provides basic restriction and
reference level values based on both physical and dosimetric quantities (see Appendix B). ICNIRP
recommends that these restrictions should not be exceeded if the population’s health is to be protected
from non-ionising radiation.

2.1.6 Measurement of electromagnetic fields

As mentioned earlier, RF sources give rise to electric and magnetic fields and these fields in turn can
induce currents or raise temperature inside the human body. It is therefore important to assess the
strength of the fields in order to protect the body from harmful effects. The physical quantities (€ and H,
and to some extent the induced current) can be directly measured outside the body, while the dosimetric
quantities (induced current density or rise in temperature) are mainly assessed by indirect means inside
the body. Here the methods used to measure electric and magnetic fields outside the human body are
explained. Dosimetric quantities are critically assessed in Section 2.3.
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There is no single method to evaluate the electric and magnetic field components of an RF source. This

is because the type and characteristics of different sources vary greatly. In addition, the magnitude and
direction of £ and H vary throughout space and over time. Other factors affecting the measurements of
electric and magnetic field strengths are: the frequency and power of the source; the modulation of

the signal; the propagation and fading of the signal; the radiation pattern and direction of propagation;
the polarisation of the field; and the physical environment. Measurement approaches also differ when the
exposure is considered in the near-field or far-field regions.

For all the factors mentioned above, it is important to follow a standard protocol for assessing the
electromagnetic field strengths, in particular when the purpose of the assessment is to demonstrate
compliance with exposure guidelines. To achieve harmonisation, technical standards are provided by
international standardisation bodies such as the International Electrotechnical Commission (IEC), the
European Committee for Electrotechnical Standardisation (CENELEC) and the Institute of Electrical and
Electronic Engineers (IEEE).

2.1.6.1 Instrumentation

For assessment of RF field exposure, field measurement equipment can be segregated into two types:
broadband and narrowband. Broadband instrumentation usually does not provide frequency information
and will indicate field strength independently of frequency. Narrowband instrumentation enables
assessment of both frequency and field strength information over a selected frequency bandwidth.
Spectrum analysers are often used for this purpose and allow the field strength to be measured in a
‘window’ of a certain bandwidth which is swept across a chosen frequency range. Broadband
instrumentation is the most widely used for RF hazard assessment due to its ease of use and portability.
Narrowband instrumentation is used where frequency resolution and high sensitivity are required.

Narrowband assessment is undertaken where measurements have to be made on a large number of
frequencies with different limits and relatively small signal strengths. Dipoles, loops and horns, which are
commonly used for field measurements, are polarisation sensitive and, to assess the total field strength,
the antenna used is rotated in three orthogonal directions or orientated for maximum signal strength.
Antennas that are large compared to the wavelength are unsuitable for evaluating rapidly changing
amplitudes over small regions of space.

Instruments covering a broad band of frequencies for field strength measurements consist of the field
sensing probe and signal display equipment. Physically small dipoles are used in electric field probes and
physically small loops in magnetic field probes. The detection of RF voltage usually takes place in the
probe sensing element and the rectified voltage is processed and displayed by the instrument. Usually
probes are designed to indicate either one field component or the sum of all field components. Probes
with a single sensor element respond to one field component only and require orientation to obtain the
maximum value. Multiple sensor arrangements in suitable configurations can be used to sum the spatial
field components and enable measurements independent of polarisation and direction of incidence.

Body currents induced by exposure to RF fields can be evaluated by measuring the current flowing to
ground, using either parallel-plate or current transformer approaches. Both techniques allow
measurements up to approximately 100 MHz and in some cases personal current meters using
transformers have been designed to extend beyond 200 MHz.
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TABLE 2.2 Sources of RF fields across the spectrum, with typical field strengths and power densities at accessible locations

Frequency band Description Source Frequency Typical exposure* Comments
300 kHz Medium frequency  AM radio 415kHz-1.6MHz 450Vm’" Occupational exposure at 50 m from
(MF) AM broadcast mast
Induction heating 300 kHz - 1 MHz 0.2-12Am’" Occupational exposure
3 MHz High frequency Short-wave 3.95-26.1 MHz 340V m™ Occupational exposure beneath wire
(HF) broadcast feeders of 750 kW transmitter
EAS 8 MHz 02Am" Public exposure close to a tag
deactivating system
PVC welding 27.12 MHz Body: 100Vm™',5Am"™" Operator position close to welding
Hands: 1500V m™',7Am~  platform of a 10 kW dielectric heater
Wood gluing 27.12 MHz 170V m’ Operator body exposure at 50 cm
from a 2 kW wood gluing machine
CB radio 27 MHz (<10 W) 1kvm',02Am" Public exposure close to antenna of
radio
30 MHz Very high frequency FM radio 88-108 MHz 4vm™ Public exposure at 1500 m from a
(VHF) 300 kW FM mast
300 MHz Ultra high frequency TV, analogue 470-854 MHz 3vm’ Public exposure (maximum at ground
(UHF) level) from a high power 1 MW
effective radiated power TV
transmitter mast
GSM handsets 900 MHz 400Vm™',08Am"’ At 2.2 cm from a 2 W phone
1800 MHz 200Vm™,0.8Am™ At 2.2 cm from a 1 W phone

GSM base station

900 and 1800 MHz

1 mwW m>
(0.6vm', 1.6 mAmM")

Public exposure at 50 m from a mast
operating at a maximum of 50 W per
channel
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Frequency band  Description Source Frequency Typical exposure* Comments
300 MHz Very Small Aperture 1.5/1.6 GHz 8Wm? Main beam direction
(continued) Terminal (VSAT)
Satellite Earth
Station
Microwave cooking 2.45 GHz 0.5Wm™ Public exposure at 50 cm from an
oven leaking at BSI emission limit (BSI,
1997)
3 GHz Super high Radar air traffic 1-10 GHz 0.5-10 W m™ Exposure at 100 m from ATC radars
frequency control (ATC) 2.8 GHz 0.16 Wm™ operating over a range of frequencies
(SHF)
VSAT 4-6 GHz <1owWm™ Maximum in the main beam
Satellite news 11-14 GHz <10Wm™ Maximum in the main beam
gathering
Traffic radar 9-35 GHz <«25Wm” Public exposure at distances of 3 m
<1wm? and 10 m from 100 mW speed check
radar
30 GHz - 300 GHz Extremely high Transmission digital 38 GHz/55 GHz <10*wWm™ Public exposure at 100 m outside

frequency
(EHF)

and analogue video
signals

main beam of microwave dish

* These are typical exposures at high frequencies and in the far field of sources where the electric and magnetic field strengths are orthogonal to each other
and to the direction of propagation and there is a simple relationship between E and H that means the wave can be described in terms of its power density.
Measurement of either E or H is sufficient to determine the power density. At lower frequencies and in the near field no such simple relationship exists.
Sources that operate at relatively high current and low voltage, eg induction heaters, tend to be defined by measurement of the magnetic field. At
frequencies above 30 MHz fields tend to be determined using electric field strength measurements. In situations where people couple closely to the
transmitter, such as in the use of mobile phones, the external field strengths are not an appropriate indicator of exposure and comparison with exposure
guidelines requires an assessment of the relevant internal dosimetric quantity.
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Recent advances have been made in the capability of body-worn instruments for measuring the strengths
of environmental RF signals. These personal exposure meters (PEMs) can now be regarded as sufficiently
robust and reliable for use in studies of exposure trends related to people’s health. Detection thresholds
on the most sensitive instruments are around 1% of the ICNIRP occupational reference level (ICNIRP,
1998). However, care is required in interpreting the readings from the PEMs and these have to be treated
appropriately when developing exposure metrics in studies (Mann, 2010). Also, the field strength at the
body surface is heavily perturbed and different from the field strength that would be found at the same
location in the absence of the body. Care is therefore required in the interpretation of the readings from
body-worn instruments and a rigorous calibration should take account of the field perturbation by the
body. The current generation of PEMs responds to the peak power of pulse modulated (TDMA) signals
and this should be taken into account so that the contribution of DECT, GSM uplink and Wi-Fi to time-
averaged exposure is not overestimated.

2.2 Interaction Mechanisms between RF Fields and the Body
2.2.1 Direct and indirect effects

As for all electromagnetic radiation, high frequency electromagnetic fields carry energy. When the body
is exposed to radio waves, some of the energy is absorbed from the waves, a direct effect which leads

to heating of the body tissues (World Health Organization, 1993). Contact with a radio antenna or
metallic conductor placed in an RF field can lead in some circumstances to electric shock or burn, indirect
effects that result from current flow in the body tissues (Chatterjee et al, 1986). Shock is related to
electrostimulation of tissues and burn occurs due to intense and rapid localised heating.

At frequencies below 100 kHz, the physical quantity identifiable with most biological effects is the electric
field strength in tissue, which is related to the current density. However, at the higher (RF) frequencies
considered here, the rate at which the body is heated is a more appropriate measure to assess the
exposure. The absorption of energy from radio waves causes molecules to vibrate, which in turn leads to
heating of body tissues. This heating is governed by a quantity known as the specific energy absorption
rate (SAR), with units of watts per kilogram (W kg™'). The SAR is derived from the square of the
(instantaneous) electric field strength, £ in tissue:

sAR = 12 2
2

P
where o-and p are the conductivity (in siemens per metre, S m™') and the density (kg m™), respectively,
of the tissue of interest. For a sinusoidally varying electric field, the factor of %2 may be omitted and the
rms (root mean square) value of the field substituted in this equation.

The SAR provides a measure of the power absorbed from the radiation per kilogram of body tissue. It is a
measure of the energy absorption inside the body and is often used as a proxy for the amount of heating
or temperature rise in the body. The SAR provides the link between exposure to an external RF field,
whose strength is quantified in terms of power density, and temperature rise inside the body. The SAR
cannot be measured easily in a living human and is usually estimated from simulations using experimental
or computer-based models of the human body (see Section 2.3).
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Contact with either a transmitting radio antenna or a metallic conductor that is radiating in an RF field can
lead to electric shock or burn. Electrical burns can be much deeper than burns that result from contact
with hot objects and they can occur at points where current exits the body as well as where it enters. High
RF voltages can build up on RF antennas and, unless they are well grounded, a surge of energy can occur
at the point of contact, causing a shock and/or burn as energy flows through the body to ground. A
similar effect can occur through contact with any ungrounded metal objects such as ladders or handrails
that are absorbing and re-radiating energy in an RF field. The main factors that determine the potential
for burn or shock are the power density and frequency of the radio waves, the grounding conditions,
whether the structure has resonant dimensions and how much of the body is in contact with the
conductor. Whilst constituting a hazard for those working near antennas, in medicine such contact burns
are usefully applied for electrosurgery (see Section 2.4.5.2).

2.2.2 Factors affecting human exposure

2.2.2.1 Power density

Power density is one of the most important factors that influence the amount of energy absorbed in the
body. It depends primarily on the output power of the radio transmitting device and the configuration of
the transmitting antenna. As the distance from an antenna increases, the radio waves spread out and the
power density ultimately decreases according to the inverse square law. The power density close to
antennas varies in a complicated way with distance and is generally less than would be predicted from
inverse square law considerations.

2.2.2.2 Distance from source

The potential for people to be exposed depends not only on the strength of the electromagnetic fields
generated but also on their distance from the source and, in the case of directional antennas such as those
used in radar and satellite communications systems, proximity to the main beam. High power broadcast
and highly directional radar systems do not necessarily present a source of material exposure except to
specialist maintenance workers or engineers. Millions of people, however, approach to within a few
centimetres of low power RF transmitters such as those used in mobile phones and in security and access
control systems where fields can give rise to non-uniform, partial-body exposure. The field strengths
typically decrease rapidly with distance from a particular source according to the inverse square law.

2.2.2.3 Tissue type

When radio waves are incident on a material, three main processes occur, namely reflection, absorption
and transmission. The extent to which each of the processes occurs depends on the type of material and
its thickness in relation to the frequency of the waves. When radio waves are incident on metal surfaces,
reflection is the dominant process; some absorption will occur and there will be near-zero transmission.

In the case of biological materials, there will be some reflection and the relative proportions of absorption
and transmission will depend on the thickness of the material. Radio waves at telecommunications
frequencies generally penetrate into the body tissues for a few centimetres and tend to be absorbed. In
being absorbed, they give up their energy to the body tissues and this adds to the energy being produced
by the body’s metabolism.
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The SAR is different in different parts of the body because different tissues in the body have different
electrical properties — for example, some tissues are better electrical conductors than others. On exposure
to radio waves, energy is not deposited uniformly throughout the body, even if the incident radiation has
uniform power density. When radio waves are incident on a homogeneous slab of material, the
proportion of energy transmitted decreases exponentially with the thickness of the slab. Consequently
more energy will be absorbed in the material towards the front surface facing the incoming waves than
towards the rear.

2.2.2.4 Frequency

Radio waves become less penetrating into body tissues as the frequency increases. The electric field
component of a wave penetrating into a material reduces to 37% of its initial value after a distance
known as the skin depth (see Figure 2.2). The skin depth of tissues depends on their electrical permittivity
and conductivity. The general expression for skin depth for poor conductors (non-metals) at high
frequencies is as follows (Griffiths, 1989):

S GICEIE

where @is the angular frequency and g o-and u are the permittivity, conductivity (S m™') and magnetic
permeability of the materials, respectively. In biological materials, g in tissues has essentially the same
value as that of free space, 4w x 10 Hm .

-2

The skin depths of tissues with low water content such as fat and bone are greater than those with higher
water content such as muscle and skin. Table 2.3 provides typical skin depths for low and high water
content tissues at selected frequencies.
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FIGURE 2.2 Absorption of energy in biological material showing how the skin depth decreases with
increasing frequency. Reflection of the incident radiation is assumed negligible here. The skin depth at high
frequency, &y, is less than that for medium frequency, Smed
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TABLE 2.3 Conductivity, o; and skin depth, &, of low and high water content tissues at selected
radiofrequencies*

Tissues with low water content Tissues with high water content

Fat Bone Muscle Skin
Frequency o(Sm™”) &(mm) o(Sm™”) &(mm) o(Sm™”) &(mm) o(Sm™”) &(mm)
150 MHz 0.04 366.1 0.07 301.0 0.7 67.2 0.5 85.0
450 MHz 0.04 301.9 0.10 202.2 0.8 51.3 0.7 52.9
835 MHz 0.05 252.0 0.14 139.5 0.9 43.5 0.8 41.5
1.8 GHz 0.08 157.1 0.28 66.7 1.3 29.2 1.2 28.3
2.45 GHz 0.10 117.1 0.39 45.8 1.7 22.3 1.5 22.6
3 GHz 0.13 93.6 0.51 35.2 2.1 18.0 1.7 18.9
5 GHz 0.24 49.4 0.96 17.7 4.0 9.3 3.1 10.5
10 GHz 0.58 19.6 213 7.3 10.6 3.3 8.01 3.8

*

Skin depth data are calculated based on permittivity and conductivity of tissues taken from Gabriel et al (1996c).
The formula used for calculation of skin depth is taken from Griffiths (1989).

At 100 MHz, the frequency used for FM radio, bone and fat are poor conductors so they absorb energy
weakly and the RF signal penetrates deeply into these tissues. High water content tissues such as muscle
and skin, however, are good conductors and these will absorb more strongly (see Table 2.3). At higher
frequencies, the skin depth decreases, therefore absorption in the body becomes increasingly confined to
surface tissues. At mobile phone frequencies, of the order of 1 GHz or so, the skin depth in the brain is a
few centimetres. Consequently most of the energy from the incident radiation is absorbed in one side of
the head within a few centimetres of the handset. At 10 GHz the skin depth in most tissues is a few
millimetres so almost all the energy will be absorbed in the skin and other surface tissues and there will be
very little penetration into the deeper tissues of the body.

Body resonance

The human body is particularly effective at absorbing radio waves under conditions of resonance, which
occurs when the wavelength of radiation is comparable with the dimensions of the body (Dimbylow,
1997). At frequencies above about 1 MHz, the orientation of the body with respect to the incident field
becomes increasingly important. The body then behaves as an antenna, absorbing energy in a resonant
manner that depends upon the length of the body in relation to the wavelength. The frequency of
resonance depends on a number of factors such as the height of the individual, their posture, how easily
currents can flow from the feet to the ground, the conductivity of the earth beneath their feet, and the
polarisation or orientation of the electric field with respect to the body. For standing adults, the peak of
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this resonant absorption occurs in the frequency range 70-80 MHz if they are electrically isolated from
the ground and at about half this frequency if they are electrically grounded. Smaller adults and children
show the resonance characteristic at higher frequencies (Figure 2.3). In addition to whole-body
resonance, it is possible for partial-body resonances to occur, eg in the limbs.
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FIGURE 2.3 Whole-body SAR produced in humans of different ages arising from exposure to a uniform
electric field strength of 1V m™, assuming good contact with the ground

2.2.2.5 Volume and duration of exposure

In general terms, exposure standards that aim to protect against the harmful effects of heating will tend
to average the field levels over the entire body. This is based on the assumption that the body has an
effective means of controlling core temperature, and that local temperature equilibration occurs through
heat conduction and convection (including blood flow). If only part of the body, such as an arm or leg,
were to be exposed to an RF source, it would absorb much less energy from a given field strength than if
the entire body were to be exposed. Exposure guidelines, as those given in Appendix B, tend to permit
higher exposures in small volumes of tissue in the head, body and limbs than are allowed when exposure
is averaged over the whole mass of the body. Some organs, such as the eyes, are particularly vulnerable
to heating.

The duration of exposure is another important factor in determining the amount of heating of the body.
In general, the human body can only survive very-short-term exposure to extremes of heat or cold, and
most standards that aim to protect against the adverse effects of heating tend to average the exposure
over a certain time interval, typically of the order of several minutes or so, to allow for the thermal
equilibrium time for variable and continuous exposures (NRPB, 20043,b).
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2.2.3 Mechanisms for interaction with cells and living tissue

The manner by which exposure to RF fields may give rise to a response in living material has led to the
consideration of a wide range of mechanisms that may underlie such a response. In a careful quantitative
review of potential mechanisms, Sheppard et al (2008) have demonstrated that the dominant
mechanism is dielectric relaxation and ohmic loss, giving rise to an associated increase in temperature,
and that most other possible mechanisms, many based upon direct coupling to specific modes in
molecules, cells or tissues, are implausible as means for independent energy deposition. Most potential
candidates may be excluded because, to be biologically effective, they would be accompanied by
temperature rises that would overwhelm any other biological response. Resonant molecular or sub-
molecular vibrational modes are precluded because they are too heavily damped, whilst other possible
mechanisms involve energy that is far weaker than thermal background. Conditions where an RF field
interacts directly with charges or dipoles require field strengths that are greatly in excess of those that
would cause dielectric heating.

Dielectric heating has been described in an extensive literature. Any molecule with a permanent dipole
moment, when acted on by an alternating electric field, is forced to oscillate. This oscillation is hindered
by the molecular environment and intermolecular forces, resulting in dielectric loss and the transfer of
energy into heat. Dielectric dispersion, the dependence of the dielectric constant on frequency, arising
from the change in phase between the oscillation and the applied field, gives rise to frequency-
dependent energy deposition and hence temperature rise.

The energy deposition depends upon the local dielectric properties of the cells or tissue, and upon the
local field properties. In principle, therefore, it would appear possible to create very high spatial gradients
for heat generation within tissue, either because of localised microfield structure or because of local
enhancements of dielectric property. Nevertheless, even if such unlikely conditions were to occur, thermal
diffusion in tissue prevents the creation of high spatial gradients on the cellular scale, and any tendency to
create localised hotspots cannot occur.

Of specific interest in the context of the safety of mobile phones and other communications devices is
the potential that non-linear demodulation of a lower, modulating or pulsing, frequency may create a low
frequency electromagnetic field that may directly affect tissue. However, irrespective of demodulation
efficiency, the maximum demodulated power is infinitesimally small, at most 77 dB below the carrier, and
more probably 90-100 dB below. For example, the demodulated power at 16 Hz from an incident field
of 100 V m™" at 900 MHz would be only about 1 pW. Any demodulated signal of biological significance
would be accompanied by a carrier frequency of thermally destructive power. However, it is accepted
that second-harmonic generation is a necessary and sufficient condition for demodulation. Kowalczuk

et al (2010) used a doubly resonant cavity to expose a wide range of cell or tissue samples to a low level
continuous wave field at the resonant frequency of the loaded cavity (around 890 MHz) and sought
evidence of the generation of the second harmonic (also reported by Davis and Balzano, 2010). Both
cancer and non-cancer cell lines were used, as were cells and tissues previously reported to exhibit responses
to weak RF fields. No evidence of non-linear energy conversion by any of the samples was found. Overall,
these results do not support the possibility that living cells possess the non-linear properties necessary to
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demodulate RF energy. Consideration may also be given to naturally occurring endogenous fields
associated with wound-healing, development and other time-varying processes of living structures. This
has led to the conclusion that there are no biological structures capable of supporting induction at
radiofrequencies, and that RF fields cannot couple to the biological systems that respond to endogenous DC
or extremely low frequency (ELF) fields by mechanisms involving electric potential at the cell membrane,
and that, even in the ELF band, the demodulated signal would be irretrievably lost in membrane noise.

Spin-correlated interactions between radical pairs, and their dependence on magnetic field strength, have
been suggested as a mechanism for direction-finding in birds. Behavioural effects in birds exposed to
magnetic fields at frequencies below 100 MHz have been attributed to changes in photochemical
reactions from this mechanism, and these observations have been supported by associated theoretical
work. Broadly, it has been concluded that magnetic field effects on the radical pair mechanism are not a
general feature of biochemistry above 10 MHz, and especially not above 100 MHz.

Under conditions of high peak power, a pulsed microwave-stimulated auditory response occurs (Lin and
Wang, 2007). Transient localised heating, and associated tissue expansion, generates an acoustic wave
that stimulates the ear directly. Peak power densities of a few kilowatts per metre squared are required to
exceed the threshold acoustic pressure for hearing in humans (20 mPa).

In conclusion, the evaluation of a wide range of possible mechanisms suggests that dielectric heating,
with its associated temperature rise in tissue, is the dominant, and perhaps the only, mechanism needing
serious consideration over the RF spectral range. This being so, the following brief exploration of the
thermal behaviour of cells, and particularly their response to mild, sub-lethal, heat stress, is included.

2.2.4 Cellular responses to mild heat stress

There is a considerable literature on the toxic effects on cells of severe heat shock, most notably cell
cycle arrest, apoptosis and cell death resulting from protein denaturation. Such conditions, associated
with increases in cell temperature above 6°C, are of minimal concern here since low level RF field
exposure is being considered here, for which any increase in cellular or tissue temperature is more
probably of the order of 1°C. It has been commonly accepted that, when reporting biological effects of
RF fields, such conditions may be labelled as ‘athermal’ or ‘non-thermal’, so setting a hypothesis for cell
response that is entirely electromagnetic.

Human body temperature is exquisitely finely controlled, for which a normal population range of core
temperature is accepted for working purposes as being 37+£0.5°C. The control tolerance for an individual
may be much smaller than this, however, with an average individual diurnal variation as small as +0.1°C
and -0.4°C (Mackowiac et al, 1992), thermoregulation apparently allowing greater tissue cooling than
heating. Changed conditions, such as those arising during exercise, or during the body’s normal response
to infection, cause increases of a few degrees, but a sustained total body temperature increase of about
4°C or more leads to death.

It is therefore not surprising that cells respond to changes in the temperature of their environment. A
locally induced increase in temperature, even of less than 1°C, alters the cell dynamics. Park et al (2005)
have reviewed cellular thermal responses to mild heat shock — a summary is presented in Table 2.4.
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TABLE 2.4 Some known cellular responses to mild heat stress

Response Comments

Altered membrane fluidity May be a thermosensor
Denaturation of polypeptides Only when newly formed
HSF1 activation Rac1 dependent

HSP synthesis Rac1 dependent

Cell proliferation Depending on cell type
Differentiation Depending on cell type

Acquisition of thermotolerance -

Signalling pathways activated Including Ras/Rac1, PI3K-AKT, ERK1/2, SAPK/INK, p38MAPK

A change in temperature alters the fluidity of the plasma membrane, changing the physico-chemical
environment of membrane proteins, giving a direct means for thermosensing. Membrane-bound proteins
such as the Ras superfamily initiate a variety of intracellular biochemical pathways that operate as the
environmental conditions, including thermal conditions, change. Mild heat shock appears to affect only
newly formed polypeptides. In cells, prefolded nascent polypeptides are more sensitive to heat stress
than fully folded proteins. lon channels such as sodium/potassium and calcium ion flux in mammals are
also highly sensitive to alterations in ambient temperature, offering another means of thermosensing by
the cell.

The cellular response to changes in temperature depends on cell type. However, under all conditions, the
cellular biodynamics are finely tuned to the thermal environment, and changes in local temperature may
be expected to alter the activity of cells in a variety of unknown and complex ways.

2.3 RF Dosimetry

The exposure to the body from an RF field is determined by the strength of the electric and magnetic
fields inside the body, which are different from those outside. It is not usually possible, however, to
measure these internal fields directly. Dosimetry is the term used to describe the process of determining
internal quantities (dosimetric quantities) relating to exposure in tissues, such as the electric field strength,
induced current density and energy absorption rate, from external fields (physical quantities). The role of
dosimetry is to evaluate the induced electric fields in the body, often in terms of the derived dosimetric
quantity SAR (see Section 2.2.1), and to correlate them with the biological effect of concern. There are
different dosimetric methods available; both experimental and numerical dosimetry techniques can be
used to calculate internal fields for a fixed body and source geometry.
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2.3.1 Dosimetric assessment of SAR

There are several techniques to assess the SAR inside the body exposed to RF fields. Both experimental
and numerical techniques have been well developed and documented. Depending on the exposure
scenario and the position of the RF field source with respect to the body, whole-body SAR or localised SAR
values can be obtained and compared with restrictions in exposure guidelines (Appendix B).

The SAR is usually averaged either over the whole body or over a small sample volume or mass of tissue.
The averaging mass serves two purposes: firstly, it provides a definition of SAR that is robust and not
overly sensitive to slight changes in exposure set-up; secondly, it takes into account the spatial dispersion
of the deposited energy which is provided by heat transfer mechanisms (NRPB, 2004b). The SAR depends
mainly on the geometry of the part of the body exposed and on the exact location and geometry of

the source.

For frequencies up to a few gigahertz, as used in wireless communications, the SAR is normally averaged
over either 1 or 10 g. The key point is that the averaging mass should be that which maximises the
correlation with local temperature elevation (Hirata et al, 2008). The dominant factors influencing the
correlation between mass-averaged SAR and temperature elevation are the thermal diffusion length in
the biological tissue, which largely depends on the blood perfusion rate, and the penetration depth of the
radio waves (Hirata and Fujiwara, 2009). One of the rationales for the 10 g averaging mass is based on the
temperature elevation in the brain and eye lens, which has been computed with anatomically based head
models. The choice of averaging mass is clearly most important for highly localised exposure. At the other
extreme, a uniform SAR distribution gives the same average whatever mass is used. The greatest
differences between 1 and 10 g values are expected for situations of near-field exposure to an antenna
such as a mobile phone (NRPB, 2004b). Also, these averaging masses may not be appropriate for
estimating the power deposited close to medical implants where high SAR gradients can occur (Mattei

et al, 2009).

2.3.1.1 Experimental evaluation of SAR

There are no accurate methods to measure the internal induced electric field strength inside a human
body non-invasively. Therefore a phantom is used to replicate the human head or body instead. The
experimental set-up also consists of other components such as source emulators, electric field sensors,
scanning system, remote control and data recording.

The phantom should have electrical properties similar to those of the exposed tissues. Various fluid and
solid materials have been developed to match the electrical properties of different human tissues at a
wide range of frequencies. Small electric field probes are used to measure the electric fields inside the
physical phantom, while minimising the changes in the fields produced by the presence of the probe.
These procedures have been standardised for compliance testing of different devices to RF safety
guidelines that require high reproducibility (IEEE, 2003; IEC, 2005).

Physical models (phantoms)

A phantom designed to replicate the human body should exhibit similar interaction mechanisms with
RF fields as would the real human body. So the phantom must have similar electrical properties to those
of the human body. Several liquids, gel and solid types of phantoms have been developed to be suitable
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for RF dosimetry (IEEE, 2003; IEC, 2005). Liquid/gel phantoms are easier to develop and more suitable to
scan when an electric field probe is inserted in them.

Different organic and inorganic chemicals are used when developing a recipe that is optimised for a given
tissue at a given frequency. Electrical properties are frequency dependent and vary for different types of
tissue. For the sake of harmonisation, specific recipes matching the target electrical properties of tissue at
each frequency are recommended by standardisation bodies for compliance tests (IEC, 2005). Attempts
have also been made to develop broadband recipes that simulate the electrical properties of tissues over
a wide range of frequencies (Gabriel, 2007).

Due to practical difficulties in developing heterogeneous phantoms, the standard head/body phantoms
recommended for compliance tests are developed based on homogeneous tissue (IEEE, 2003; IEC, 2005).

Experimental exposure systems

Experimental arrangements are used to assess the effects of exposure to RF fields of live animals/humans
(in vivo conditions) as well as excised tissues (in vitro conditions) and cell cultures. Purpose-made
exposure systems provide a highly defined electromagnetic field exposure to the sample under study,
avoiding interference from other sources of exposure. These systems are usually controlled environments
in terms of temperature and from physical, chemical and biological agent contaminants. Suitable
experimental arrangements for the laboratory assessment of RF field exposure have been widely
reported (Guy et al,1999; Kuster and Schénborn, 2000; Schuderer and Kuster, 2003; Zhao, 2005; Zhao
and Wei, 2005).

Some exposure systems are designed specifically for studies involving cell cultures and excised tissues.
Examples of these systems are transverse electromagnetic (TEM) cells, RF anechoic chambers, radial
transmission line (RTL), waveguides and wire patch cells (Laval et al, 2000; Pickard et al, 2000; Schénborn
et al, 2000; Ardoino et al, 2004; Schuderer et al, 2004a,b; Calabrese et al, 2006; Ji et al, 2006; De Prisco
et al, 2008).

Whole- and partial-body exposure systems are also available for live animal studies to assess the effect of
exposure from near-field and far-field sources. These systems are based on similar principles to the in vitro
systems; in addition, they need to consider the requirements of live animals and variation caused by their
movement. Radial waveguides, TEM cells and anechoic and reverberation chambers are examples of
whole-body exposure systems (Chou and Guy, 1982; Chou et al, 1985; Balzano et al, 2000; Wang et al,
2002; Wilson, 2002; Ardoino et al, 2005; Tejero et al, 2005; Faraone et al, 2006; Kainz, 2006; Schelkshorn
et al, 2007; Jung et al, 2008). Partial-body exposure systems such as carousel and loop antennas consist of
local devices targeting an animal’s brain/head area (Chou et al, 1999; Swicord et al, 1999; Leveque et al,
2004; Schénborn et al, 2004; Lopresto et al, 2007; Wake et al, 2007).

Although the majority of the experimental dosimetry studies are carried out on animals, human exposure
systems provide a useful tool to assess the exposure of volunteers to RF fields. For partial-body exposure
scenarios, commercially available telecommunications devices are usually modified so that they can be
worn for the duration of the exposure without interruption, being isolated from other sources of exposure
and also providing a blinded exposure environment (Loughran, 2005, 2008; Regel et al, 2006; Haarala

et al, 2007; Krause et al, 2007; Boutry et al, 2008). Specially developed antenna systems have also been
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produced that simulate the exposure from commercially available telecommunications devices. These can
be worn for long exposure durations during a whole day or overnight (Bahr et al, 2006). Some studies also
involve whole-body exposure conditions where a volunteer is placed in an anechoic chamber at a certain
distance from a base station antenna for the duration of exposure (Regel et al, 2006).

2.3.1.2 Numerical evaluation of SAR

The numerical techniques use anatomically realistic computer models of typical people or animals,
together with values of the electrical properties for the different simulated tissues in the models. The
distribution of the induced electric field and the resulting SAR values in the body can be estimated from
Maxwell’s equations using different mathematical methods such as finite difference time domain (FDTD)
calculations (Taflov and Hagness, 2005).

Numerical models

The computational methods of exposure evaluation rely upon the use of voxel models of the
animal/human body that are developed from medical images from magnetic resonance imaging (MRI)
and X-ray computed tomography (CT). Each voxel has a defined volume of a few cubic millimetres; up to
several million voxels can be defined for a typical model of a human head or body. The model is
completed by assigning appropriate dielectric properties and density values for different body tissues.
The availability of more advanced computers has made it possible to develop numerical models with very
fine voxel resolutions (1 mm) and up to 50 defined tissue types.

Many different numerical models of head and body phantoms have been developed so far (Gandhi and
Furse, 1995; Dawson et al, 1997; Dimbylow, 1997, 2005a,b; Mason et al, 2000; Nagaoka et al, 2004;
Lee A et al, 2006; Lee C et al, 2006). The differences between numerical models are mainly due to the
average size and weight values used for a typical human body.

Although most of the numerical models aim to replicate a typical human body, some recent models
have been developed to simulate various body postures as well as different sizes including those of
children, pregnant women and fetuses (Findlay and Dimbylow, 2005; Dimbylow, 2006, 2007; Wang et al,
20063; Cech et al, 2007; Kainz et al, 2007; Nagaoaka et al, 2007; Christ et al, 2008; Findlay et al, 2009;
Lee et al, 2009).

2.3.2 Dielectric properties of tissues

Biological tissues contain free and bound charges, including ions, polar molecules and an internal cellular
structure. When an external electric field is applied to tissues, the electric charges are shifted from their
original position, causing polarisation and ionic drift. The net result would be the establishment of
displacement and conduction currents. Dielectric properties of tissues (permittivity and conductivity)
are measures of these effects which determine the interaction of electric fields with the human body.
The availability of dielectric data for different tissues is vital for both experimental and computational
dosimetry techniques.

Dielectric properties of tissues are frequency dependent. The dielectric spectra of tissues consist of three
main dispersions predicted by known interaction mechanisms. At low frequencies alpha dispersion is
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associated with ionic diffusion processes at the site of the cellular membrane. At intermediate frequencies
(kilohertz region), the polarisation of the cellular membrane, which is a barrier to the flow of ions between
the intracellular and extracellular media, is the main cause of beta dispersion. Finally, gamma dispersion at
microwave frequencies is mainly due to the polarisation of water molecules inside the tissues. Dielectric
properties of tissues vary according to the physiological state of the tissue, the intactness of the cellular
membrane and the water content of the tissue. Alpha and beta dispersions would have importance in the
present context only if demodulated low frequency signals were to be associated with a mechanism with
a biological outcome.

Several techniques exist to assess the dielectric properties of biological tissues. One widely used
procedure involves the use of coaxial contact probes and measurement of the reflection coefficient,
followed by numerical deduction of the dielectric properties of the sample based on a theoretical model
of the impedance of the probe (Gabriel, 2000a).

The early literature on the dielectric properties of body tissues has been reviewed by Gabriel C et al
(1996) who also produced their own data (Gabriel S et al, 1996a) and developed parametric models to
reproduce the relative permittivity and conductivity as a function of frequency (Gabriel S et al, 1996b).
This database has been used extensively in dosimetry studies during the last decade. Recently, as part
of the Mobile Telecommunications and Health Research (MTHR) Programme, new dielectric data have
been collected from live porcine tissues, which are thought to be a good animal substitute for human
tissue. This provides an added dimension to the comparison with the data from the 1996 database that
were mostly derived from measurement on excised ovine tissue (Peyman and Gabriel, 2003; Peyman

et al, 2007).

Until recently, the literature data consisted mostly of dielectric properties of tissues from mature animals
with a few older studies reporting systematic changes in the dielectric properties of ageing brain tissues
(Thurai et al, 1984, 1985). More recent studies looked at the variation of dielectric properties of several
rodent, porcine and bovine tissues as a function of animal age and found similar trends (Peyman et al,
2001, 2007, 2009; Peyman and Gabriel, 2003; Schmid and Uberbacher, 2005). The results of these
studies generally showed a significant decline with age in both permittivity and conductivity of tissues
with high water content such as long bone, skull, skin, muscle and bone marrow. At microwave
frequencies, the observed variations are mainly due to the reduction in water content of tissues as animals
age. In the case of brain tissue, increased myelination and decreased water content as a function of age
are suggested to be the reason for the drop in permittivity and conductivity values of white matter and
spinal cord as animals age, as observed by Schmid and Uberbacher (2005) and Peyman et al (2007). The
largest variation in the dielectric properties as a function of age is observed in bone marrow tissues due to
the transformation of high water content red marrow to high fat content yellow marrow as the animal
grows (Peyman et al, 2009).

These studies raise a question on the extent to which the variation of dielectric data as a function of age
may affect the result of dosimetry in animal exposure studies and, consequently, the possible implications
for the exposure of children. Recently, the dielectric spectra of ageing porcine tissues have been
parameterised to allow their use at any frequency or multiple frequencies within the confines of the
models of children (Peyman and Gabriel, 2010).
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2.3.3 Age dependence in dosimetry studies

Until recently, the majority of dosimetric studies were focused on models of human adults. The significant
rise in the use of telecommunications devices amongst the young has led to calls for research into the
differences in the exposure of children and adults.

The two main factors differentially affecting the exposure of children and adults are the physical size of
the body and the differences in the dielectric properties of tissues as a function of age. The earlier
dosimetric studies used adult human models and scaled them down linearly to a child’s size with the
dielectric properties of adult tissues (Gandhi et al, 1996; Gandhi and Kang, 2002; Wang and Fujiwara,
2003). Later studies developed children’s head models from magnetic resonance images to obtain a
more realistic assessment of the exposure of children (Schénborn et al, 1998; Anderson, 2003; Christ et al,
2005; Dimbylow and Bolch, 2007; Lee et al, 2009). It was noted above that there is a significant decline in
both permittivity and conductivity at microwave frequencies due to the decrease in water content of
tissues as the animal grows older (Thurai et al, 1984, 1985; Peyman et al, 2001, 2007; Peyman and
Gabriel, 2003; Schmid and Uberbacher, 2005). In 2001, Peyman et al reported a database of dielectric
properties of rat tissues as a function of age. Later, a more comprehensive database became available of
porcine tissues at three main developmental stages of growth, as a more suitable animal substitute for
human tissues (Peyman et al, 2005, 2007, 2009). In addition, parametric models have been developed to
reproduce relative permittivity and conductivity as a function of frequency for several tissues as a

function of age (Peyman and Gabriel, 2010). Most recently, Peyman and colleagues have measured the
dielectric properties of pregnancy-related human tissues such as placenta and amniotic fluid as well as of
rat fetal tissues (Peyman, 2011; Peyman et al, 2011a).

2.3.3.1 Head exposure

Gandhi et al (1996) were amongst the first to use a linearly-scaled child head model with adult dielectric
properties to compare the exposure of adults and children to mobile phones. They found a deeper
penetration and significant increase (50%) in the maximum 1 g averaged SAR in the child’s head.
Schénborn et al (1998) used a scaled adult model and two realistic child head models using MRI data for
similar comparisons, but did not report any significant differences between the exposure in adults and
children. Attempts to repeat the above studies by other researchers have produced contradictory results,
in particular when different normalisations were performed for output power or antenna current. In
addition, differences in averaging procedures used for spatial peak SAR caused the need for further
studies (Wang and Fujiwara, 2003; Bit-Babik et al, 2005). Some of the subsequent studies reported a
higher SAR in the head models of children (Anderson, 2003; Fernandez et al, 2005; Wiart et al, 2008),
while others found no significant difference in SAR between adult and child models or could not reach a
conclusion (Martinez-Burdalo et al, 2004; Christ and Kuster, 2005; Keshvari and Lang, 2005; Fujimoto et al,
2006; Wang et al, 20063,b; Lee et al, 2007; Wiart et al, 2007).

In 2006, a large study was carried out involving 14 laboratories to study the differences in SAR for adults
and children who were exposed to mobile phones (Beard et al, 2006). A single protocol was followed by
all the participants using the Specific Anthropomorphic Mannequin (SAM) head model designed for
mobile phone compliance measurements, an anatomically realistic adult head model and a scaled 7 year
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old head model. Two operating frequencies of 835 and 1900 MHz and two phone positions, denoted
cheek and tilt, were considered. In addition, the SAR values were normalised to both the antenna input
power and the feed point current. The results revealed a reverse effect at 1900 MHz, where the peak 1 g
SAR values in the head of the adult model were higher in both phone positions and for both normalisation
scenarios. At 835 MHz however, the SAR values were higher in the child model than in the adult model, in
particular in the tilt position and when normalising to antenna current. Hadjem et al (2005a,b) found that
brain exposure depended on the morphological features and, more recently, Wiart et al (2008) reported
higher exposure of the cerebral cortex in children than in adults.

In summary, the overall evidence from studies on the exposure of children’s heads does not draw a
consistent picture to support the assumption that the SAR level in a child’s head is higher than that for an
adult. This arises because the results are highly model-specific and power absorption in the head is
influenced by many factors. It is also notable that even the higher SAR values reported in some of the
studies for children’s heads, are below the 2 W kg™ ICNIRP restrictions (see Appendix B).

2.3.3.2 Whole-body SAR

It is established that the whole-body SAR depends on the size of the body, and this was considered when
the ICNIRP reference levels were set. Starting from the premise that an SAR of 4 W kg™ for a healthy adult
is equivalent to a 1°C temperature rise, there is a 50-fold reduction in deriving the basic restriction on
whole-body SAR for the general public (0.08 W kg™"). In principle, this reduction factor should be sufficient
to take into account all the variations due to different dosimetric factors, including body size. However, it
is now apparent that the basic restriction on exposure for small children under worst-case exposure
conditions may be slightly exceeded at the public reference level (NRPB, 2004a,b). This is supported by
studies carried out for phantoms modelling children in the age range from 9 months to 11 years, which
found that whole-body SAR restrictions are exceeded in two frequency ranges: 45-170 and

1400-4000 MHz (Dimbylow, 1997, 2002; Tinniswood et al, 1998; Mason et al, 2000; Bernardi et al, 2003;
Wang et al, 2006a; Dimbylow and Bolch, 2007). Dimbylow (2007) reported the highest ratio of 0.83
between the calculated field level and the reference level at 1.6 GHz using a phantom of a 9 month old
baby. Higher SAR levels were also observed in phantoms modelling children aged 3, 5 and 7 years in the
frequency region around 2 GHz (Neubauer et al, 2006, 2009; Hirata et al, 2007; Conil et al, 2008). In
addition, considerations were given to the fact that heterogeneous exposure might lead to somewhat
worse conditions and that horizontally polarised electric fields lead to higher exposure above 2 GHz
compared with vertically aligned fields (Hadjem et al, 2007; Vermeeren et al, 2007; Hirata et al, 2009;
Kihn et al, 2009a,b).

In summary, almost all of the studies conducted on whole-body SAR (from 1997-2009) reported higher
exposure for child models than adults in two frequency regions (around 100 MHz and 1-4 GHz). They
also showed that, within these specific frequency ranges, exposure at the reference levels can exceed
the basic restrictions by up to 40% under worst-case conditions, which means that for children or

small persons (shorter than 1.3 m) the reference levels of the ICNIRP recommendations may not be
conservative estimates. A recent review by ICNIRP (2009) acknowledges the outcome of the above
studies and concludes that this increase in SAR is negligible compared with the large reduction factor of
50 applied in deriving the basic restriction for the general public.
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2.3.3.3 Exposure of the fetus

Dimbylow (2007) reported that the whole-body SAR is lower in pregnant women compared with non-
pregnant women and that the difference increases with gestation period. The study found that the
maximum whole-body SAR for the fetus occurs at 70 MHz for isolated-from-ground conditions and
reported lower SAR levels for the fetus compared with the mother. The results also confirmed that for
plane-wave exposure the ICNIRP reference levels are sufficient to guarantee compliance with the basic
restriction. Two more recent studies reported similar results and confirmed compliance with the ICNIRP
guidelines (Nagaoka et al, 2007; Togashi et al, 2008). Kawai et al (2006) developed a model of the
abdomen of a pregnant woman based on MRI scans of Japanese women in the late pregnancy period.
They then assessed the SAR of a fetus inside this abdomen when exposed to 150 MHz signals, used for
portable radio terminals in Japan, and found the values to be sufficiently less than 2 W kg "

A recent study by McIntosh et al (2010) used a detailed anatomical model of a pregnant mouse that
included eight mature fetuses, to assess their exposure to 900 MHz plane waves. In general, the SAR levels
in the fetuses were determined to be slightly lower than those of the dam (around 14% lower) and the
peak temperature increase was significantly lower (45%) than the values in the dam.

The majority of the studies mentioned above have used adult dielectric property values in their models of
children. A review by Gabriel (2005) used published rat dielectric data by Peyman et al (2001) and
assessed the impact of their variation as a function of age on the exposure of rodents to plane-wave
fields. The results showed that the increase in permittivity and conductivity had a balancing effect on the
energy deposition in the case of plane-wave irradiation, but this may not necessarily be the case when the
exposure is in the near field of a source. Two more studies used porcine dielectric properties as a function
of age in their modelling of the heads of children when assessing the exposure of children and adults to
walkie-talkie devices and mobile phones; neither found any significant differences in SAR values between
children and adults (Christ et al, 2009, 2010; Peyman et al, 2009). Although Christ et al (2010) confirmed
that there are no age-dependent changes of the peak spatial SAR when averaged over the entire head,
they also reported significantly higher locally induced fields in sub-regions of the child’s brain (cortex,
hippocampus and hypothalamus) and the eye due to closer proximity of the phone to these tissues. The
authors observed even larger increase in induced fields for children’s bone marrow as a result of its
significantly higher conductivity compared with that of adults.

2.3.4 Measurement limitations

As for any other experimental procedure, the assessment of SAR is associated with some uncertainty.
Many factors, including the performance of the electric field probe, the dimensions of the phantom, the
dielectric properties of the tissue material, the exposure conditions and the repeatability of several
measurements, contribute to the total combined uncertainties. Usually, both random and systematic
sources of uncertainty are considered in calculations, and typically up to 30% expanded* uncertainty is
reported for SAR measurements of a typical RF field exposure source, such as mobile phones (IEEE, 2003;

*  Expanded uncertainty values provide a high level of coverage for the unknown true value of the measurement of
interest. For coverage values of two and three, confidence levels of 95% and 99%, respectively, are expected.
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IEC, 2005). Even numerical methods of calculating SAR are bound with some degree of uncertainty.
The choice of the actual reference model, staircase modelling of smooth surfaces, boundary conditions,
the type of voxel model and dielectric properties of tissues can cause variation in the results obtained
(Hurt et al, 2000; Mason et al, 2000; GajSek et al, 2001a,b; Findlay and Dimbylow, 2006; Samaras et al,
2006; Wang et al, 2006b; Laakso et al, 2007).

2.3.5 Dosimetric considerations in epidemiological and experimental studies

2.3.5.1 Epidemiological studies

A number of different approaches have been taken for the assessment of exposure to RF fields in
epidemiological studies. The most prevalent and rapidly growing source of RF field exposure in recent
years is related to increasing use of wireless technologies such as mobile phones, and most of the recent
epidemiological studies on RF field exposure deal predominantly with mobile phone use. There are a
number of challenges to assessing the exposure of individuals in these types of studies. Most investigations
have been retrospective case—control studies that use questionnaire information or billing records to derive
estimates of the time and duration of use as the main exposure surrogate (Morrissey, 2007), although
some studies have relied upon distance from a fixed RF source such as a radio mast as a proxy for exposure.

In the questionnaire approach, exposure is estimated on the basis of the study subject providing recalled
information on the type of phone used and history and frequency of usage. Other proxy parameters may
also be considered such as urban/rural status, indoor/outdoor and moving/stationary modes of use, all
factors that may influence the output power. The exposure assessment is complicated by the wide range
of phone models, transmission modes, the pattern of use and the way the phone is used such as hands-
free, the use of text messages, internet access and games, all of which affect the position of the antenna
in relation to the body (Schiiz, 2005). The use of questionnaires to reconstruct exposure from perhaps
10-15 years in the past is clearly an important limitation of this approach. Substantial exposure
misclassification can result from random and differential recall of phone use between cases and controls
(Vrijheid et al, 2006; Cardis et al, 2007). In the billing record approach, exposure estimates are derived from
the records on phone usage provided by network operators. Although less prone to recall bias, exposure
misclassification may still be an issue — for example, if someone other than the subscription owner uses
the phone (Cardis et al, 2007; Schuz and Johansen, 2007). Another possible limitation is missing data.

The distance from a fixed RF source such as a radio mast has been used as a proxy for exposure in a
number of epidemiological studies. This approach assumes that, at least in general, the power density will
tend to decrease with increasing distance from a radio mast. However, in practice many antennas do not
radiate energy uniformly and energy is also scattered by objects in the path of the beam. In relation to
mobile phone masts, the RF field strength will depend on many factors such as the number of antennas,
the type of antennas including power output and direction of the beam, and the frequency, as well as
distance. Investigations have shown that distance is unlikely to be a reliable proxy for exposure from base
stations, but it might be adequate for TV and radio transmitters (McKenzie et al, 1998; Cooper et al,
2001; Schiiz and Mann, 2000).

The quality of epidemiological studies can be improved by combining quantitative approaches based on
measurement and computational modelling. The main investigation may also be supplemented by
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exposure validation studies and these have improved understanding of the merits and weaknesses of the
various approaches taken. Personal exposure meters capable of logging exposure for a number of
frequencies are now becoming available, although even these have limitations in terms of application in
large-scale studies (Radon et al, 2006), including achieving sufficient sensitivity to measure typical
environmental fields and the development of standardised methods for data collection and analysis
(Mann, 2010; Roosli et al, 2010).

2.3.5.2 Experimental studies

Experimental studies often involve field measurements in the near field, which are difficult to perform
because of the complex field components and coupling relationships with probes and any surrounding
objects. External field measurements are at best only generally related to the SAR in these situations, and
there are additional uncertainties if the volunteers or animals are free to move. Ideally experimental work
should involve a well-characterised exposure system and incorporate modern experimental and
computational methods to determine the SAR, making use of more than one exposure level to allow a
dose-response relationship to be investigated.

Several exposure systems have been devised that allow excellent control of metrology and dosimetry,
although some studies have simply used a commercial mobile phone to irradiate freely moving animals.
This will produce highly variable exposures, especially to the head or testes, which not only depend on
the animal’s own behaviour and on social interactions between animals, but also depend on traffic on the
local cellular network and on the network protocols. The use of such devices in experimental work should
be avoided because of the lack of control it affords. Although far from ideal, it might be possible to use
mobile phones as sources of exposure if it is possible to set them to produce emissions at a fixed
frequency and output power using engineering or hardware controls. In animal experiments, there is
often a necessary trade-off between the needs for accurate dosimetry and animal welfare. In most
exposure systems there will be greater uncertainty in dosimetry with freely moving animals, but
preventing their movement will induce restraint stress which in itself could affect the outcome of the
experiment. Hence there is a need for cage controls as well as sham-exposed animals, particularly in long-
term studies. Reverberation chambers, however, offer the promise of providing good dosimetry without
the need for restraint. (See Section 2.3.1.1 for a discussion on experimental exposure systems.)

2.4  Sources of RF Fields
2.4.1  Natural background

The natural background field strength for electromagnetic fields in the frequency range from 100 kHz

to 300 GHz is extremely low in comparison with the man-made fields discussed elsewhere in this

report. Towards the lower end of the band of frequencies, below about 30 MHz, background mainly
arises from lightning discharges during thunderstorms, characterised by random high peak transients.

The intense current pulse (up to 100 kA) generates an electromagnetic pulse of duration about 10-50 ps.
These intense pulses can propagate up to a few hundred kilometres, aided by natural atmospheric
waveguides. At 30 km, a peak electric field strength in the range 5-20 V m™' has been reported (Willett
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et al, 1990), and it may exceed 10 kV m™" at close range. The main spectral band of such pulses lies
below 100 kHz.

At frequencies above 30 MHz, both terrestrial and extraterrestrial sources contribute to a low level,
very-wide-spectrum black-body* radiation. Extraterrestrial radiation arises from the sun and microwave
background radiation from the whole sky, and lies predominantly in the frequency band from 30 MHz to
30 GHz because of the transmission properties of the Earth’s atmosphere. The power density of this
extraterrestrial component is a few microwatts per metre squared. By comparison, the natural
background radiation from the warm surface of the ground is a few milliwatts per metre squared, and so
this is the dominant source of natural exposure.

The body itself is a source of broadband radiation. This natural emission has been used, for example, for
the estimation and imaging of subcutaneous temperature distributions within the body. The black-body
radiation from a person in the RF band is approximately 3 mW m™ from the skin surface.

2.4.2 Broadcasting

The frequency bands used for broadcasting terrestrial radio and television services in the UK are shown in
Table 2.5. The exposure of the public to RF fields from broadcasting sources is usually very small
compared to the exposure of construction and maintenance workers in the towers near the antennas.

TABLE 2.5 Broadcasting bands in the UK

Designation Frequency range Usage

MF (medium wave) 526.5-1606.5 kHz Radio

HF (short wave) 3.9-26.1 MHz International radio

VHF (Band ) 87.5-108 MHz FM radio

UHF (Band IV and V) 470-854 MHz Television, analogue and digital video and

audio broadcast (DVB and DAB)

2.4.2.1 MF and HF radio

Medium- and short-wave broadcasting stations operating at frequencies of 0.3-30 MHz require high
power antennas in order to reach their target distance. Usually, the field strength is relatively high, up to a
distance of a few hundred metres. Therefore there are usually control zones to avoid access by the
general public. Typical antennas used in the MF band are vertical monopoles, while large dipole curtain
antennas are more commonly used with HF transmitters.

*  Black-body radiation is the electromagnetic radiation emitted by an idealised physical body (‘black-body’) that
absorbs and emits all radiation over the complete spectral range. The spectrum of black-body radiation is specified
exactly by the temperature of the black body.

37



2 EXPOSURES, INTERACTION MECHANISMS, DOSIMETRY AND SOURCES

Table 2.6 summarises the electric field strengths and induced current densities for transmitters operating
in portions of the MF (300 kHz — 3 MHz) and the HF (3 MHz — 30 MHz) bands. In the UK, measurements
have been made of the electric and magnetic fields and body currents close to a number of HF broadcast
antennas and feeder arrays where fields may be non-uniform and can vary by a factor of two over the
body height (Allen et al, 1994).

TABLE 2.6 Examples of electric field strength and induced current around MF and HF broadcasting antennas

Average transmit Electric Induced
Band power (kW) field(Vm™) current(mA) Distance from source Study
MF 50 and 70 60 - Beneath the antenna Allen et al, 1994
feeders (UK)
50 and 70 1500 - 1.5 m from the half-wave Allen et al, 1994
vertical antenna mast (UK)
- <60 <100 Over the body height Allen et al, 1994
(UK)
600 40-500 10-100 10-100 m Jokela et al, 1994
(Finland)
1-50 3-800 - 1-100 m Mantiply et al, 1997
(USA)
HF - 2-200 - 0-300 m Mantiply et al, 1997
(USA)
500 35-120 50-400 5-100 Jokela et al, 1994
(Finland)
4 60-900 - In the tower Mantiply et al, 1997
(USA)

2.4.2.2 FMradioand TV

FM radio and TV broadcasting antennas operate at frequencies around 80-800 MHz. Typical antennas
can have output powers of 10-50 kW divided between vertically stacked dipole arrays on the sides of
each tower. Each dipole can have 50-500 W output power. The FM and TV antennas are designed to
radiate a disc-like beam that is pointed slightly below the horizon. Therefore the amount of radiation
towards a vertical direction along the tower is less than that along the inaccessible path in the main
beam. People subjected to the highest exposures will be antenna riggers and engineering staff working in
transmitter halls or under open-wire antenna feed lines. Some reported values in the literature of typical
electric field strengths at close distances to FM and TV antennas are presented in Table 2.7. Typical
radiated powers for different services are presented in Table 2.8.

Analogue TV and radio broadcasting systems are increasingly being replaced by digital video and audio
broadcasting (DVB and DAB). The total power of the DAB and DVB-T transmissions is lower than that for
analogue broadcasts; the highest power DVB-T transmitter has an average ERP (effective radiated power)
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TABLE 2.7 Examples of electric field strength around FM radio and TV broadcasting antennas

Average transmit  Electric field

Band power (kW) (vm™) Distance from source Study
VHF - 300 10-15 cm from the RF cable Hansson Mild, 1981
(Sweden)
4 60-900 In tower Mantiply et al, 1997
(USA)
40 20-150 20 cm from the tower ladder Jokela et al, 1999
(Finland)
UHF 30 620 In tower Hansson Mild, 1981
(Sweden)
- 526 10-20 cm from antenna Jokela and Yl6nen, 1984
(Finland)

TABLE 2.8 Broadcast transmitters in the UK*

Effective radiated power (kW)

Total number

0-0.1 >0.1-1.0 >1-10 >10-100 >100-500 >500 of sites
Analogue TV 406 59 36 14 12 5 532
Digital TV 6 10 11 26 3 0 56
DAB 3 74 130 0 0 0 207
VHF/FM radio 150 79 81 23 17 0 350
MW/LW radio 3 56 21 11 4 0 95

*

Data collected from publicly available information on the following websites and are correct at the time of
collection (October 2011): www.bbc.co.uk/reception/transmitters and www.aerialsandtv.com/digitalnationwide.html

of 200 kW per multiplex, as opposed to its analogue counterpart with a total of 1000 kW ERP per service.
A DAB channel transmitter will also have an ERP up to 10 kW, but often lower. This can be compared with
a main VHF FM transmitter ERP of 250 kW per service.

A study carried out by Schubert et al (2007) in Germany compared the field strength at similar locations
before and after switchover from analogue to digital broadcasting. The maximum power density of the
analogue TV system was 0.9 mW m %, which increased to 6.5 mW m after the switchover to DVB
systems. The size of the antenna also plays a role in the amount of radiated power, as for the high power,
small size antennas used in DVB systems, the radiated power increases compared with the analogue UHF
antennas (Jokela, 2007).
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2.4.3 Wireless telecommunication

Wireless communication has become an integrated part of contemporary day-to-day life due to the ease
of transfer of information over a distance without the use of physical conductors (wires). It encompasses,
amongst others, mobile phones, two-way radios, wireless networks, satellite links and cordless telephones.
Other domestic applications such as wireless baby monitors and radio-controlled toys are also increasingly
being used.

2.4.3.1 Mobile phones

Mobile phones are probably the most popular wireless device. The first generation (1G) of mobile phones
came on to the market in the early 1980s using analogue radio systems operating at 450 MHz or
800/900 MHz. These included the Total Access Communications System (TACS), Nordic Mobile Telephony
(NMT), Advanced Mobile Phone System (AMPS), Nippon Telegraph and Telephone (NTT) and the German
Net C systems. A narrowband variant of AMPS, known as N-AMPS, was developed to increase the system
capacity in North America. TACS networks based on the narrowband variant, N-TACS, were used in Japan.
From around 2000, the TACS networks in Europe have tended to be shut down as the majority of their
subscribers have moved to second-generation networks.

The second generation of mobile phones (2G) became available following the development of digital
mobile communications systems in the early 1990s. The Global System for Mobile Communication (GSM)
is the dominant mobile communications system in many countries around the world, operating at

900 and 1800 MHz (850 and 1900 MHz in the USA). The use of the time division multiple access (TDMA)
technique enables the transmission to be divided in bursts, resulting in a considerable reduction in the
maximum time-averaged output power of the phones over their nominal (peak) transmitter powers.
Personal communications systems (PCS) deployed in North America are covered in the GSM standard, but
have different uplink/downlink frequency bands and voice coding. The Personal Digital Cellular
Telecommunication System (PDC) is widely used as a substitute for the NTT analogue cellular system in
Japan with transmission frequencies in the 800 and 1500 MHz bands.

The 2G systems were mainly designed for voice applications. This has led to the development of the next
generation of mobile phones (2.5G and 3G). Third-generation (3G) systems, also known as UMTS
(Universal Mobile Telecommunications System) in Europe and CDMA-2000 (Code Division Multiple Access)
in the USA, operate at 1900-2200 MHz, offering users a variety of applications, including internet
browsing, email access and high speed music and video download. Although 3G is the latest mobile
communications technology, research is currently underway for even higher data rates to allow
applications such as mobile broadband.

The next generations (beyond 3G) will operate at the higher frequency bands of 2 and 6 GHz, although
spectrum liberalisation and the reallocation of spectrum from earlier systems to newer ones is also a
theme in many countries. The fourth generation of mobile phone systems is called Long Term Evolution
(LTE) and is designed to deliver very fast data speeds of up to 100 Mbps (megabits per second)
downlink and 50 Mbps uplink (peak rates); this is faster than most home broadband services (GSMA,
2011). The first commercial LTE networks were launched in Oslo, Norway, and Stockholm, Sweden, in
December 2009.
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In terms of exposure, according to GSMA (2011), the essential characteristics of LTE signals (frequency
range and transmission powers) are comparable to those of the existing mobile communications
technologies. There are differences in the coding and modulation of the user information for LTE, allowing
the support of higher data rates. For instance, LTE uses a transmission process called Orthogonal
Frequency Division Multiple Access (OFDM) that enables the data flow to be modulated simultaneously
into several narrow frequency bands called subcarriers. The subcarriers can be switched on and off
depending on the network requirement for capacity. LTE also makes use of a new type of antenna
technology called Multiple Input Multiple Output (MIMO). By using more than one antenna, the signal can
reach the recipient through different routes, improving the quality of wireless transmission.

Table 2.9 lists different mobile phone handsets systems together with their frequency of operation and
typical maximum output power. GSM mobile phones have maximum (peak) powers of 1 or 2 W according
to frequency band; however, the use of TDMA technology, in which one out of eight time-slots is used for
radio transmission, results in a maximum time-averaged output power of either 125 or 250 mW*. Where
a mobile phone system uses TDMA, each phone transmits at regular intervals. The proportion of time that

TABLE 2.9 Mobile phone systems and handset powers

Burst TDMA Peak Average
Handset Main Handset band duration duty power power
generation region System (MHz) (ps) factor (w) (mw)
1 Nordic NMT450 453.5-457.5 1.0 0.9 900
countries  NMT900 890-915 1.0 0.6 600
Europe ETACS 872-888 1.0 0.6 600
Europe TACS 890-915 1.0 0.6 600
Japan NTACS 860-870 1.0 0.6 600
Germany  NET-C 451.3-455.74 - - -
USA and AMPS 824-849 1.0 0.6 600
Canada N-AMPS 824-849 1.0 0.6 600
Japan NTT 915-958 - - -
2 USA and TDMA800* 824-849 6666 1/3 0.6 200
Canada TDMA1900* 1850-1910 6666 1/3 0.6 200
Europe GSM900 890-915 576.9 0.12 2.0 240
GSM1800 1710-1785 576.9 0.12 1.0 120
USA and PCS1900 1850-1910 576.9 0.12 1.0 120
Canada
Japan PDC800 940-956 3333 or 1/6 or 0.8 133 or
PDC1500 1429-1465 6666 1/3 266
USA and CDMA800 824-849 1.0 0.2 200
Canada CDMA1900  1850-1910 1.0 0.2 200
3 World UMTS 1920-1980 1.0 0.125 125

*  Also known as D-AMPS (Digital Advanced Mobile Phone System).

*

Every 26th burst is missed out so 120/240 mW in practice.
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the phone transmits is defined by the ‘duty factor’, as listed in Table 2.9. TDMA phones normally transmit
one 6.666 ms burst every 20 ms, but they can reduce the rate at which bursts are produced to once every
40 ms in order to increase system capacity at the expense of signal quality (half-rate speech coding). GSM
and PCS phones, however, transmit in 576.9 ps time-slots, which occur every 4.615 ms. 3G phones
transmit continuously with powers up to 125 mW.

Although mobile phones are designed to have the output powers given in Table 2.9, in reality the output
power of a mobile phone may be considerably lower. The strength of the signal transmitted between a
mobile phone and base station would vary with separation distance according to the inverse square law,
given an obstruction-free path between both antennas. In reality, effects such as shadowing, reflection,
blocking of signals by buildings and terrain, and the beam patterns of antennas complicate the
propagation characteristics between the maobile phone and the base station and make the signal strength
much less predictable. These effects also cause the signal strength to vary rapidly as a user moves over
relatively short distances.

Another factor reducing mobile phones output power is the use of the Adaptive Power Control (APC)
technique in which mobile phones reduce their output powers so that the signal strength at base stations
is constant and just sufficient for good quality reception. The network continually monitors the strength of
the received signals and sends instructions to raise or lower radiated powers, as necessary. A recent study
by Vrijheid et al (2009) monitored the output power of mobile phones used by more than 500 volunteers
in 12 countries using software-modified GSM phones (SMPs) for approximately 1T month. The results
showed that for over 60,000 phone calls, the average output power was approximately 50% of the
maximum. They also indicated that maximum power was used during a considerable proportion of
call-times and the output power decreased with increasing call duration. Although the study showed that
APC reduces the output power of GSM phones to 50% on average, the authors concluded that the
average power levels are substantially higher than the minimum levels theoretically achievable in GSM
networks. Gati et al (2009) recorded and processed data streams exchanged on a live 3G network and
found that the real transmitted power is generally a few per cent of the maximum power, meaning that a
greater reduction in output power can be achieved for 3G phones than with 2G ones.

Mobile phones have shorter and infrequent transmission when they are in standby mode, although this
has not been studied systematically. Moving the phone or managing the traffic of the network in a
particular area may cause a handover to a different base station, resulting in a short transmission. The
network also occasionally checks that phones with which it has not communicated for a period of time,
are still available for incoming calls. Transmissions in standby mode would not normally be relevant to
head exposure because the phone would not be held next to the head.

Some mobile phones use discontinuous transmission (DTX) to reduce interference with other mobile
phones using the same frequency channel in distant cells — this also increases their battery life. With DTX,
mobile phones stop transmitting to the base station when their user is listening passively to someone else
talking. Synthesised comfort noise is played to the person who is speaking so that they do not suddenly
hear silence and assume the call has been terminated. The use of DTX might be expected to reduce the
time-averaged power from a mobile phone by 30% once it is enabled in a network (Wiart et al, 2000).
DTX has mostly been used in GSM networks but it is not used with 3G or other CDMA phones because of
the need for more rapid and efficient power control in these systems.
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In a typical GSM network with adequate capacity, ‘full-rate’ speech coding usually occurs to allow good
call quality. However, occasionally operators find that parts of their networks are becoming congested
and it becomes necessary to create capacity by using half-rate speech coding. This allows twice as many
phone calls to be handled, but with a degradation of call quality. The consequence in terms of exposure is
that the time-averaged power of mobile phones is halved.

When assessing the exposure of people to mobile phone handsets, it is important to consider that the
short distance between the mobile phone and the user’s head implies a near-field exposure scenario. At
distances less than 1 cm from the antenna the localised electric field strengths may be hundreds of volts
per metre. However, such localised field strengths produced in the absence of a body and so close to an
antenna cannot be used as a ready measure of exposure. In these circumstances, the mutual interaction
of the head and phone must be taken fully into account. The approach taken to determine exposure in
people has been to use models and assess the internal dosimetric quantity SAR, as a function of the
power fed to the antenna (Dimbylow and Mann, 1994). Standardised procedures for assessing SAR have
been developed by various bodies including CENELEC (2001) and manufacturers now provide information
on measurements made on various models. It is also important to consider the differences between
phones that produce a pulse-modulated RF emission (through the use of DTX and reduced speech
coding) and those that produce a continuous emission when developing exposure metrics.

Figure 2.4 shows the maximum SAR values measured in a phantom model of the head for a range of
mobile phones (Mobile Manufacturers Forum, 2011). The values are maxima found when each of the
phones was placed in a set of standard positions and radiated at a number of standard frequencies.
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FIGURE 2.4 Distribution of SARs produced by 111 mobile phone handsets, as indicated by their
manufacturers in 2003
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Whilst the SAR values are based on the maximum output power of the particular phone, the exposure of
the user will vary according to location, the position of the phone relative to the head and the size of the
head. The geographical location is particularly important since APC can reduce the power emitted by the
phone by up to a factor of 1000. Personal exposure will also depend on the average number and duration
of calls. Where compliance with guidelines is concerned, it is necessary to average over an appropriate,
specified time period, eg any 6-minute period.

Although Figure 2.4 contains SAR values compiled from data up to 2003, it is not expected that the
trend has changed since then, as argued by Cardis et al (2011). In their study (Interphone) Cardis et al
(2011) compiled a database of maximum SAR values for phones in use before and during the
Interphone study which included 1233 values. Their analysis showed a large variation in SAR (two orders
of magnitude), with some maximum SAR values measured below 0.01 W kg™ (the current limit of
detection), possibly due to measurement errors. Analyses by time period provided little evidence of a
trend over time.

A recent study by Joseph et al (2010a) made a comparison between several European countries
regarding their typical exposures from mobile phones using the same personal exposure meters. The
mean exposure levels were compared between different environments such as homes, public transport
or outdoors. The results showed that exposure levels were of the same order of magnitude in all
countries, with the highest total personal RF field exposure recorded inside transport vehicles, mainly due to
the use of mobile phone handsets. All the recorded exposure values were well below international guideline
levels (see Appendix B). Exposure levels were in general lower in private houses or flats than in offices

and outdoors.

In relation to mobile phone exposure, the SAR distribution in the head depends on many factors including
frequency, irradiation conditions (type of phone and use conditions) and head size. The maximum SAR
depends critically on the position of the phone and, in particular, on the distance between the antenna
and the brain (AGNIR, 2003; Martinez-Burdalo et al, 2004). In general, most of the RF energy absorption is
superficial and absorption is highest in the outermost layers of the brain (Kuster et al, 2006).

Measurements on experimental phantoms suggest that most energy (97-99% depending on frequency)
appears to be absorbed in the brain hemisphere on the side where the phone is used, mainly (50-60%)
in the temporal lobe (Cardis et al, 2008). Calculations in scaled human head models using the FDTD
method suggest that the peak SAR averaged over 1 or 10 g decreases with decreasing head size, but the
percentage of energy absorbed in the whole head increases. Thus compared with adults, higher values
of SARs might be expected to occur in children’s brains (Figure 2.5) because of the thinner skull and
surrounding tissue (Martinez-Burdalo et al, 2004). (See Section 2.3.3.1 for a more detailed discussion.)

Some mobile phones are being supplied with user information specifying minimum distances at which
they should be held from the body when calls are made. These distances apply when phones are clipped
to the waist and used elsewhere on the body with hands-free kits, but they do not apply when phones are
held to the ear/head. The distances are specified to ensure compliance with both American and European
restrictions on people’s exposure, limiting the heating of body tissues that can occur when RF energy is
absorbed. Such exposure reduces as phones are held further away from the body.
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FIGURE 2.5 Local SAR in the head of a 12 year old child exposed to a tri-band mobile phone: (a) 900 MHz, (b) 1800 MHz and (c) 2100 MHz in the cheek
position

The scale is 0 to -60 dB for each frequency, and the data have been normalised with respect to the maximum. The profile is a projection of the maximum SAR
value to illustrate the SAR hotspot. The other two figures are cuts in the two other (orthogonal) planes

(Courtesy of Joe Wiart and Emmanuelle Conil, Orange France Telecom Group)



2 EXPOSURES, INTERACTION MECHANISMS, DOSIMETRY AND SOURCES

2.4.3.2 Mobile phone base stations

In order to give full coverage to users, the mobile phone network is divided into areas called ‘cells’, each
having its own base station to send and receive radio signals. The main coverage for each cell is provided
by macrocell base stations with typical output powers of tens of watts and covering distances in the
range 1-10 km. Macrocell base station antennas are usually mounted on ground-based masts or rooftops
at a height providing a clear view over the surrounding area. Due to the high output power of macrocells,
exclusion zones are usually defined around their antennas to prevent public access to regions where
exposure guidelines might be exceeded. Additional coverage and capacity are provided by microcells
mounted at street level, eg on lamp posts or walls. Microcells have lower output power than macrocells,
usually up to a few watts, and can provide coverage up to several hundred metres. Exclusion zones may
not be required with microcells or their extent may be so small that the plastic cover over the antenna
fully encloses them. For more localised coverage in dense areas such as airport terminals, train stations
and shopping centres, indoor picocells with output powers up to around 100 mW are used.

Mann et al (2000) made measurements of power density at 118 locations on 17 sites, where signals were
obtained from base stations. Most of the exposures were between 10 pW m© and 1 mW m, the maximum
being 8.3 MW m°. At locations where the power density exceeded 1 mW m™, the local base stations

dominated the measurement and other environmental signals had little additional effect. At 73 locations,
all radio signals over the range from 80 MHz to 3 GHz were evaluated; these are summarised in Table 2.10.

TABLE 2.10 Geometric mean power densities around base stations measured at several locations in the UK
(Mann et al, 2000)

Geometric mean and range (5th-95th percentiles) of power density (LW m?)

Total neglecting Total neglecting
Location Local base stations  Total of all signals local base station all base stations
Indoor 17 (0.32-570) 75  (1.9-1000) 16 (0.76-970) 5.0 (0.23-420)
Outdoor 130 (19-930) 240 (49-1700) 37  (0.5-360) 12 (0.5-360)
All locations 33 (0.91-700) 110 (3.5-1100) 21 (0.84-970) 6.6 (0.23-380)

Since 2001, the UK Office of Communication (Ofcom) has carried out measurements as part of a base
station audit recommended by the Independent Expert Group on Mobile Phones (IEGMP, 2000). Initially,
the audit concentrated on what were described as ‘sensitive sites’ close to mobile phone base stations,
such as schools and hospitals; however, it later covered a broader range of sites. Sites were selected on
the basis of requests received via the Ofcom website (http://www.ofcom.org.uk/sitefinder/). Mann (2011)
analysed the downloaded data from the Ofcom website for site visits up to the end of 2007. These
included 541 sites at which a total of 3321 measurements had been made. The sites comprised

339 schools, 37 hospitals and 165 other locations. Ofcom calculated total exposure quotients from its
measured data and the cumulative distribution of these values is shown in Figure 2.6. The quotients are in
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FIGURE 2.6 Total band exposure quotients measured by Ofcom for 541 mobile phone base stations
(3321 measurements in total). The x-axis values are the maximum values contained in each bar of the chart

TABLE 2.11 Summary of exposure quotients measured during the Ofcom audit up to the end of 2007, and
equivalent power densities and electric field strengths assuming a reference level of 4.5 W m™ (Mann, 2011)

Median value and range (5th-95th percentile)

Number of Exposure quotient Power density Electric field strength
Location measurements (x107) (LW m?) (mvm™)
Indoor 1516 2.8 (0.024-124) 13 (0.11-560) 69 (6.4-460)
Outdoor 1809 17 (0.052-314) 77 (0.23-1400) 170 (9.3-730)
All locations 3321 8.1 (0.03-250) 37 (0.13-1100) 120 (7.1-650)

relation to the ICNIRP general public reference level and they were calculated by dividing the power
density of each individual measured signal by the reference level at its frequency and then summing these
individual signal quotients to obtain a total quotient of the reference level (Mann et al, 2000). A summary
of the exposure quotients measured during the Ofcom audit up to the end of 2007 is shown in Table 2.11.

In another study power density values around 20 randomly selected GSM microcells and picocells were
recorded by Cooper et al (2006). The range of antenna heights was 2.5-9 m and the total radiated power
ranged from 1-5 W. The results also indicated that the exposure quotients derived from the measured
data were generally in the range of 0.002-2% and the greatest exposure at any of the sites was 8.6% of
the ICNIRP public reference level.
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An Australian study reported exposure levels around 60 mobile phone base stations transmitting
CDMAS800, GSM900, GSM1800 and 3G (UMTS) signals (Henderson and Bangay, 2006). The authors
reported measurements as a function of distance ranging from 50 to 500 m and the highest recorded
power density from a single base station was 8.1 107 W m™.

More recently, a population based survey was carried out using personal exposure meters to characterise
the distribution of residential exposure from mobile phone base station antennas (Viel et al, 2009).
Meters with a detection limit of 0.05 V m™" were given to 200 randomly selected people for 24-hour
measurements. The results showed that the recorded field strength was mostly below the detection level
with a maximum electric field strength of less than 1.5V m™". The results also indicated that exposure to
GSM and DCS (digital communication systems) signals peaked around 280 and 1000 m from the
antennas, respectively. UMTS and TV signals showed no variation with distance from the transmitters.

In Korea, Kim and Park (2010) have made measurements at 50 locations within a range of 32-422 m
from CDMA 800 and 1800 MHz base stations. The highest recorded field level was reported to be
1.5V m"', which corresponds to 0.15% of the ICNIRP quidelines.

LTE networks are, in principle, very similar to other mobile communications networks. An evolved UMTS
terrestrial radio access network (EUTRAN), together with additional new processes, is used to transfer data
at very high speeds between the terminal device and base station. A recent pilot study by the German
Institute for Mobile Radio and Satellite Technology (IMST) assessed the general public exposure to LTE
transmitters (IZMF, 2010). Five test transmitters and two pilot transmitters were assessed in cities in
Germany. The results showed that the field emissions from LTE transmitters were well below the limits set
by the German BImSchV (26th Federal Emission Protection Ordinance), which is based on the ICNIRP
guidelines (see Appendix B).

In Sweden, exposure contributions due to different RF sources were compared with exposure to LTE base
stations at 30 locations throughout Stockholm (Joseph et al, 2010b). The total exposure was reported to
be in the range 0.2-2.6 V m™', of which an average of 4% was due to LTE exposure.

2.4.3.3 Terrestrial and satellite microwave links

Frequencies used by fixed-site telecommunications services range from the VLF band to the high
microwave region. Services include public and private communications networks, satellite ground stations
and control/telemetry services to remote sites. The majority of these are point-to-point microwave
communications links, but the principles of exposure assessment would apply equally to mobile
communications systems.

A summary of fixed microwave links is given in Table 2.12. Most of these systems use parabolic dish
reflectors up to 3.7 min diameter, mounted on towers or on buildings.

Satellite uplink services are detailed in Table 2.13. The Very Small Aperture Terminal (VSAT) systems are
transportable. A theoretical assessment of the power density from a typical 14 GHz VSAT terminal has shown
that the power density rises along the axis in front of the dish for about 40 m but then starts to fall off.

These systems generally use parabolic reflectors of circular cross-section with diameters varying from 1 or
2 metres to tens of metres, with many falling in the range 5-15 m. Since these diameters are much
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TABLE 2.12 Fixed microwave links in the UK

Band (GHz) Power to antenna (W) Number of installations
1.7-2.45 5 250
4 20 1200
6 10 3000
7 - 500
11 10 1800
13 10 1500
15 3 500
18 0.4 1600
23 1 4500

TABLE 2.13 Satellite TV uplinks

Type Band (GHz) Power (W) Dish (m) Number
Broadcast uplink 14 600 3-5.5 12
VSAT 14 2-5 1.8 200

greater than the 2 cm wavelength, the antenna gains are very large, ranging from 30 to 80 dB, so that
line-of-sight communication is possible over large distances. The power output normally varies from less
than a watt to a few watts but may be in excess of a kilowatt for satellite links. Various approaches have
been used to estimate the potential exposure to fields from such antennas (Hankin, 1974; Ministry of
Defence, 1989). Although, in principle, it is possible to be exposed to power densities of a few hundred
watts per metre squared (a few hundred volts per metre) near these high power antennas, this is most
unlikely to be the case for members of the public. The antenna is directed at a satellite so, since nearby
buildings need to be avoided, exposure to the main lobe is unlikely to arise. Only people who have access
to the vicinity of the reflector or approach the useful beam at low elevation angles are likely to be
materially exposed and their exposure will be to fields around a few tens of watts per metre squared,
below the ICNIRP reference level for occupational exposure (ICNIRP, 1998 - see Appendix B). Public
exposure at normally accessible positions will be typically below 107 W m™ (0.2 V m™") at distances in
excess of 100 m measured along the axis of the dish.

2.4.3.4 Cordless phones

Both analogue cordless phones and digital cordless phones have average output power levels of around
10 mW. However, while analogue phones produce continuous signals, digital systems can involve time
sharing and pulse modulated signals so their peak powers can be higher than the 10 mW average. Digital
Enhanced Cordless Telecommunication (DECT) phones operating at 1880—1900 MHz offer voice
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communication with a peak power of 250 mW but, in contrast to mobile phones, there is no adaptive
power control. Emissions during calls are in the form of 400 ps bursts produced once every 10 ms, ie
there are a hundred bursts per second, giving an average power of 10 mW. The average powers are thus
10 or more times smaller than those from mobile phones operating at their highest power level. Most
DECT base stations on standby (when not making a call) transmit an 80 ps pulse every 10 ms, ie they
transmit for 0.8% of the time on average. Hence, the average power level on standby is 2 mW.

Kramer et al (2005) assessed the exposure at a distance of 1 m from DECT devices, and found maximum
electric field strengths of the order of approximately 1% of the ICNIRP reference levels (Appendix B).
Assuming far-field conditions this value corresponds to 0.01% of the reference level for power flux density
(which is a more relevant comparison in the context of the underlying SAR-based basic restriction). They
also reported a maximum 10 g averaged spatial peak SAR value of 0.06 W kg ™' when devices were placed
in close proximity to a flat homogeneous phantom, which is clearly below the ICNIRP basic restriction of

2 W kg™ for localised exposure.

2.4.3.5 Terrestrial trunked radio (TETRA)

Terrestrial trunked radio (TETRA) is a specially designed mobile communications standard for the
emergency services, offering higher reliability and enhanced security compared with other older analogue
technologies. TETRA devices operate at frequencies of 380-470 MHz. The features of the system, in
particular the discontinuous nature of the waveform, which is similar to GSM in that TDMA is used, and
similar to older mobile radio in that it is produced by the handset when the user pushes a button
(push-to-talk mode), have been considered in depth in an earlier report by AGNIR (2001). The 25% duty
factors of the hand-portable equipment mean that average powers for the 1 and 3 W transmitters are
reduced to 0.25 and 0.75 W, respectively, but could increase if additional available channel space

(more than one of the four slots available) were to be used, eg for data transmission. A comparison of
output powers for different types of phones used near the head is given in Table 2.14.

Exposures have been estimated for maximum power transmission using experimental modelling (Gabriel,
2000b) and the SAR produced in a phantom head is given in Table 2.15. Increases due to additional
channel utilisation would in theory increase the SAR by a factor of four, but in practice the phone is likely
to be held further from the body when data rather than speech are being transmitted.

Dimbylow et al (2003) developed a numerical model of a commercially available TETRA handset with
helical and monopole antennas, and calculated SARs in a 2 mm resolution anatomically realistic numerical
model of the head. For the handset held vertically in front of the face in the position that was considered
to be most representative of practical use, the 10 g averaged SARs were 0.42 and 0.59 W kg™ with the
monopole and helical antennas, respectively, and based on 0.25 W average radiated power (class 4).
Various positions were considered with the handset held to the side of the head and the maximum SARs
with the two antennas were 0.59 and 0.98 W kg™, again based on 0.25 W radiated power.

2.4.3.6 Bluetooth devices

Bluetooth devices operate at 2.45 GHz, and provide short range wireless connectivity between mobile
communications devices. The majority of mobile phones, computers and their peripheral accessories are
equipped with Bluetooth capability. The peak power of a Bluetooth device used for distances up to
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TABLE 2.14 Peak and time-averaged output powers for various types of different handheld radio terminals
when operating at their maximum power level (the average figures for TETRA are for one time-slot)

Maximum output power (W)

System Peak Average APC available
Analogue police radio (450-460 MHz) 1.5 1.5 -
TETRA* Class 3 radio (380-385, 410-415 MHz) 3 0.75 v
TETRA* Class 4 radio (380-385, 410-415 MHz) 1 0.25 v
GSM900 (890-915 MHz) 2 0.25 v
GSM1800 (1710-1785 MHz) 1 0.125 v
DECT (1880-1900) 0.25 0.01 -

*

APC is available for TETRA handsets in their usual trunked mode of operation, but not when they are used in direct
mode (AGNIR, 2001).

TABLE 2.15 Measured SARs produced in a phantom head exposed to radio signals from 1 W and 3 W TETRA
hand portables

SAR (W kg™') for 1 W radio SAR (W kg™') for 3 W radio

Spatial 19 109 Spatial 19 109

peak averaged averaged peak averaged averaged
Left ear 1.40 1.16 0.89 5.07 3.92 2.88
Right ear 1.72 0.94 0.88 5.07 2.74 2.33
Front 0.35 0.28 0.24 0.92 0.72 0.53

around 1 m, eg for a wireless hands-free kit used with a mobile phone, is usually T mW, although 2.5 and
100 mW devices are also available. While the 100 mW devices have similar powers to mobile phones
and therefore can produce similar exposures, the low power outputs of most devices will give rise to
correspondingly low exposures, well below guideline levels (see Appendix B).

Consistent with powers of the order of T mW, an assessment of exposure to Bluetooth devices at 1 m
found maximum electric field strengths of the order of 0.5% of the electric field reference level
recommended by ICNIRP (Kramer et al, 2005). Assuming far-field conditions this value corresponds to
0.0025% of the reference level for power flux density. The same study reported a maximum 10 g SAR

of 0.5 W kg™ for a nominally 100 mW power device, which is clearly below the ICNIRP basic restriction

of 2W kg™ for localised exposure. Martinez-Burdalo et al (2009) assessed human exposure to
electromagnetic fields from Bluetooth devices in some operating situations and showed that the exposure
levels in the worst-case situations studied are lower than those obtained when analysing exposure to
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mobile phones, with both field and SAR values being far below guideline levels, even when considering
the combined exposure to both a GSM and a Bluetooth antenna. The authors concluded this was to be
expected because of the low power of the si