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1.1 Introduction

This chapter explains the physical principles 
and terminology relating to sources, exposures 
and dosimetry for human exposures to radiofre-
quency electromagnetic fields (RF-EMF). It also 
identifies critical aspects for consideration in the 
interpretation of biological and epidemiological 
studies.

1.1.1 Electromagnetic radiation

Radiation is the process through which 
energy travels (or “propagates”) in the form of 
waves or particles through space or some other 
medium. The term “electromagnetic radiation” 
specifically refers to the wave-like mode of 
transport in which energy is carried by electric 
(E) and magnetic (H) fields that vary in planes 
perpendicular to each other and to the direction 
of energy propagation.

The variations in electric and magnetic field 
strength depend only on the source of the waves, 
and most man-made sources of electromagnetic 
radiation produce waves with field strengths that 
vary sinusoidally with time, as shown in Fig. 1.1. 
The number of cycles per second is known as the 
frequency (f) and is quantified in the unit hertz 
(Hz). The waves travel at the speed of light (c) in 
free space and in air, but more slowly in dielectric 
media, including body tissues. The wavelength 
(λ) is the distance between successive peaks in 

a wave (Fig. 1.1) and is related to the frequency 
according to λ = c/f (ICNIRP, 2009a).

The fundamental equations of electromag-
netism, Maxwell’s equations, imply that a time-
varying electric field generates a time-varying 
magnetic field and vice versa. These varying 
fields are thus described as “interdependent” and 
together they form a propagating electromagnetic 
wave. The ratio of the strength of the electric-field 
component to that of the magnetic-field compo-
nent is constant in an electromagnetic wave and 
is known as the characteristic impedance of the 
medium (η) through which the wave propagates. 
The characteristic impedance of free space and 
air is equal to 377 ohm (ICNIRP, 2009a).

It should be noted that the perfect sinusoidal 
case shown in Fig.  1.1, in which a wave has a 
sharply defined frequency, is somewhat ideal; 
man-made waves are usually characterized by 
noise-like changes in frequency over time that 
result in the energy they carry being spread over 
a range of frequencies. Waves from some sources 
may show purely random variation over time 
and no evident sinusoidal character. Some field 
waveforms, particularly with industrial sources, 
can have a distorted shape while remaining 
periodic, and this corresponds to the presence of 
harmonic components at multiples of the funda-
mental frequency (ICNIRP, 2009a).

The quantities and units used to characterize 
electromagnetic radiation are listed in Table 1.1.

1. EXPOSURE DATA
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1.1.2 The electromagnetic spectrum

The frequency of electromagnetic radiation 
determines the way in which it interacts with 
matter; a variety of different terms are used to 
refer to radiation with different physical proper-
ties. The electromagnetic spectrum, describing 
the range of all possible frequencies of electro-
magnetic radiation, is shown in Fig. 1.2.

For the purposes of this Monograph, radio-
frequency (RF) electromagnetic radiation will 
be taken as extending from 30 kHz to 300 GHz, 
which corresponds to free-space wavelengths in 
the range of 10 km to 1 mm. Electromagnetic 
fields (EMF) in the RF range can be used 
readily for communication purposes as radio 
waves. As shown in Fig.  1.2, the International 
Telecommunications Union (ITU) has developed 
a categorization for radio waves according to 
their frequency decade: very low frequency 
(VLF); voice frequency (VF); low frequency 
(LF); medium frequency (MF); high frequency 
(HF); very high frequency (VHF); ultra-high 
frequency (UHF); super-high frequency (SHF); 
and extremely high frequency (EHF) (ITU, 2008).

Radio waves with frequencies in the range 
300 MHz to 300 GHz can be referred to as micro-
waves, although this does not imply any sudden 
change in physical properties at 300 MHz. The 

photon energy would be about 1 µeV (micro-
electronvolt) at 300 MHz.

Above the frequencies used by radio waves 
are the infrared, visible ultraviolet (UV), X-ray 
and gamma-ray portions of the spectrum. At RF 
and up to around the UV region, it is conven-
tional to refer to the radiation wavelength, rather 
than frequency. Photon energy is generally 
referred to in the X-ray and gamma-ray regions, 
and also to some extent in the UV range, because 
the particle-like properties of the EMFs become 
more obvious in these spectral regions.

Below the RF portion of the spectrum lie 
EMFs that are used for applications other than 
radiocommunication. The interdependence of 
the electric- and magnetic-field components 
also becomes less strong and they tend to be 
considered entirely separately at the frequency 
(50 Hz) associated with distribution of electricity 
(IARC, 2002).

1.1.3 Exposures to EMF

RF fields within the 30 kHz to 300 GHz region 
of the spectrum considered in this Monograph 
arise from a variety of sources, which are consid-
ered in Section 1.2. The strongest fields to which 
people are exposed arise from the intentional 
use of the physical properties of fields, such as 
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Fig. 1.1 A sinusoidally varying electromagnetic wave viewed in time at a point in space (a) and in 
space at a point in time (b)
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induction heating (including the industrial 
heating of materials and cooking hobs), remote 
detection of objects and devices (anti-theft 
devices, radar, radiofrequency identification 
[RFID]), telecommunications (radio, television, 
mobile phones, wireless networks), medical 
diagnostics and therapy (magnetic resonance 
imaging [MRI], hyperthermia), and many more. 
There are also unintentionally generated fields, 
such as those associated with the electrical 
ballasts used for fluorescent lighting, electronic 
circuits, processors and motors.

When considering human exposures it is 
important to recognize that, in addition to the 
EMFs associated with energy being radiated 
away from a source, there are electric and 
magnetic fields associated with energy stored in 
the vicinity of the source, and this energy is not 
propagating. The reactive fields associated with 
this stored energy are stronger than the radiated 
fields within the region known as the reactive 
near field, which extends to a distance of about 
a wavelength from the source. The wave imped-
ance in the reactive near field may be higher than 
the impedance of free space if a source is capaci-
tive in nature and lower if a source is inductive 
in nature (AGNIR, 2003).

Beyond the near field region lies the far field, 
where the RF fields have the characteristics of 
radiation, i.e. with planar wave fronts and E and 
H components that are perpendicular to each 
other and to the direction of propagation. The 
power density of the radiation, Pd, describes the 
energy flux per unit area in the plane of the fields 
expressed as watts per square metre (W/m2) and 
decreases with distance squared (the inverse 
square law). Power density can be determined 
from the field strengths (see Glossary) (AGNIR, 
2003).

Sources that are large relative to the wave-
length of the RF fields they produce, e.g. dish 
antennae, also have a region known as the radi-
ating near field that exists in between the reac-
tive near field and the far field. In this region the 
wave impedance is equal to 377 ohm, but the 
wave fronts do not have planar characteristics: 
there is an oscillatory variation in power density 
with distance and the angular distribution of the 
radiation also changes with distance. Since the 
radiating near field is taken to extend to a distance 
of 2D2/λ (where D is the largest dimension of the 
antenna) from the source, it is therefore neces-
sary to be located beyond both this distance and 
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Table 1.1 Quantities and units used in the radiofrequency band

Quantity Symbol Unit Symbol

Conductivity σ siemens per metre S/m
Current I ampere A
Current density J ampere per square metre A/m2

Electric-field strength Е volt per metre V/m
Frequency f hertz Hz
Impedance Z or η ohm Ω
Magnetic-field strength H ampere per metre A/m
Permittivity ε farad per metre F/m
Power density S or Pd watt per square metre W/m2

Propagation constant K per metre m-1

Specific absorption SA joule per kilogram J/kg
Specific absorption rate SAR watt per kilogram W/kg
Wavelength λ metre m
Adapted from ICNIRP (2009a)
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about a wavelength from a source to be in the 
far-field region (AGNIR, 2003).

The incident EMFs (external fields when the 
body is not present) interact or couple with the 
human body and induce EMFs and currents within 
the body tissues. A different interaction mecha-
nism exists for the electric- and magnetic-field 
components, as discussed in detail in Section 1.3. 
In general, both quantities must be determined 
to fully characterize human exposure, unless the 
exposure is to pure radiating fields. The coupling 
depends on the size of the wavelength relative to 

the dimensions of the human body and, there-
fore, dosimetric interactions are often considered 
in three different frequency ranges: 30 kHz to 10 
MHz (body larger than the wavelength), 10 MHz 
to 10 GHz (body dimensions comparable to the 
wavelength), and 10 GHz to 300 GHz (body 
dimensions much larger than the wavelength).
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Fig. 1.2 The electromagnetic spectrum
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The figure shows frequency increasing from left to right expressed in hertz (Hz) and in kHz (kilo-), MHz (mega-), GHz (giga-) and THz (tera-) 
(denoting multipliers of 103, 106, 109 and 1012). Electromagnetic fields in the radiofrequency (RF) range can be used for communication purposes 
as radio waves. Mobile phones operate in the low-microwave range, around 1 GHz. The terms VLF, VF, LF, MF, HF, VHF, UHF, SHF, EHF 
denote very low frequency, voice frequency, low frequency, medium frequency, high frequency, very high frequency, ultra-high frequency, super-
high frequency, and extremely high frequency, respectively.
Beyond the frequencies used by radio waves follow the infrared, visible, ultraviolet, X-ray and gamma-ray portions of the spectrum. Above 
radiofrequencies and up to around the ultraviolet region, it is conventional to refer to the wavelength (expressed in metres and its multipliers) of 
the radiation, rather than frequency. Below the radiofrequency portion of the spectrum lie electromagnetic fields that are used for applications 
other than radiocommunications. Photon energy is expressed in electronvolts (eV and its multipliers).
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1.2 Sources of exposure

This section describes natural and man-made 
sources of RF fields to which people are exposed 
during their everyday lives at home, work and 
elsewhere in the environment. Fields from 
natural and man-made sources differ in their 
spectral and time-domain characteristics and 
this complicates comparisons of their relative 
strengths. The fields produced by natural sources 
have a much broader frequency spectrum than 
those produced by man-made sources and it is 
necessary to define a bandwidth of interest for 
comparison. In a bandwidth of 1 MHz, man-
made fields will typically appear to be orders of 
magnitude stronger than natural ones, whereas 
if the entire bandwidth of 300 GHz of interest 
to this Monograph is chosen, natural fields may 
appear to be stronger than man-made ones at 
typical environmental levels (ICNIRP, 2009a).

When considering sources, it is helpful to 
clearly delineate the concepts of emissions, expo-
sures and dose:

Emissions from a source are characterized 
by the radiated power, including its spectral 
and time-domain distributions: the polarization 
and the angular distribution (pattern) of the 
radiation. For sources that are large relative to 
their distance from a location where a person is 
exposed, it also becomes necessary to consider 
the spatial distribution of the emitted radiation 
over the entire structure of the source to fully 
describe it as an emitter.

Exposure describes the EMFs from the source 
at a location where a person may be present 
in terms of the strength and direction of the 
electric and magnetic fields. If these vary over 
the volume occupied by a person (non-uniform 
exposure), possibly because the source is close 
to them, or has strongly directional character-
istics, it becomes necessary to quantify the RF 
fields over the space occupied by the person. The 
exposure depends not only on the source emis-
sions and the geometrical relationship to the 

source (distance, angular direction), but also on 
the effect of the environment on the radiated 
fields. This can involve processes such as reflec-
tion, shielding, and diffraction, all of which can 
modify the fields substantially.

Dose is concerned with quantities of effects 
inside the body tissues that are induced by the 
exposure fields. These include the electric- or 
magnetic-field strength in the body tissues and 
the specific energy absorption rate (SAR) (see 
Section 1.3.2, and Glossary). The strength of the 
electric fields within the body tissues is generally 
much smaller than that of the exposure fields 
outside the body, and depends on the electrical 
parameters of the tissues (Beiser, 1995).

In most situations, the concept of emissions 
leading to exposure and then dose is helpful, but 
there are situations in which the presence of an 
exposed individual and the dose received affect 
the emissions from a source. This means that 
the intermediate concept of exposure cannot be 
isolated meaningfully, and dose has to be assessed 
directly from the source emissions either through 
computational modelling or via measurement of 
fields inside the body tissues. When the way in 
which a source radiates is strongly affected by 
the presence of an exposed person, the source 
and the exposed person are described as “mutu-
ally coupled”; a classic example of this is when a 
mobile phone is used next to the body.

1.2.1 Natural fields

The natural electromagnetic environment 
originates from the Earth (terrestrial sources) and 
from space (extraterrestrial sources) (Fig.  1.3). 
Compared with man-made fields, natural fields 
are extremely small at RFs (ICNIRP, 2009a).

The energy of natural fields tends to be spread 
over a very wide range of frequencies. Many 
natural sources emit RF radiation and optical 
radiation according to Planck’s law of “black-
body radiation” (see Fig. 1.4; Beiser, 1995).
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Fig. 1.3 Terrestrial and extraterrestrial sources of radiofrequency radiation
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E, electric field strength; K, Kelvin; kV, kilovolt; m, metre; µs, microsecond; t, time; V, volt; W/m2, watt per square metre.
The solar radiation spectrum is similar to that of a black body with a temperature of about 5800 °K. The sun emits radiation across most of the 
electromagnetic spectrum, i.e. X-rays, ultraviolet radiation, visible light, infrared radiation, and radio waves. The total amount of energy received 
by the Earth at ground level from the sun at the zenith is approximately 1000 W/m2, which is composed of approximately 53% infrared, 44% 
visible light, 3% ultraviolet, and a tiny fraction of radio waves (3 μW/m2). 
From ICNIRP (2009a) http://www.icnirp.de

http://www.icnirp.de
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The total power emitted per unit surface 
area of a black-body radiator can be evaluated 
by integrating Planck’s law over all angles in a 
half-space (2π steradians) and over all frequen-
cies. This yields the Stefan-Boltzmann law (see 
Fig. 1.4), which describes how the power emitted 
by a black-body radiator increases with the fourth 
power of the absolute temperature (Beiser, 1995).

(a) Extraterrestrial sources

Extraterrestrial sources include electrical 
discharges in the Earth’s atmosphere, and solar 
and cosmic radiation. Heat remaining from the 
“big bang” at the formation of the universe is 
evident as the cosmic microwave background 
(CMB), which presents as black-body radia-
tion from all directions towards the Earth. 
The observed peak in the CMB spectrum is at 
a frequency of 160.2 GHz, which according to 
Planck’s law (see Fig. 1.4) implies a temperature of 
2.725 K (Fixsen, 2009). Fig 1.5 shows the results of 
evaluating Planck’s law over the frequency range 
30 kHz to 300 GHz. The total power density in 
this frequency range represents 80% of the total 
power density across all frequencies. Applying 
this factor to the results from Stefan-Boltzmann’s 

law at 2.725 K gives the power density at the 
surface of the Earth as 2.5 µW/m2.

The sun is also a black-body radiator and its 
spectrum shows a peak at 3.4 × 1014 Hz, a wave-
length of 880 nm, commensurate with a surface 
temperature of 5778 K (NASA, 2011). Based on 
Planck’s law, most of the sun’s radiation is in the 
infrared region of the spectrum. Only a small 
proportion is in the frequency range 30 kHz to 
300 GHz; this fraction represents about 5 µW/m2 
of the total power density of 1366 W/m2 inci-
dent on the Earth. This value is similar to that 
from the CMB, which contributes power from 
all directions, but the RF power from the sun is 
predominantly incident from the direction of the 
sun, and hence much reduced at night (ICNIRP, 
2009a).

The atmosphere of the Earth has a marked 
effect on RF fields arriving from space. The iono-
sphere, which extends from about 60 km to 600 
km above the Earth’s surface, contains layers 
of charged particles and reflects RF fields at 
frequencies of up to about 30 MHz. Above a few 
tens of gigahertz, atmospheric water vapour and 
oxygen have an attenuating effect on RF fields, 
due to absorption. These effects mean that the 
RF power density incident at the Earth’s surface 
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Fig. 1.4 Equations used in calculating energy and emitted power of black-body radiators

S(f,T) = c2
2hf 2 1

hf

ekT 1

J* = σΤ4

(a) Planck's Law of "black body radiation"

S(f,T) is the power radiated per unit area of emitting surface in
the normal direction per unit solid angle per unit frequency by
a black body at temperature T.
h is the Planck constant, equal to 6.626 × 10-34 Js.
c is the speed of light in a vacuum, equal to 2.998 × 108 m/s.
k is the Boltzmann constant, equal to 1.381 × 10-23 J/K.
f is the frequency of the electromagnetic radiation in hertz (Hz).
T is the temperature of the body in Kelvin (K).

(b) Stefan-Boltzmann Law

J* , the black-body irradiance or
emissive power, is directly proportional
to the fourth power of the black-body
thermodynamic temperature T (also
called absolute temperature).
σ, the constant of proportionality, 
called Stefan-Bolzmann constant.
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from the sun and the CMB will be somewhat less 
than the 5 µW/m2 values given for each above. 
The International Commission on Non-Ionizing 
Radiation Protection (ICNIRP) gives the total 
power density arising from the sky and the sun as 
3 µW/m2 at the surface of the Earth (see Fig. 1.3; 
ICNIRP, 2009a).

(b) Terrestrial sources

The Earth itself is a black-body radiator with 
a typical surface temperature of about 300 K (see 
Fig. 1.3). Most emissions from Earth are in the 
infrared part of the spectrum and only 0.0006% 
of the emitted power is in the RF region, which 
amounts to a few milliwatts per square metre 
from the Earth’s surface. This is about a thousand 
times larger than the RF power density arising 
from the sky and the sun (ICNIRP, 2009a).

People also produce black-body radiation 
from their body surfaces (skin). Assuming a 
surface temperature of 37 °C, i.e. 310 K, the power 
density for a person would be 2.5 mW/m2 in the 
RF range. With a typical skin area of 1.8 m2, the 
total radiated power from a person is about 4.5 
mW.

As mentioned above, the ionosphere effec-
tively shields the Earth from extraterrestrially 
arising RF fields at frequencies below 30 MHz. 
However, lightning is an effective terrestrial 
source of RF fields below 30 MHz. The fields are 
generated impulsively as a result of the time-
varying voltages and currents associated with 
lightning, and the waveguide formed between 
the surface of the Earth and the ionosphere 
enables the RF fields generated to propagate over 
large distances around the Earth.
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Fig. 1.5 Power density spectrum of the cosmic microwave background in the radiofrequency range 
(30 kHz to 300 GHz)
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On average, lightning strikes the Earth 40 
times per second, or 10 times per square kilo-
metre per year. Maps of annual flash rates 
based on observations by National Aeronautics 
and Space Administration (NASA) satellites 
can be consulted on the National Oceanic and 
Atmospheric Administration (NOAA) web site 
(NOAA, 2011). The EMFs from lighting are 
impulsive and vary depending on the nature of 
each stroke and also according to the distance 
at which they are measured. A typical pulse-
amplitude of 4 V/m at 200 km corresponds to 
a peak power density of 42 mW/m2, and a total 
pulse energy density of 2.5 mJ/m2 (ICNIRP, 
2009a). Cooray (2003) has described various 
mathematical models for return strokes, which 
are the strongest sources of RF-EMF associated 
with lightning. Peak electric-field strengths of up 
to 10 kV/m are possible within 1 km from where 
the lightning strikes. At distances greater than 
100 km, the field strength decreases rapidly to a 
few volts per metre, with peak dE/dt of about 20 
V/m per µs, and then further decreases over a few 
tens of microseconds. Willett et al. (1990) meas-
ured the electric-field strength during return 
strokes as a function of time and conducted 
Fourier analysis to determine the average spec-
trum between 200 kHz and 30 MHz. The energy 
spectral density reduced according to 1/f 2 at 
frequencies of up to about 10 MHz and more 
rapidly thereafter.

1.2.2 Man-made fields

There are numerous different sources of man-
made RF fields. The more common and notable 
man-made sources of radiation in the RF range 
of 30 kHz to 300 GHz are presented in Fig. 1.6.

Sometimes such fields are an unavoidable 
consequence of the way systems operate, e.g. 
in the case of broadcasting and telecommuni-
cations, where the receiving equipment is used 
at locations where people are present. In other 
situations, the fields are associated with energy 

waste from a process, e.g. in the case of systems 
designed to heat materials (ICNIRP, 2009a).

The typical emission characteristics of sources 
will be summarized here, along with exposure 
and dose information where available. However, 
it is important to recognize that fields typically 
vary greatly in the vicinity of sources and spot 
measurements reported in the literature may not 
be typical values. This is because assessments are 
often designed to identify the maximum expo-
sures that can be reasonably foreseen, e.g. for 
workers near sources, and to ensure that these 
do not exceed exposure limits.

(a) Radio and television broadcasting

The frequency bands used for broadcasting of 
radio and television signals are broadly similar 
across countries and are shown in Table 1.2.

Analogue broadcast radio has been available 
for many years and uses amplitude modulation 
(AM) in the long, medium and short-wave bands, 
but the sound quality is not as good as with 
frequency modulation (FM) in band II, which 
became available later and is now more popular 
for listening. The short-wave band continues 
to be important for international radio broad-
casting, because signals in this frequency band 
can be reflected from the ionosphere to travel 
around the world and reach countries thousands 
of kilometres away (AGNIR, 2003).

Band III was the original band used for 
television broadcasting and continues to be used 
for this purpose in some countries, while others 
have transferred their television services to bands 
IV and V. Band III is also used for digital audio 
broadcasting (DAB), exclusively so in countries 
that have transferred all their television services 
to bands IV and V. Analogue and digital televi-
sion transmissions presently share bands III, IV 
and V, but many countries are in the process 
of transferring entirely to digital broadcasting 
(ICNIRP, 2009a).

AGNIR (2003) have described broadcasting 
equipment in the United Kingdom in terms of 
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the numbers of transmitters operating at a given 
power level in each frequency band (Table 1.3). 
The overall trends are probably similar in other 
countries and the main change since that time 
is likely to have been a growth in the number 
of digital transmitters for radio and television 
(ICNIRP, 2009a).

(i) Long-, medium- and short-wave bands
Antennae broadcasting in the long- and 

medium-wave bands tend to be constructed as 
tall metal towers, with cables linking the towers 
to each other and to the ground. Often, a single 
low-frequency (LF) or medium-frequency (MF) 
radiating structure may involve several closely 
located towers that are fed in such a way that a 
directional beam pattern is formed. Some towers 
are energized and insulated from the ground, 
while others are grounded and act as reflectors. 
Transmitters designed to provide local radio 
services, e.g. around cities, use powers in the 
range of 100 W to 10 kW, while a small number 
of transmitters that provide national services 
over large distances radiate up to a few hundred 
kilowatts (ICNIRP, 2009a).

The high-frequency (HF) band is used for 
international broadcasting and comprises wave-
lengths that are somewhat shorter than those 
in the long- and medium-wave bands. Curtain 
arrays, composed of multiple horizontal dipole 
antennae suspended between towers, are used to 
form narrow beams directed upwards towards 

the required azimuth and elevation angles. The 
beams reflect off the ionosphere and provide 
services to distant countries without the need 
for any intermediate infrastructure. Typical 
curtain arrays can be up to 60 m in height and 
width, and might, for example, involve 16 dipoles 
arranged as four vertically stacked rows of four 
with a reflecting wire mesh screen suspended 
behind them. Given the transmission distances 
required, the powers are high, typically around 
100–500 kW. The HF band has the fewest trans-
mitters of any of the broadcast bands (ICNIRP, 
2009a). Allen et al. (1994) reported 25 HF trans-
mitters with powers in the range 100–500 kW 
and three with powers greater than 500 kW in 
the United Kingdom.

Broadcast sites can be quite extensive, with 
multiple antennae contained within an enclosed 
area of several square kilometres. A building 
containing the transmitters is generally located 
on the site and RF feeder cables are laid from this 
building to the antennae. On HF sites, switching 
matrices allow different transmitters to be 
connected to different antennae according to the 
broadcast schedule. The feeders may be either 
enclosed in coaxial arrangements or open, e.g. 
as twin lines having pairs of conductors around 
15 cm apart suspended about 4 m above ground 
level.

In considering reported measurements of RF 
fields at MF/HF broadcast sites, it is important to 
note that workers may spend much of their time 
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Table 1.2 Frequency bands used for broadcasting of television and radio signals

Designation Frequency range Usage

Long wave 145.5 – 283.5 kHz AM radio
Medium wave 526.5 – 1606.5 kHz AM radio
Short wave 3.9 – 26.1 MHz International radio
UHF (Bands IV and V) 470 – 854 MHz Analogue and digital TV
VHF (Band II) 87.5 – 108 MHz FM radio
VHF (Band III) 174 – 223 MHz DAB and analogue/digital TV
AM, amplitude modulation; DAB, digital audio broadcasting; FM, frequency modulation; TV, television; UHF, ultra high frequency; VHF, very 
high frequency
Adapted from AGNIR (2003)
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in offices, workshops or the transmitter halls. 
Such locations can be far from the antennae, 
resulting in exposure levels that are much lower 
than when personnel approach the antennae to 
carry out maintenance and installation work.

Jokela et al. (1994) investigated the relationship 
between induced RF currents flowing through 
the feet to ground and the RF-field strengths 
from MF and HF broadcast antennae. The MF 
antenna was a base-fed monopole, 185 m high, 
transmitting 600 kW at 963 MHz. At distances 
of 10, 20, 50, and 100 m from the antenna, the 
electric-field strength at 1 m height was around 
420, 200, 60 and 30 V/m, respectively. At the same 
distances, currents in the feet were around 130, 
65, 30 and 10 mA. The HF antenna was a 4 × 4 
curtain array suspended between 60 m towers 
and radiating 500 kW at 21.55 MHz. The total 
field in front of the antenna at 1 m height ranged 
from about 32 V/m at 10 m through a maximum 
of 90 V/m at 30 m, a minimum of 7 V/m at 70 m 
and thereafter rose to around 20 V/m at distances 
in the range 100–160 m.

Mantiply et al. (1997) have summarized 
measure ments of RF fields from MF broadcast 
transmitters contained in several technical 
reports from the mid-1980s to early 1990s from 
government agencies in the USA. A study based 
on spot measurements made at selected outdoor 
locations in 15 cities and linked to population 
statistics showed that 3% of the urban population 

were exposed to electric-field strengths greater 
than 1 V/m, while 98% were exposed to field 
strengths above 70 mV/m and the median 
exposure was 280 mV/m. RF-field strengths 
were also measured near eight MF broadcast 
antennae, one operating at 50 kW, three at 5 kW 
and four at 1 kW. The measurements were made 
as a function of distance along three radials 
at most of the sites. At distances of 1–2 m, the 
electric-field strengths were in the range 95–720 
V/m and the magnetic-field strengths were in the 
range 0.1–1.5 A/m, while at 100 m, electric-field 
strengths were 2.5–20 V/m and magnetic-field 
strengths were in the range 7.7–76 mA/m.

Mantiply et al. (1997) also reported field 
measurements near short-wave (HF) broad-
cast antennae. As mentioned earlier, these are 
designed to direct the beams upwards at low 
elevation angles. Hence, the field strengths at 
locations on the ground are determined by 
sidelobes (see Glossary) from the antennae and 
they vary unpredictably with distance and from 
one antenna to another. Measurements were 
made at four frequencies in the HF band and 
at six locations in a community around 10 km 
from an HF site, which was likely to have trans-
mitted 250 kW power. Electric- and magnetic-
field strengths at individual frequencies varied in 
the ranges 1.5–64 mV/m and 0.0055–0.16 mA/m, 
while the maximum field strengths just outside 
the site boundary were 8.6 V/m and 29 mA/m. 
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Table 1.3 Approximate number of broadcast transmitters in the United Kingdoma

Service class Effective radiated power (kW)

0–0.1 > 0.1–1.0 > 1.0–10 > 10–100 > 100–500 > 500

Analogue TV 3496 589 282 122 86 19
DAB 4 126 121 – – –
Digital TV 134 177 192 2 – –
MW/LW radio 14 125 38 19 12 –
VHF FM radio 632 294 232 98 72 –

a For TV sites, each analogue channel (e.g. BBC1) or each digital multiplex counts as one transmitter.
DAB, digital audio broadcasting; FM, frequency modulation; LW, long wave; MW, medium wave; TV, television; VHF, very high frequency
Adapted from AGNIR (2003)
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Field strengths measured at a distance of 100 m 
along a “traverse” tangential to the beam from a 
curtain array transmitting at 100 kW were in the 
ranges 4.2–9.2 V/m and 18–72 mA/m. A final set 
of measurements was made at a distance of 300 
m from another curtain array transmitting at 100 
kW, while the beam was steered through ± 25° in 
azimuth. The field strengths were in the ranges 
1.7–6.9 V/m and 14–29 mA/m.

(ii) VHF and UHF bands
The powers used for broadcasting in the VHF 

and UHF bands vary widely according to the area 
and terrain over which coverage is to be provided 
(Table 1.2). UHF transmissions are easily affected 
by terrain conditions, and shadowed areas with 
poor signal strength can occur, e.g. behind hills 
and in valleys. For this reason, in addition to 
a main set of high-power transmitters, large 
numbers of local booster transmitters are needed 
that receive signals from the main transmitters 
and rebroadcast them into shadowed areas. The 
main transmitters are mounted at the top of 
masts that are up to several hundreds of metres 
high and have effective radiated powers (ERPs) 
(see Glossary) of up to about 1 MW, while the 
booster transmitters have antennae that are 
mounted much nearer to the ground and mostly 
have powers of less than 100 W. VHF signals 
are less affected by terrain conditions and fewer 
booster transmitters are needed.

Typical high-power broadcast transmitter 
masts are shown in Fig. 1.7.

Access to the antennae on high-power VHF/
UHF masts is gained by climbing a ladder inside 
the tower; reaching the antennae at the top 
involves passing in close proximity to radiating 
antennae at lower heights. The VHF trans-
missions have wavelengths of similar dimensions 
to the structures that form the tower itself, e.g. 
the lengths of the steel bars or the spaces between 
them, and hence tend to excite RF current flows 
in these items. Standing waves (see Glossary) can 
be present within the tower, and the measured 

field strengths can be strongly affected by the 
presence of a person taking measurements. Thus, 
measurements of field strength can seem unstable 
and difficult to interpret. Currents flowing within 
the body can be measured at the wrist or ankle 
and these are more directly related to the specific 
absorption rate (SAR; dose) in the body than the 
fields associated with the standing waves. Hence, 
it can be preferable to measure body current (see 
Section 1.3) rather than field strength on towers 
with powerful VHF antennae.

Several papers discussed by ICNIRP (2009a) 
have reported measurement results in the 
range of tens to hundreds of volts per metre 
within broadcast towers, but it is not clear how 
represen tative these spot measurements are of 
typical worker exposures. Cooper et al. (2004) 
have used an instrument worn on the body as 
personal dosimeter to measure electric- and 
magnetic-field strengths during work activities 
at a transmitter site. They reported that a wide 
temporal variation in field strengths was typi-
cally found within any single record of exposure 
to electric or magnetic fields during work on a 
mast or tower used for high-power VHF/UHF 
broadcasts. Fig  1.8 shows a typical trace that 
was recorded for a worker during activities near 
the VHF antennae while climbing on a high-
power VHF/UHF lattice mast. The field strength 
commonly ranged from below the detection 
threshold of about 14 V/m to a level approaching 
or exceeding the upper detection limit of about 
77 V/m. The highest instantaneous exposures 
usually occurred when the subject was in the 
vicinity of high-power VHF antennae or when 
a portable VHF walkie-talkie radio was used to 
communicate with other workers.

Field strengths around the foot of towers/
masts have also been reported and seem quite 
variable. Mantiply et al. (1997) described values 
in the range of 1–30 V/m for VHF television, 1–20 
V/m for UHF television and 2–200 V/m for VHF 
FM radio sites. Certain designs of antennae have 
relatively strong downward-directed sidelobes, 
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known as grating lobes, which is a possible expla-
nation for such variability.

VHF/UHF broadcast antennae are designed 
to direct their beams towards the horizon, usually 
in all directions around the tower. Hence, field 
strengths at ground level and in communities 
near the tower are much lower than at comparable 
distances within the beam. When the beams do 
eventually reach ground level, they have spread 
out considerably, again implying that exposures 
for the general public are substantially lower than 

those for workers at locations to which they have 
access, as summarized above (ICNIRP, 2009a).

Mantiply et al. (1997) report studies of popu-
lation exposure in the USA conducted during the 
1980s and based on spot measurements at selected 
outdoor locations. An estimated 50%, 32% and 
20% of the population were exposed at greater 
than 0.1 V/m from VHF radio, VHF television 
and UHF television signals, respectively. VHF 
radio and television caused exposures to 0.5% 
and 0.005% of the population at greater than 
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Fig. 1.7 Typical antenna masts for power broadcasting of radio and television signals

       
 

(a)     (b) 
(a) A concrete tower, 368 m high, with a spherical structure at just above 200 m. This is accessed by lifts from ground level and contains various 
equipment as well as a public restaurant. The radiating antennae are above the sphere and the antennae operating at the highest frequencies are 
nearest to the top. Multiple dipole antennae protrude through the wall of the red/white cylinder to provide FM radio services in band II, and 
television and DAB services in band III. Contained within the top-most section of the tower are the band IV and V antennae for more television 
services.
(b) A steel-lattice tower with the television antennae in the white cylinder at the top. Antennae for VHF and DAB broadcast radio services are 
mounted on the outside of the tower just below the television antenna and there are multiple antennae for other communications purposes at 
lower heights. The transmitters are in a building near the base of the tower and the coaxial cables carrying the RF to the transmitting antennae 
pass up inside the tower.
Courtesy of the Health Protection Agency, United Kingdom
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2 V/m, while UHF television caused exposure to 
0.01% of the population at greater than 1 V/m.

Field strengths associated with VHF/
UHF radio and television broadcast signals 
were measured at 200 statistically distributed 
locations in residential areas around Munich and 
Nuremberg in Germany (Schubert et al., 2007). 
The aim of the study was to investigate whether 
the levels had changed as a result of the switch-
over from analogue to digital broadcasting, and 
measurements were made before and after this 
change occurred at each location. The median 
power density was 0.3 µW/m2 (11 mV/m) for the 
analogue signals and 1.9 µW/m2 (27 mV/m) for 
the digital signals. FM radio signals had median 

power densities of 0.3 µW/m2 (11 mV/m), similar 
to the analogue television signals, and the values 
ranged over approximately two orders of magni-
tude on either side of the medians for all types 
of broadcast signal. It is interesting to note that 
these values seem to be lower than those reported 
in the USA during the 1980s.

(b) Cellular (mobile-phone) networks

Unlike broadcasting, for which high-power 
transmitters are used to cover large areas 
extending 100 km or more from the transmitter, 
cellular networks employ large numbers of low-
power transmitters, known as base stations, which 
are scattered throughout an area where coverage 
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Fig. 1.8 Relative electric-field strength recorded for an engineer operating on a mast supporting 
antennae for high-power VHF/UHF broadcast transmissions
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From Cooper et al. (2004). By permission of Oxford University Press.
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is to be provided. This is because communica-
tions are two-way (duplex) in cellular networks, 
with each user requiring their own dedicated 
communication channels, both for the uplink 
(phone to base station) and for the downlink 
(base station to the phone). Each base station has 
limited capacity in terms of the number of calls it 
can serve simultaneously, so the transmitters are 
closer together in locations where there is a high 
density of users. For example, the transmitters 
may be about 10 km apart in sparsely populated 
areas, but 100 m or less apart in city centres.

An important consideration in the design of 
cellular networks is that operators have a limited 
spectrum window available and have to reuse 
their frequency channels to provide coverage 
everywhere. A typical frequency map illustrating 
how coverage can be provided with 12 frequency 
channels is shown in Fig.  1.9. Signals that use 
the same frequency in different cells can poten-
tially interfere with each other, but the signal 
strength diminishes with increasing distance 
from base stations and frequencies are not reused 
in adjacent cells/sectors. Hence, services can be 
provided without interference, provided that 

the radiated powers of phones and base stations 
are minimized during calls. This principle has 
important consequences for the RF exposures of 
people using phones and living near base stations 
(ICNIRP, 2009a).

Developments in mobile-phone technology 
are broadly categorized according to four 
different generations (Table 1.4). The first-gener-
ation networks (1G) were rolled-out in the mid-
1980s and included Advanced Mobile Phone 
System (AMPS) in North America, Total Access 
Communication Systems (TACS) in much of 
Europe, Nippon Telegraph and Telephone (NTT) 
in Japan, and Nordic Mobile Telephony (NMT) 
in Scandinavia. The systems were based on 
analogue technology and used frequency modu-
lation to deliver voice-communication services. 
These networks mostly closed down from around 
the year 2000, as users moved to later generations 
of the technology (ICNIRP, 2009a).

Second-generation networks (2G) were 
established in the early 1990s and continue to 
operate. They are based on digital technology and 
use voice coding to improve spectral efficiency. 
Many systems use time-division multiple access 
(TDMA) within their frequency channels and 
such systems include Global System for Mobile 
(GSM) in Europe, Personal Digital Cellular (PDC) 
in Japan, and both Personal Communication 
Systems (PCS) and D-AMPS (digital AMPS, also 
known as “TDMA”) in North America. Other 
north-American systems are known as CDMA, 
because they use code-division multiple access. 
2G systems were extended to include some 
basic data services, but subsequent systems with 
enhanced data services were usually termed 2.5G 
(ICNIRP, 2009a).

The third generation of mobile phones (3G), 
with comprehensive data services, became 
available in the early 2000s. These phones have 
developed to become today’s “smartphones,” 
although it is important to recognize that they 
are fully backward-compatible with 2G networks 
and whether 2G or 3G is used at any given time  
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Fig. 1.9 Example of a coverage plan for a 
cellular network

 

Each cell is hexagonal, with a base station at its centre and configured 
to provide signals over three sectors of 120 degrees. The shading show 
how coverage is provided everywhere by use of 12 frequency channels, 
none of which are used in the adjacent cells.
Courtesy of the Health Protection Agency, United Kingdom
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depends on network coverage and how operators 
have chosen to manage call/data traffic within 
their network. The systems use CDMA radio-
access methods (ICNIRP, 2009a).

A fourth generation (4G) of the technology 
is just starting to be rolled out to meet the 
increasing demand for data services. Some 
systems are known as Long-term Evolution 
(LTE) and use orthogonal frequency-division 
multiplexing (OFDM), while others are based 
on Worldwide Interoperability for Microwave 
Access (WiMax). As with 3G services, this tech-
nology will be overlaid on other services, and 
phones will be able to support multiple access 
modes (4G, 3G and 2G) (Buddhikot et al., 2009).

The frequency bands originally used by 
cellular networks in various parts of the world 

are shown in Table  1.4. It is important to note 
that spectrum liberalization is ongoing at 
present, such that operators who hold a license 
for a particular part of the spectrum may choose 
to use it to provide services with any technology 
they wish. For example, bands originally reserved 
for 2G services such as GSM are being made 
available for 3G/4G services in many countries 
as demand shifts from 2G to systems with more 
capacity for data services. Also, with the move 
to digital-television broadcasting, the spectrum 
in the frequency range of 698 to 854 MHz is 
becoming available and being reallocated to 
3G/4G cellular services (Buddhikot et al., 2009).
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Table 1.4 Frequency bands originally used by different mobile-phone systems

Generation Start date of 
commercial 
availabilitya

Main 
geographical 
region

Systemb Handset band 
(MHz)

Base-station 
band (MHz)

Channel spacing 
(kHz)

1

1981 Nordic countries NMT450 453.5 – 457.5 463.5 – 467.5 25
1986 NMT900 890 – 915 935 – 960 12.5
1985 Europe TACS/ETACS 872 – 915 917 – 960 25
1989 Japan JTACS/NTACS 898 – 925 860 – 870 25/12.5
1985 Germany NET-C 451.3 – 455.74 461.3 – 465.74 20
1985 USA & Canada AMPS 824 – 849 869 – 894 30
1985 N-AMPS 824 – 849 869 – 894 10
1987 Japan NTT 925 – 940 870 – 885 25

2

1992 USA & Canada TDMA800 824 – 849 869 – 894 30
1998 TDMA1900 1850 – 1910 1930 – 1990 30
1992 Europe GSM900 890 – 915 935 – 960 200
1993 GSM1800 1710 – 1785 1805 – 1880 200
2001 USA & Canada GSM1900 (PCS) 1850 – 1910 1930 – 1990 200

1993 Japan PDC800 940 – 956 810 – 826 25
1994 PDC1500 1429 – 1465 1477 – 1513 25
1998 USA & Canada CDMA800 824 – 849 869 – 894 1250
1997 CDMA1900 1850 – 1910 1930 – 1990 1250

3 2001 World IMT-2000 
(W-CDMA)

1920 – 1980c 2110 – 2170c 5000

4 World LTE Many possible Many possible Various
a The start dates of use will be different depending on country.
b For abbreviations, see Cardis et al. (2011b) and Singal (2010).
c Technical standards for a 2001 version for the 3G systems (IMT-2000). Note that standards for the 3G systems evolve quickly.
Compiled by the Working Group and adapted mainly from the references mentioned in footnote b
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(i) Mobile-phone handsets
The output powers and – where TDMA is 

used – the burst characteristics of various types 
of mobile phones are summarized in Table 1.5. 
Analogue mobile phones were specified to have 
maximum equivalent isotropically radiated 
powers (EIRP) of 1 W, but the antennae were not 
isotropic and would have had gains of around 
2 dB. This implies the radiated powers would 
have been around 600 mW. 2G mobile phones 
that use TDMA have time-averaged powers that 
are less than their peak powers according to their 
duty factors, i.e. the time they spend transmit-
ting, as a proportion of the total. For example, 
GSM phones that transmit at a power level of 
2 W in the 900 MHz band (GSM900) have time-
averaged powers that are 12% of this, i.e. 240 
mW. Maximum time-averaged output powers 
are generally in the range of 125–250 mW for 2G 
onwards.

Mobile phones are generally held with their 
transmitting antennae around 1–2 cm from the 
body, so the RF fields they produce are highly 
non-uniform over the body and diminish rapidly 
in strength with increasing distance. The fields 
penetrate body tissues, leading to energy absorp-
tion, which is described by the SAR. SAR values 
are derived by phone manufacturers under a 
series of prescribed tests and the maximum value 
recorded under any of the tests is reported in the 
product literature. Values in normal usage posi-
tions should be lower than the values declared by 
manufacturers because the positions used in the 
testing standards are designed to mimic near-
worst-case conditions.

While Table  1.5 gives maximum output 
powers for phones, the actual power used at any 
point during a call is variable up to this maximum. 
As mentioned above, to minimize interference in 
the networks, the power is dynamically reduced 
to the minimum necessary to carry out calls. 
Vrijheid et al. (2009a) found that the reduction 
was on average to around 50% of the maximum 

with GSM phones, whereas Gati et al. (2009) 
reported that 3G phones only operated at a few 
percent of the maximum power.

Another consideration is that GSM phones 
employ a mode called discontinuous transmis-
sion (DTX), under which their transmission-
burst pattern changes to one with a lower duty 
factor during the periods of a conversation when 
the mobile-phone user is not talking. Wiart et al. 
(2000) found that DTX reduced average power 
by about 30% for GSM phones.

(ii) Time trends in SAR for mobile phones
As shown in Table  1.5, analogue mobile 

phones had higher specified maximum radiated 
powers than digital ones (typically 0.6 W versus 
0.1–0.25 W). While these systems are no longer 
in use and few data on exposure are available, 
it is of interest to consider whether exposures 
from these phones would have been higher than 
with present-day phones. Key differences, aside 
from relative power levels, are that analogue 
phones were larger than their modern digital 
counterparts and that they generally had larger 
antennae, e.g. extractable whip antennae rather 
than the compact helices and patch antennae 
used nowadays. The increased distance between 
the antenna and the head would have reduced 
the SAR level overall, and the larger size of the 
antenna would have led to a more diffuse distri-
bution of SAR in the head.

The evolution of localized SAR values over 
time is also interesting to consider. Cardis et al. 
(2011b) assembled a database of reported peak 
1-g and 10-g SARs for phones from a range of 
publications and web sites. Most data covered 
the years 1997–2003, and no significant upward 
or downward trends over this time period were 
found for the 900 MHz or 1800 MHz bands.

In summary, the peak spatial SARs (psSAR) 
do not seem to have changed significantly over 
time as analogue phones have been replaced by 
digital ones. However, the more diffuse nature of 
the distributions produced by analogue phones 
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would likely have led to a greater overall SAR in 
the head, including the brain.

(iii) Phones not making calls
The emitted powers from phones when they 

are on standby and not making calls are also 
of interest. Systematic studies have not been 
published on this topic, but transmissions under 
these conditions are brief and infrequent, and 
exposure is expected to be very small when 
averaged over time.

Phones equipped for data services such as 
e-mail will transmit for longer time periods than 
ordinary phones because they will be checking 
e-mail servers and synchronizing databases held 
on the phone with those on remote servers. Also, 
uploading large files such as videos and photo-
graphs may take many minutes. The phone is 
unlikely to be held against the user’s head while 
this is taking place, although it may be in the 
user’s pocket or elsewhere on the body, which 
may lead to local emissions at a higher power 
level than during calls, e.g. if general packet radio 
service (GPRS) is used, involving multislot trans-
mission with GSM.

The sending of a text message from a mobile 
phone involves a short period of transmission. 
Gati et al. (2009) showed that a long text message 
would take at most 1.5 seconds to send with GSM 
systems.

(iv) Hands-free kits and Bluetooth earpieces
A phone may sometimes be used with a wired 

hands-free kit, in which case parts of the body 
other than the head may be exposed to maximal 
localized SARs, e.g. if the phone is placed in the 
user’s pocket during the call. While one might 
expect that the audio cable to the ear-piece would 
not efficiently guide RF fields to the ear-piece, 
and that the use of wired hands-free kits would 
lead to greatly reduced SARs in the head due to 
the increased distance of the phone from the 
head, there have been suggestions that this is not 
always the case.

Porter et al. (2005) showed that the layout 
of the cables of the hands-free kit was a critical 
factor in determining head exposures and that 
certain geometries could result in appreciably 
more power being coupled into the audio cable 
than others. However, in all of the combinations 
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Table 1.5 Output powers and TDMA characteristics of various types of mobile phone

  System   Peak power (W)   Burst duration (ms)   TDMA duty factor   Average power (W)

  EIRP   Output

  GSM900   -   2.0   0.5769   0.12   0.24
  GSM1800   -   1.0   0.5769   0.12   0.12
  PCS1900   -   1.0   0.5769   0.12   0.12
  NMT450   1.5   0.9   -   NA   0.9
  PDC   -   0.8   3.333 or 6.666   1/6 or 1/3   0.133 or 0.266
  NMT900   1.0   0.6   -   NA   0.6
  TACS/ETACS   1.0   0.6   -   NA   0.6
  AMPS/NAMPS   1.0   0.6   -   NA   0.6
  TDMA800   -   0.6   6.666   1/3   0.2
  TDMA1900   -   0.6   6.666   1/3   0.2
  CDMA800   -   0.25   -   NA   0.25
  CDMA1900   -   0.25   -   NA   0.25
  IMT-2000   -   0.25   -   NA   0.25
  EIRP, equivalent isotropically radiated power; NA, not applicable; TDMA, time-division multiple access
  Compiled by the Working Group
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tested, the maximum value for SAR 10 g was lower 
when a hands-free kit was used than when it 
was not. Kühn et al. (2009a) further developed 
procedures for the testing of hands-free kits 
under worst-case and realistic conditions of use 
and applied them to a set of phones and kits. The 
authors concluded that exposure of the entire 
head was lower when a hands-free kit was used 
than when the phone was held directly against 
the head, but that there might be very localized 
increases in exposure in the ear.

Wireless hands-free kits are available that 
use the Bluetooth RF communications protocol 
to link to a mobile-phone handset located 
within a few metres of the body. This protocol 
provides for RF transmissions in the frequency 
range 2.4–2.5 GHz at power levels of 1, 2.5 or 
100 mW. Only the lowest of these power levels 
would be used with a wireless hands-free kit and 
these are around a hundred times lower than the 
maximum output powers of mobile phones. In 
the study on wired hands-free kits mentioned 
above, Kühn et al. (2009a) also tested Bluetooth 
wireless hands-free kits and concluded that they 
are responsible for a low but constant exposure.

(v) Mobile-phone base stations
The base stations that provide mobile-phone 

services to come in many different sizes and 
shapes, according to their individual coverage 
requirements. 

The radiated powers and heights of mobile-
phone base-station antennae are highly vari-
able. Cooper et al. (2006) collected data on 
base-station antenna height and power from 
all cellular operators in the United Kingdom, a 
total of 32 837 base stations, for the year 2002. 
The data are presented in Fig. 1.10 and show that 
base-station powers typically vary from about 
0.1 W to 200 W and that heights range from about 
3 m to 60 m above ground level. There is a large 
group of base stations with heights in the range 
15–25 m and powers in the range 20–100 W, and 
a second group with heights in the range 2–6 m 

and powers of about 2 W. Cooper et al. concluded 
that the base stations in the first group are likely to 
serve macrocells and provide the main coverage 
for cellular networks, while those in the second 
group are likely to be microcells and provide a 
second layer of coverage, e.g. in densely popu-
lated areas.

Numerous spot measurements have been 
carried out to determine levels of exposure in 
the vicinity of mobile-phone base stations, often 
within national campaigns to address public 
concerns. Generally, these spot measurements 
take into account exposure contributions from 
all signals in the bands used by the base station at 
the time of measurement, but ignore other parts 
of the spectrum, such as those used by broad-
cast transmitters. Mann (2010) summarized 
the United Kingdom audit programme, which 
encompassed 3321 measurements at 541 sites 
comprising 339 schools, 37 hospitals and 165 
other locations. Exposure quotients, describing 
the fraction of the ICNIRP general public refer-
ence level (ICNIRP, 1998) that is contributed 
collectively by the signals measured, are shown 
in Fig. 1.11 as a cumulative distribution.

Fig.  1.11 includes a log-normal curve fitted 
optimally (least squares) to the data. The curve 
suggests that the data are approximately log-
normally distributed, although with a longer tail 
towards the lower values. The quotient values 
are 8.1 × 10-6 (3.0 × 10-8 – 2.5 × 10-4), where the 
first figure is the median value and the values 
in parentheses indicate the range from the 5th 
to the 95th percentile. About 55% of the meas-
urements were made outdoors and these were 
associated with higher exposure quotients than 
the indoor measurements. The median quotients 
for the outdoor and indoor measurements were 
1.7  ×  10-5 and 2.8  ×  10-6 respectively, i.e. the 
outdoor median was around six times higher 
than the indoor median (Mann, 2010).

The exposure quotients may be converted 
to electric-field strengths or power densities by 
assuming a value for the reference level, but the 

56



Radiofrequency electromagnetic fields

latter varies from 2 to 10 W/m2 over the frequency 
range considered in the measurements (TETRA 
at 390 MHz to UMTS at 2170 MHz). The varia-
tion of the reference level is, however, very much 
less than the variation in the exposure quotients, 
so taking 4.5 W/m2 as the reference level (the 
value at 900 MHz) still yields useful data. The 
power densities and electric-field strengths based 
on this assumed value are shown in Table 1.6.

Table  1.6 shows electric-field strengths that 
range from about ten to a few hundred millivolts 
per metre indoors, where people spend most of 
their time. However, in considering these data it 

is important to recognize that the indoor sites 
in this study were selected according to public 
concern regarding a nearby base station; these 
field strengths may thus be higher than would be 
found at locations representative of exposure of 
the general population.

Petersen & Testagrossa (1992) published 
measurements of power densities around 
analogue base-station sites in the USA, trans-
mitting in the frequency range 869–894 MHz. 
A basic start-up site would serve a cell with a 
range of up to 12–16 km and provide up to 16 
signals (each serving one phone call) from a 
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Fig. 1.10 Distribution of 32 837 base stations in the United Kingdom according to average antenna 
height and total radiated power
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single omni-directional antenna. As demand 
grew, sites could be expanded to split cells into 
three sectors with up to six antennae mounted 
on a triangular mast head. Again, each antenna 
would provide up to 16 signals, so there would be 
a maximum of 96 signals available, 32 of which 
would have been directed into each sector. Values 
for nominal ERP (see Glossary) were about 100 W 
and so the radiated power would have been of the 
order of 10 W per signal from omni-directional 
and sectored sites, with typical antenna gains in 
the range of 9–10 dB and 8–12 dB, respectively.

For four masts ranging from 46 to 82 m in 
height, measurements were made at intervals 
along radials from the bases of the masts out to 
distances of a few hundred metres. Individual 
signals from a given antenna were found to vary in 
strength at any given measurement position and 
the sidelobe structure of the antenna was evident 
in that the signal strength had an oscillatory 
dependence on distance. The maximum power 
density per signal was <  100 μW/m2, except in 
proximity to metal structures near the foot of 
the tower. Thus, even for 96 signals transmitted 
simultaneously, the maximum aggregate power 
density possible would have been < 10 mW/m2.

Henderson & Bangay (2006) reported on 
a survey of exposures around 60 base station 
sites in Australia transmitting CDMA800 (29 
sites), GSM900 (51 sites), GSM1800 (12 sites) 
and 3G UMTS (35 sites) signals. Initially, 
computer modelling was carried out to identify 

the direction from the mast where maximum 
exposures were expected. Measurements were 
then made at distances of 50, 200 and 500 m, 
and further measurements were then made at 
the distance where maximum exposures were 
predicted, which varied from 14 to 480 m from the 
mast as a consequence of antenna height, pattern 
and tilt. The maximum recorded power density 
of 7.8 mW/m2 corresponded to an exposure 
quotient of 0.002 (0.2%) relative to the ICNIRP 
public reference level (identical to the Australian 
standard at the frequencies concerned). The 
cumulative distributions also reported in this 
paper showed roughly similar median exposure 
quotients of about 0.0015 at 50 and 200 m, 0.0001 
at 500 m and 0.004 at the maximum.

The study by Cooper et al. (2006) mentioned 
above focused on measurements around 20 GSM 
base stations with powers <  5 W and heights 
< 10 m, selected randomly from all base stations 
in the United Kingdom. From the total of 32 837 
base stations, 3008 eligible stations were identi-
fied. The antennae of the selected base stations 
were often fixed to the walls of buildings at a 
minimum height of 2.8 m. Theoretical calcula-
tions based on the radiated powers showed that 
the minimum height at which the reference 
level could be reached was 2.4 m above ground. 
Exposure measurements were made as a func-
tion of distance at 10 of the 20 sites and at 610 
locations in total, ranging from 1 to 100 m from 
the antenna. The highest spot measurement at 
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Table 1.6 Summary of exposure quotients measured in the United Kingdom

Category No. of 
measurements

Exposure quotient  
( × 10−6)

Power density  
(µW/m2)

Electric-field strength 
(mV/m)

Median Rangea Median Rangea Median Rangea

All data 3321 8.1 0.03 – 250 37 0.13 – 1100 120 7.1 – 650
Outdoor 1809 17 0.052 – 314 77 0.23 – 1400 170 9.3 – 730
Indoor 1516 2.8 0.024 – 124 13 0.11 – 560 69 6.4 – 460

a Range from 5th to 95th percentiles
These data are from an audit of base stations up to the end of 2007. Equivalent power densities and electric-field strengths are given assuming a 
reference level of 4.5 W/m2. 
Adapted from Mann (2010)
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an accessible location represented 8.6% of the 
reference level and the exposures more gener-
ally ranged from 0.002% to 2% of the ICNIRP 
public reference level. Empirical fits showed that 
the exposure quotients decreased in a way that 
was inversely proportional to the distance, for 
distances up to about 20 m from the antennae 
and thereafter diminished with the fourth power 
of distance. Exposures close to microcell base 
stations were found to be higher than close to 
macrocell base stations, because the antennae 
were at lower heights and could be approached 
more closely by the public.

Kim & Park (2010) made measurements at 50 
locations between 32 and 422 m from CDMA800 
and CDMA1800 base stations in the Republic of 
Korea. The base stations were selected to repre-
sent locations where concern had been expressed 
by the local population. The highest reported 
electric field level was 1.5 V/m, equivalent to an 
exposure quotient of 0.0015 (0.15%) compared 
with the reference level, and the median expo-
sure quotient was below 0.0001 (0.01%).

The most recent studies have used personal-
exposure meters worn for periods of up to several 
days by groups of volunteers. These studies are 
covered in Section 1.6.1, and provide informa-
tion not only on exposure from base stations, 
but also from other environmental transmitters 
during typical activities.

(vi) Terrestrial Trunked Radio (TETRA)
TETRA is a cellular radio system designed to 

meet the needs of professional users and emer-
gency services. The handsets can be used like 
mobile phones, but are normally used as walkie-
talkies, held in front of the face and in push-to-
talk (PTT) mode. Remote speaker microphones 
and a variety of covert add-ons are also available. 
When the handsets are used with accessories, 
the transmitting handset may be mounted on 
the belt, on the chest, or elsewhere on the body. 
Systems for use in vehicles with the transmitting 
antennae mounted externally are also available. 

The operating principles and the detailed charac-
teristics of the signals involved are described in a 
review by AGNIR (2001).

Several frequency bands are available 
between 380 and 470 MHz, as well as one set of 
bands near 900 MHz. Handsets can have peak 
emitted powers of 1 W or 3 W, while vehicle-
mounted transmitters can have powers of 3 W 
or 10 W. Base stations have similar powers to 
those used for mobile-phone networks, i.e. a few 
tens of watts. The system uses TDMA, although 
the frame rate is slower than that of the TDMA 
systems involved with mobile phones. There are 
four slots per frame and 17.6 frames per second. 
Hence, the bursts from handsets occupy slots 
with a duration of 14.2 ms and the time-averaged 
power is a quarter of the peak powers mentioned 
earlier in this paragraph. The base stations 
transmit continuous signals AGNIR (2001).

The AGNIR review refers to SARs measured 
from 1 W and 3 W handsets held to either side 
of the head and in front of the face in a model 
of the head. With spatial averaging over 10 g, 
as per ICNIRP and IEEE exposure guidelines, 
the 1 W radio produced SARs of 0.88, 0.89 and 
0.24 W/kg on the left, right and front of the face, 
respectively, while the 3 W radio produced SARs 
of 2.88, 2.33 and 0.53 W/kg, respectively, under 
the same conditions.

Dimbylow et al. (2003) developed a numer-
ical model of a commercially available TETRA 
handset and calculated SARs in an anatomically 
realistic numerical model (resolution, 2 mm) 
of the head developed from MRI images. The 
handset was modelled as a metal box of dimen-
sions 34 × 50 × 134 mm, and with either a helical 
(pitch, 4 mm; diameter, 8 mm) or a monopole 
antenna mounted on its top face, and resonant at 
380 MHz. For the handset held vertically in front 
of the face in the position that was considered to 
be most representative of practical use, the aver-
aged SARs at 10 g were 1.67 W/kg and 2.37 W/kg 
per watt of radiated power with the monopole and 
helical antennae, respectively. Various positions 
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were considered with the handset held to the 
sides of the head and the maximum SARs with 
the two antennae were 2.33 and 3.90 W/kg 
per watt. These values suggest SARs with 3 W 
handsets (3/4 W time-averaged) having a helical 
antenna could exceed the 2 W/kg restriction on 
exposure for the general public, if the handsets 
were to transmit at full power for 6 minutes while 
held to the side of the head.

(vii) Cordless phones
Cordless phones are used to make voice calls 

and are held against the head just like mobile 
phones. Hence, the antenna inside the phone is 
in close proximity to the head and its radiated 
fields deposit energy inside the head tissues near 
to the phone, in a similar way to the fields from 
mobile phones. With cordless phones, commu-
nications are made over shorter distances than 
with mobile phones and so the radiated powers 
used are lower, but cordless phones do not use 
adaptive power control, which means that, unlike 
mobile phones, they do not continually adapt 
their radiated power to the minimum necessary 
for satisfactory communication (ETSI, 2010).

With simple cordless installations, the phones 
are typically placed back on a desk or charging 
point after a call has finished. However, there 
are also more complicated installations in which 
multiple base stations are installed throughout a 
building and the phones are carried by the user 
as a personal phone. The radio communications 
are over distances of a few tens of metres and to 
the nearest base station, which provides the link 
into the main wired telephone system.

The first cordless phones used analogue 
technology and operated to a range of different 
technical standards, with continuous emitted 
power levels of about 10 mW during calls. 
Frequencies were generally in the range 
30–50 MHz and therefore about 20 times lower 
than the frequencies used by mobile phones. 
Some phones used telescopic antennae of about 
15–30 cm in length, while others used helical 

antennae of about 5 cm in length. The lower 
frequencies and the greater size of the antennae 
used with analogue cordless phones would have 
resulted in a smaller proportion of the radiated 
power being absorbed, and also in a more diffuse 
pattern of absorption in the head than occurs 
with mobile phones (ETSI, 2010).

Modern cordless phones use digital tech-
nology, including the digital enhanced cord-
less telecommunications (DECT) technical 
standard, which operates in the frequency band 
1880–1900 MHz and is the main system used 
in Europe. In other parts of the world, systems 
operating around 900, 2400 and 5800 MHz are 
used as well as DECT (ETSI, 2010).

DECT systems produce discontinuous emis-
sions due to their use of TDMA. The signals from 
the phone and base station during calls are in the 
form of 100 bursts every second, each of about 
0.4 ms in duration. These bursts are emitted at a 
peak power level of 250 mW, but the time-aver-
aged power is 10 mW because each device only 
transmits for 1/24 of the time (duty factor of 4%). 
Handsets do not transmit unless calls are being 
made, but when on “standby” most base stations 
produce 100 beacon pulses per second, each 
pulse being 0.08 ms in duration. This implies a 
duty factor of 0.8% (ETSI, 2010).

(viii) Professional mobile radio systems
A variety of professional mobile radio 

systems, also called private mobile radio (PMR), 
have been developed over the years and these 
are generally licensed to professional users by 
spectrum-management agencies in the coun-
tries where they are used. In many countries, 
the emergency services (police, fire, ambulance, 
etc.) are converting to the use of digital cellular 
systems, such as TETRA, although analogue 
systems – which were the norm before roll-out 
of TETRA systems – are also used.

The PMR systems use frequencies in the VHF 
and UHF parts of the spectrum; VHF generally 
propagates further for a given radiated power 
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and is, therefore, preferred for longer-distance 
communications. On the other hand, UHF 
systems have smaller antennae and present as 
more compact terminals.

Systems exist in the form of walkie-talkies 
that are held in front of the face and used in 
push-to-talk (PTT) mode; they may be built 
into vehicles with external, e.g. roof-mounted, 
antennae or be worn on the body. The transmit-
ting antennae can be on the handset itself, on 
the vehicle, or carried on the chest or waist. The 
radiated powers are typically in the range 1–5 W, 
but it is important to take into account the duty 
factor associated with how they are used: the 
PTT mode will involve only a few seconds of 
transmission during the time that the button is 
pressed down and the user is speaking.

(c) Wireless networks

Wireless networking has developed rapidly 
since about 2000 and is becoming the method 
of choice for connecting mobile devices such as 
laptop computers and mobile phones to other 
electronic systems and to the Internet. The 
networks are found in homes, schools, public 
places such as cafés and transport hubs, and 
in the workplace. The systems operate to the 
IEEE802.11 family of technical standards and are 
often known as “Wi-Fi,” after the Wi-Fi Alliance, 
an organization that certifies inter-operability of 
devices on the market.

The original version of IEEE802.11 was 
published in 1997 and provided for data-transfer 
rates of up to 2 Mbit/s through frequency chan-
nels between 2.4 and 2.5 GHz. Subsequent 
developments using this band were IEEE802.11b 
and IEEE802.11 g, allowing for rates up to 11 
and 54 Mbit/s, respectively. Several frequency 
bands between 5 and 6 GHz are exploited by 
IEEE802.11a and provide for 54 Mbit/s commu-
nications. The latest devices operate according 
to IEEE802.11n and provide up to 72 Mbit/s in 
a single frequency channel, but the standard 
allows for devices that can use multiple frequency 

channels simultaneously to deliver much higher 
data rates (ICNIRP, 2009a).

The IEEE802.11 standard specifies maximum 
radiated powers, but these are above the values 
permitted by regulatory agencies in many parts 
of the world. For example, in Europe the tech-
nical standards EN300328 and EN301893 limit 
the EIRP to 100 mW in the 2.4-GHz band and 
200 mW in the 5 GHz band, respectively. Peyman 
et al. (2011) measured the actual power radiated 
by a selection of Wi-Fi devices marketed among 
schools in the United Kingdom. The spherically 
integrated radiated power (IRP) ranged from 5 to 
17 mW for fifteen laptops in the 2.45 GHz band 
and from 1 to 16 mW for eight laptops in the 
5 GHz band. For practical reasons and because 
access points are generally wall-mounted with 
beams directed into the room, their powers were 
integrated over a hemisphere. These ranged from 
3 to 28 mW for twelve access points at 2.4 GHz 
and from 3 to 29 mW for six access points at 
5 GHz. Thus the radiated powers of laptops seem 
to range from a few mW up to about 30 mW. In 
principle, these measurements imply that the 
powers of access points could range from a few 
mW up to around 60 mW, if their patterns extend 
symmetrically into the unmeasured hemisphere, 
which seems unlikely.

The RF emissions from Wi-Fi devices are in 
the form of short bursts containing portions of 
the data being transmitted and other informa-
tion, such as acknowledgements that data have 
been successfully received. Unlike the emissions 
from mobile phones using TDMA, the bursts are 
irregular in terms of timing and duration. Typical 
bursts range from about 10 µs to about 1 ms in 
duration. If data are lost or corrupted during 
transmission, bursts are retransmitted until they 
are successfully received. Also, under conditions 
where communications are poor, e.g. due to 
weak signal strength, the systems can lower their 
data-transfer rates to have better signal-to-noise 
ratios and improved reliability. This increases the 
cumulative time that it takes to transmit a given 
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amount of data. Thus, high signal strengths from 
Wi-Fi devices (during transmission of bursts) do 
not necessarily translate to higher exposures, 
because this results in lower duty factors (Mann, 
2010).

Comprehensive data are yet to be published 
regarding the duty factors of Wi-Fi equipment 
during normal use; however, Khalid et al. (2011) 
has reported initial results from the use of data-
traffic capturing and packet-counting equipment 
in school networks. Transmitted bursts were 
captured to determine the proportion of time 
during which Wi-Fi devices transmitted while 
children were using laptops during their lessons. 
The laptops were mostly used for receiving traffic 
from the access points and therefore laptop-
transmit times were low. Duty factors for the 
monitored laptops were consistently less than 
1% and those of access points were less than 
10%. Baseline duty factors of access points (with 
no data being transferred) are about 1%, due to 
beacon pulses of duration 1 ms that are produced 
at a rate of ten pulses per second (Mann, 2010).

The SAR values produced when using laptop 
computers equipped with Wi-Fi transmitters 
have been evaluated by several authors. Most 
devices now have built-in antennae located 
around and along the top edge of the screen, 
which are therefore at greater distances from 
the body than a mobile phone held against the 
head. The rapid reduction in field strength that 
occurs with increasing distance means that SARs 
can be expected to be much lower than from 
mobile phones under such scenarios. Based on 
a continuous radiated power of 100 mW under 
a range of such scenarios, Findlay & Dimbylow 
(2010) calculated a maximum 10 g averaged SAR 
of 5.7 mW/kg in the head.

When Wi-Fi devices are able to transmit 
continuously with their antennae in close 
proximity to the body, the SARs may be higher 
than in the scenario described above. For example, 
Kühn et al. (2007a) measured a SAR of 0.81 W/
kg in a flat phantom with the antennae of a Wi-Fi 

access point in close proximity and Schmid et 
al. (2007b) measured a SAR of 0.05 W/kg under 
similar conditions from a Wi-Fi equipped PCI 
card inserted into a laptop. The value reported 
by Kühn et al. is within the range of maximum 
localized SARs from mobile phones (ICNIRP, 
1998).

Studies have also examined the general 
field strengths in environments where Wi-Fi 
networks are installed. Foster (2007) measured 
RF fields at 55 public and private sites in the USA 
and Europe (4 countries), which included private 
residences, commercial spaces, and health-care 
and educational institutions. In nearly all cases, 
the measured Wi-Fi signal levels were far lower 
than other RF signals in the same environment. 
The maximum time-averaged power density in 
the 2.4-GHz band measured at 1 m distance 
from a laptop uploading and downloading a file 
was 7 mW/m2, which is far less than the ICNIRP 
(1998) reference level value of 10 W/m2 for the 
general public.

Schmid et al. (2007a) investigated the typical 
exposure caused by wireless local area network 
(WLAN) applications in small and large indoor 
public areas (e.g. Internet cafés, airports). 
Outdoor scenarios were also considered where 
the exposure was measured in the vicinity of 
access points serving residential areas and public 
places. Exposure was assessed by computational 
methods and by on-site measurements. The 
highest values for indoor exposure were found 
close to the transmitting devices (access points 
or clients) where, at a distance of about 20 cm, 
spatial and temporal peak values of power density 
were found to reach about 100–200 mW/m2. In 
general, the exposure values were several orders 
of magnitude below the ICNIRP (1998) reference 
levels.

(d) Industrial applications

There are several industrial applications 
for RF-EMF, many of which are described in 
review reports and papers. On the whole, the 
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literature is rather old and difficult to interpret 
since reported field values have generally been 
taken in the context of compliance assessments 
rather than epidemiological studies, so it is hard 
to judge what the typical exposures of workers 
may have been. Only a brief description of some 
of the sources producing the highest exposures 
is included here.

(i) Industrial induction heating
Industrial induction heating involves the use 

of induction furnaces equipped with large coils 
that produce strong magnetic fields. Conducting 
materials for treatment are placed inside the coils 
and the magnetic fields cause eddy currents, 
resulting in heating of the conducting materials. 
Typical applications include surface hardening, 
softening and melting metals, mixing alloys and 
heating gaseous conductors such as plasmas. The 
frequencies used span a wide range, from 50 Hz 
through to a few megahertz, so not all applica-
tions fall within the scope of this Monograph. The 
fields can be considerable and worker exposures 
are greatest for tasks that involve approaching 
the coils, e.g. when taking samples from within 
the coils of open furnaces. The coil impedances 
increase with frequency and electric fields can 
become the dominant contributor to exposure 
(rather than magnetic fields) at frequencies 
above about 100 kHz (ICNIRP, 2009a). Allen et 
al. (1994) have provided a review of measured 
exposures, drawing on peer-reviewed papers 
from several countries and measurements made 
in the United Kingdom.

(ii) Dielectric heating
RF heating and drying equipment has been 

used for many years and applications include pre-
heating, wood-glueing and polyvinyl chloride 
(PVC) welding. These materials are lossy dielec-
trics and their conductivity at radiofrequencies 
means that they can become heated-up when 
placed in a strong electric field. Typical heaters 
are designed to use the industrial, scientific and 

medical (ISM) bands at 13.56, 27.12 and 40.68 
MHz, but reported measurements show that 
frequencies are variable within the range 10–80 
MHz. Powers range from less than a kilowatt to 
tens of kilowatts for typical heat sealers, while 
for glue-dryers the maximum power may exceed 
100 kW (ICNIRP, 2009a).

The greatest source of operator exposure 
comes from the use of manually actuated PVC 
dielectric machines, where the operator manip-
ulates material to be welded by hand and then 
clamps it between a pair of electrodes between 
which the power is applied. Measurements and 
other details from studies carried out in the 
United Kingdom and elsewhere are described 
by Allen et al. (1994). The field strengths from 
dielectric heaters at the operator locations can be 
in excess of the ICNIRP (1998) reference levels, 
but they are non-uniform and it is necessary 
to evaluate the SAR in the body to determine 
compliance with the guidelines. Kännälä et al. 
(2008) have developed an assessment method 
based on measuring induced limb currents and 
relating these to localized and whole-body SARs 
(wbSARs).

(e) Medical applications

RF fields have several medical applications. 
In general, exposure for the clinician will be 
lower than for the patient, since the RF source 
will generally be located closer to the patient, but 
this is not always the case. RF fields can also be 
applied for therapeutic purposes, for moderate 
heating of tissue, or for much greater heating 
for the cutting and destruction of tissue during 
surgery.

(i) Magnetic resonance imaging (MRI)
Performing an MRI scan for diagnostic 

purposes involves strong RF fields. MRI uses 
a combination of EMFs to produce exception-
ally clear images of tissue structures inside the 
human body, to assist with medical diagnoses. 
Hydrogen atoms associated with water in the 
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body tissues are made to resonate in a strong 
magnetic field such that they emit RF radiation 
at the resonant frequency. Therefore, variations 
in the water content of tissues are the basis of the 
contrast in the images obtained (HPA, 2008).

A permanent uniform static magnetic field, 
typically in the range 1–3 T, but sometimes up to 
8 T or more with specialized systems, is applied 
over the body and causes splitting of the energy 
states associated with protons (hydrogen atoms). 
The difference between the energy states is such 
that protons will transfer from the lower to the 
upper energy state in response to an applied RF 
signal at the resonant frequency. Protons will also 
fall back to the lower energy state spontaneously, 
and in doing so emit RF radiation at the Larmor 
frequency. The Larmor frequency is given by 
42.57 times the static magnetic-field strength. 
Thus a 1.5 T, an MRI scan involves the applica-
tion and measurement of RF fields at 64 MHz 
(HPA, 2008).

During an MRI scan, multiple RF pulses 
(hundreds to thousands per second) are applied 
over either the whole body or the part of the body 
being visualized. The RF dose (SAR) received 
by patients inside the MRI scanners is reported 
by the system and can vary from < 0.1 W/kg to 
about 4 W/kg for more complex settings (HPA, 
2008). The desire to limit temperature increases 
and prevent harm to the patient can be a limiting 
factor in how quickly scans can be performed in 
practice. Clinicians and any other personnel who 
are near to the magnet during the scans will be 
exposed to the RF fields, but the strength of the 
RF fields will diminish rapidly with increasing 
distance from the RF coils and the space between 
them inside the scanner.

(ii) Diathermy
Short-wave and microwave diathermy are 

used to gently warm muscles, tendons and joints 
to alleviate a variety of medical conditions. 
Short-wave equipment operates at frequencies of 
13.56 MHz or 27.12 MHz and powers of about 

400 W. Applicators for microwave diathermy 
operate at 2.45 GHz with powers of about 200 W 
and tend to take the form of a radiating antenna 
surrounded by reflectors that direct the emitted 
energy in a forward direction. While exposure 
of the patient is intentional, the scanner opera-
tors close to the equipment may be exposed 
in voluntarily in areas where field strengths are 
high, unless they move away while the equip-
ment is in operation (ICNIRP, 2009a).

(iii) Surgical diathermy and ablation by 
radiofrequency

RF fields and currents are widely used during 
surgical procedures. In surgical diathermy or 
electrosurgery, a small hand-held electrode acts 
as a cutting or coagulation instrument. The basic 
operating frequency is typically about 500 kHz 
and there are harmonics produced at frequen-
cies up to around 20 MHz. Current densities in 
tissues can be as high as 10 A/cm2 with source 
powers of up to 200 W (IPEM, 2010). Some more 
recent systems use a frequency of 9.2 GHz and 
powers of about 20 W delivered through needle-
like electrodes containing coaxial lines. These 
systems are employed for minimally invasive 
surgery, e.g. focal tumour ablation and the treat-
ment of menorrhagia by endometrial ablation 
(IPEM, 2010).

(f) Domestic sources

There are few powerful sources of RF in the 
home; however, among these, induction cooking 
hobs and microwave ovens are of note. Less 
powerful sources include remote-controlled toys, 
baby monitors, and the mobile/cordless phones 
and the Wi-Fi systems described earlier.

Induction cooking hobs feature coils that 
produce a magnetic field beneath the metal 
cooking pans that are placed on them. The 
magnetic fields produce eddy currents in the 
pans, which are thereby heated. The powers 
transferred to the pans can be several kilowatts 
and the frequencies involved are in the range 
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20–50 kHz. Magnetic fields can be in the order 
of the ICNIRP reference levels, but vary greatly 
with user position and also depend on the place-
ment of the pan. ICNIRP (2009a) reviews studies 
that have investigated these exposures.

Microwave ovens are standard fixtures in 
many homes and contain microwave sources 
operating at a frequency of 2.45 GHz and 
producing powers beteen 500 W and 2 kW. The 
design of such ovens is such that leakage is kept to a 
minimum and a product-performance technical 
standard requires that microwave-power density 
levels fall below 50 W/m2 at a distance of 5 cm. 
Several large surveys of leakage levels have been 
performed, as described in ICNIRP (2009a), and 
these indicate that approximately 99% of ovens 
comply with the emission limit. According to the 
measurements of Bangay & Zombolas (2003), the 
maximum local SAR values at the emission limit 
are 0.256 W/kg and the maximum 10 g averaged 
SAR is 0.0056 W/kg.

A new source of RF that is currently being 
introduced and that seems set to enter many 
homes is the transmitter associated with 
“smart” metering of electricity consumption 
and potentially metering for other services such 
as water and gas. There is no global approach to 
gathering information from smart meters and 
relaying it back to the utility companies, but it is 
clear that radio communications will be involved. 
Some systems may use mobile-phone networks 
for this purpose, while others may use dedicated 
radio infrastructures. Some systems may also 
involve a home area network (HAN) within 
which individual electrical devices in the home 
can relay information about usage to a central 
collection point, allowing residents to examine 
the information and make decisions about their 
energy consumption. Two recent investigations 
commissioned by the Electric Power Research 
Institute (available on the EPRI webpage) suggest 
that the power level of radio transmissions will 
be similar to that of mobile phones, but that the 
duty factors will be low (on average, such devices 

will transmit for a small proportion of time only). 
Low duty factors, combined with the greater 
distances of these devices from people compared 
with mobile phones, imply that exposures will be 
low when compared with exposure guidelines.

(g) Security and safety applications, including 
radar and navigation

A variety of systems used for security 
purposes invole the application of RF, including 
systems for asset tracking and identification. 
These sources and exposures have been reviewed 
in ICNIRP (2009a).

Radar systems operate across a broad range of 
frequencies, mostly in the range 1–10 GHz, with 
some short-range applications in the range of 
tens of gigahertz. Emissions from these systems 
represent an extreme form of pulse modula-
tion, the TDMA scheme used by some mobile 
phones being a less extreme example. The duty 
factor in a GSM TDMA signal is 1/8, whereas it 
is typically around 1/1000 with a radar signal. 
The typical duration of a pulse might be about 
a microsecond, while a typical pulse period 
might be about a millisecond, although these 
parameters do vary and depend on the type of 
radar involved. Very high power densities can 
be produced in the antenna beams during the 
pulses, and powers can still be high after duty 
factors are taken into account to determine the 
average power. To assess human exposure from 
radar systems it is necessary to take into account:

• The exposure metric of interest (to 
account for the pulsing, or simply based 
on the average power);

• People’s juxtaposition to the beams (are 
the beams going over people’s heads?);

• The duty factor associated with the 
pulsing;

• The duty factor associated with rotation 
(equal to the beam width in azimuth 
divided by 60 degrees; probably around 
200 : 1 in the direction that a rotating 
beam sweeps through).
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Information about radar systems can be 
found in the following review reports: Allen et 
al. (1994), Cooper (2002) and ICNIRP (2009a).

(i) Air traffic control
The most familiar application of radar is for 

navigation and the tracking of aircraft move-
ments from rotating ground-based antennae, 
e.g. at airports. Long-range systems operate 
over 1–2 GHz, while moderate-range systems 
operate over 2–4 GHz. The antennae tend to be 
mounted sufficiently high that buildings cannot 
obstruct their view of the sky and they form 
narrow beams of about a degree in the horizontal 
plane that sweep around 360 degrees once every 
few seconds. Beams are broader in the vertical 
plane and tail off in strength towards low eleva-
tion angles to avoid reflections from objects on 
the ground. Aviation radar systems have quite 
high emitted power levels during the pulses, 
typically from tens of kilowatts to a few mega-
watts. Taking the duty factors into account leads 
to time-averaged emitted powers of about 100 W 
to a few kilowatts (AGNIR, 2003).

(ii) Marine radar
Marine radar systems are used to inform the 

crew of a ship of the presence of other vessels and 
thus avoid collisions. The range of these systems 
is shorter than that of aviation systems. It is 
known that targets will be at ground (sea) level, 
so the beam profile extends to ground level in 
the plane of elevation. The rotating antennae are 
mounted at height to allow a view of the sea that 
is unobstructed by the structure of the ship/vessel 
on which they are carried. Operating frequen-
cies are in the ranges of 2–4 or 8–12 GHz. Mean 
powers are in the range 1–25 W and peak powers 
can be up to about 30 kW (ICNIRP, 2009a).

(iii) Tracking radar
Tracking radar is used in military systems 

to lock-on to and follow targets such as aircraft 
and missiles. The antennae can rotate, execute 
a nodding motion, point in a fixed direction, or 

follow a target. Targets are not expected to assist 
with being tracked and may even be designed 
with stealth in mind and to suppress the extent to 
which they reflect radar pulses. Hence, tracking 
radar systems generally involve higher powers 
than navigation systems and use peak powers 
of up to several megawatts. Systems mostly 
operate between 2 and 8 GHz. Certain tracking 
radar systems can produce mean power densi-
ties > 100 W/m2 at distances in excess of a kilo-
metre, even after duty-cycle correction (ICNIRP, 
2009a).

(iv) Whole-body security scanners
Whole-body security scanners are used in 

places such as airports to generate images of 
objects carried under people’s clothing without 
the need for physical contact. Active systems 
transmit either ionizing (X-rays) or non-ionizing 
(RF) radiation towards the body and then 
analyse the scattered radiation. Passive systems 
simply monitor the “black body” (thermal) 
radiation given off by the body in the RF spec-
trum and do not emit any radiation. Current 
active RF systems typically operate at about 30 
GHz, although in the future systems may use 
frequencies of up to several hundred gigahertz. 
(European Commission, 2010). A note published 
by AFSSET (2010) described an assessment of an 
active scanner operating in the frequency range 
24–30 GHz. Power densities incident on the body 
were reported as between 60 and 640 µW/m2.

(v) Other systems
Various other radar systems include those 

used for monitoring weather, traffic speed, 
collision avoidance with vehicles and ground 
penetration.
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1.3 Dosimetry

1.3.1 Introduction

Incident EMFs are defined as external fields 
in the absence of – i.e. without interaction with 
– the human body, animals, or tissue samples. 
Incident fields couple with the human body 
and induce EMFs and currents inside the body 
tissues.

Macrodosimetry is the science of quanti-
fying the three-dimensional distribution of 
EMFs inside tissues and organs of biological 
bodies, with averaged induced fields across 
sub millimetre tissue structures (e.g. cells). The 
term is also applied to measurements in media 
that have dielectric characteristics similar to 
those of biological bodies, e.g. cell cultures, tissue-
simulating media, etc. The induced fields are the 
only exposure parameters that can interact with 
biological processes and, therefore, provide the 
primary exposure metric (Kühn, 2009).

Microdosimetry refers to the assessment 
of fields at subcellular resolution (e.g. across 
membranes, proteins, etc.). This is a relatively 
new research area that faces various basic 
pro blems, such as material models and transi-
tions between classical and quantum electro-
dynamics. In all cases, however, macrodosimetry 
is the first step, since microdosimetry can only 
be developed from the locally averaged induced 
fields. This Monograph does not cover micro-
dosimetry, and “dosimetry” used hereafter thus 
refers to macrodosimetry. Dosimetry studies of 
differences in dielectric properties of tissues in 
human and animals models published since 1984 
are described in Table 1.7.

The coupling mechanisms of the electric 
and magnetic incident-field components are 
different. Hence, both must be determined sepa-
rately to fully characterize human exposure. 
Since coupling with the human body also 
depends on the ratio of wavelength versus body 
size, the RF-EMF spectrum is often divided 

into at least three ranges, e.g. 30 kHz–10 MHz 
(below body resonance); 10 MHz to 2 GHz 
(body and partial body resonances); and 2 GHz 
to 300 GHz (surface-dominated absorption) 
(ICNIRP, 2009a). Furthermore, the distribu-
tion of the induced field strongly depends on 
various parameters, such as source (strength, 
frequency, polarization, direction of incidence, 
size, shape, etc.), distance and location of the 
source with respect to the body, outer anatomy, 
inner anatomy, body posture, and environment 
of the body (e.g. reflective objects).

The field variations within the body are 
generally large and may well exceed a factor of 
thousand for the locally absorbed energy. In 
general, field distributions change considerably 
between different postures and orientations of 
the body with respect to the field. For example, 
the exposure of the brain may change even 
though the whole-body average and the peak 
spatial absorption remain the same.

1.3.2 Dosimetric exposure

It has only recently become technically 
possible to achieve a detailed characterization of 
exposure to EMFs. Hence, research on dosim-
etry during the past 30 years has been focused 
on reliable determination of the exposure metric 
as defined in the safety guidelines, namely, the 
maximum average whole-body values and the 
maximum locally-induced field values. The most 
commonly used metrics are defined below.

At frequencies greater than 100 kHz, SAR is 
the main measure of exposure used. SAR is the 
absorbed electromagnetic energy per tissue mass 
and can be calculated directly from the electric 
energy loss, which is proportional to the square 
of the locally induced root-mean-square value 
(rms) of the electric field strength, the induced 
current density and the temperature increase (see 
Glossary for detailed equations). The assessment 
on the basis of the initial rise in temperature 
is only valid if the exposed body is in thermal 
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equilibrium or in a steady thermal state at the 
beginning of the exposure.

The SARs usually reported are values aver-
aged over time, either over the periodicity of 
the signal or over any period of 6 minutes. Two 
metrics are most often determined:

• The whole-body-averaged SAR (wbSAR) is 
the total electromagnetic power absorbed 
by a body divided by its mass.

• The maximum peak spatial SAR (psSAR) 
averaged over any cube inside the body 
with a tissue mass of 1 g (psSAR-1 g) or 
10 g (psSAR-10 g). Specific evaluation 
rules have been defined in which the cube 
is grown around the observation point, 
whereas special rules apply in case of air 
interfaces (see ANSI/IEEE, 2002a). This 
value is usually reported independently 
of the exposed tissue.

In recent years, the focus has shifted towards 
more tissue-specific measures of exposure that 
can be correlated with biological effects (Kuster 
et al., 2006; Boutry et al., 2008). Examples are:

• Instant, time-averaged or cumulative 
organ- and tissue-specific SAR;

• Distributions and histograms of the spa-
tially averaged SAR (sSAR) values over a 
mass of 1 g or 10 g of tissue in the shape of 
a cube (sSAR-1 g or sSAR-10 g) or 10 g of 
contiguous tissue (sSAR-10 g c) (see also 
Ebert, 2009).

At frequencies below 10 MHz, the following 
quantities are used:

• Current density averaged over any 1 cm2 
of tissue from the central nervous system 
(CNS) perpendicular to the current direc-
tion (ICNIRP, 1998);

• Electric field integrated over any line seg-
ment of 5 mm in length oriented in any 
direction within the tissue (IEEE, 2005);

• Electric field averaged in any 2 × 2 × 2 
mm3 volume (ICNIRP, 2010).

1.3.3 Coupling of incident fields with the 
body

(a) Body-mounted devices

For transmitters operating at frequen-
cies greater than 300 MHz, the absorption 
in pro ximate human tissue is approximately 
pro portional to the square of the incident 
magnetic field (Hinc) at the skin surface of the 
person exposed (Kuster & Balzano, 1992). Hinc is 
approximately given by the square of the equiva-
lent RF current in the device (IRF) divided by its 
distance from the human body (d).

The equations presented by these authors 
explain many aspects of human exposure to 
radiation from mobile phones discussed in this 
Monograph, namely:

• Mobile phones close to the body 
(d < 0.01 m) are the dominant source of 
exposure, particularly of the brain, when 
the phone is held at the ear, compared 
with exposure from the more powerful 
base stations at larger distances (d > 10 m).

• Exposure from a mobile phone operated 
by a bystander (d < 1 m) may still exceed 
the exposure from a base station at mod-
erate distance.

• The absorption of energy by different 
tissues is strongly dependent on the design 
of the phone, and may vary more than 
20-fold according to, e.g. the location of 
the antenna, and the current distribution 
with respect to the tissue (Kuster et al., 
2004).

• The level of local exposure is also rela-
tively strongly dependent on the position 
of the phone at the head, and may vary 
by a factor of more than 10 (Wiart et al., 
2007; Gosselin et al., 2011).

• The exposure of children is higher than 
that of adults by a factor of approximately 
two due to the different shape of chil-
dren’s heads, which brings the phone geo-
metrically closer to the brain in children 
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than in adults (see Section 1.6.1 (ii); Wiart 
et al., 2008).

• Hand-free kits reduce the psSAR in head 
tissue by a factor of 100 and more (Porter 
et al., 2005; Kühn et al., 2009b; also see 
Section 1.2.2).

• Bluetooth headsets operate at 1 mW and 
the maximum psSAR is a factor of about 
100 lower than that for a mobile phone 
operating at the ear (Kühn et al., 2007a).

• WLAN transmitters in a laptop computer 
also result in lower exposures to the brain 
than a mobile phone operated at the ear.

• Exposures from DECT base-station 
antennae located in the same room as the 
person are similar to those from mobile-
phone base stations in the neighbourhood 
(Kühn et al., 2007a).

(b) Whole-body and partial-body resonances

The human body can be described as an 
elongated poor conductor. Therefore, it couples 
energy best if the electric field is polarized along 
the long body axis and when the electrical length 
of the body is resonant, i.e. approximately half a 
wavelength (λ/2) for an ungrounded body and one 
quarter wavelength (λ/4) for a person standing 
on a grounded floor. This was first investigated 
with ellipsoids and recently refined with newly 
available human models (e.g. Dimbylow, 2007a; 
Conil et al., 2008; Kühn et al., 2009b). The typical 
variation in wbSAR as a function of frequency 
is shown in Fig.  1.12. The same effects have 
been investigated for partial-body resonances 
(Kühn et al., 2009b). The results of these model-
ling studies explain the main characteristics 
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Fig. 1.12 Variation in the whole-body specific absorption rate (SAR) produced per unit power 
density as a function of frequency in the adult male phantom NORMAN, and child phantoms of 
three different ages, standing on a conductive floor (grounded) and insulated

From Mann (2010). Copyright © 2010. Published by Elsevier Masson SAS on behalf of Académie des sciences. All rights reserved.
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of far-field exposures of between 10 MHz and 
2 GHz, i.e. a strong dependence on body size and 
posture, and on polarization.

(c) Below whole-body and partial-body 
resonances

At exposures below the body-resonance 
frequency, i.e. <  10 MHz, the body can be 
described as a short poor conductor. The domi-
nant exposures of concern are from near-field 
sources that generally have strong field gradients. 
Under these conditions, the energy is capacitively 
coupled in the case of a dominant electric-field 
source (dielectric heaters, diathermy applica-
tors, etc.) or inductively coupled in the case of 
a dominant magnetic-field source (e.g. inductive 
cooking hobs, anti-theft systems, wireless power 
transfer systems, MRI, etc.). Strong induced 
currents are also caused by touching metallic 
objects such as fences or towers exposed to fields 
from transmitting antennae (contact currents).

(d) Above whole-body and partial-body 
resonances

At exposures above the body-resonance 
frequency, i.e. >  2 GHz, the body can be 
described as a dielectric object that is large with 
respect to the wavelength and the penetration 
depth (see Table 1.8). Therefore, the absorption 

is approximately proportional to the exposed 
surface area of the body (Gosselin et al., 2011). 
In this case, the wbSAR is proportional to the 
largest ratio of body surface and weight (Kühn, 
2009), whereas the RF energy is predominantly 
absorbed at the body surface.

1.3.4 Dependence on local anatomy

(a) General

Local exposure is altered by local anatomy 
due to inhomogeneity of the body tissues. In 
particular, local enhancements or hot spots can 
be expected as a result of impedance matching 
on layered structures, e.g. skin–fat–muscle layers 
(Christ et al., 2006), and due to narrowing cross-
sections of highly conductive tissues. An example 
of the latter is high exposure in the ankles when the 
body is grounded and the electric-field frequency 
is in the range of or below body resonance; the 
ankle consists mostly of low-conductive cartilage 
and the integrated current is largest close to the 
feet of the grounded person (Dimbylow, 2005).

(b) Mobile phones

During the last decade, the dosimetric 
a nalysis of exposure to radiation from mobile 
phones has focused on reliable compliance testing 
of the phones with respect to the limits defined 
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Table 1.8 Depth of penetration of muscle and fat by radiofrequency fields at typical 
telecommunication frequencies

Frequency 
(MHz)

Muscle Fat

Relative 
permittivity

Conductivity 
(S/m)

Penetration depth 
(mm)

Relative 
permittivity

Conductivity 
(S/m)

Penetration deptha 
(mm)

400 57.13 0.80 52 5.58 0.041 310
900 55.03 0.94 42 5.46 0.051 244
1800 53.55 1.34 29 5.35 0.078 158
2450 52.73 1.74 22 5.28 0.105 116
5200 49.28 4.27 8.8 5.01 0.255 47

a Penetration depths have been calculated based on the equation given in the Glossary.
MHz, megahertz; mm, millimetre; S/m, siemens per metre
Compiled by the Working Group from Tissue Properties Database: Dielectric Properties by IT’IS Foundation: http://www.itis.ethz.ch/itis-for-
health/tissue-properties/database/dielectric-properties/

http://www.itis.ethz.ch/itis-for-health/tissue-properties/database/dielectric-properties/
http://www.itis.ethz.ch/itis-for-health/tissue-properties/database/dielectric-properties/
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for psSAR-1 g and psSAR-10 g. The absorption 
values for different mobile phones are determined 
in homogeneous head phantoms, i.e. the specific 
anthropometric mannequin (SAM) in touch 
and tilted positions. The SAR values for different 
phone positions have been compared in various 
anatomical models of the head of adults and chil-
dren. Reviews of these studies concluded that the 
psSAR assessed with the SAM is a conservative 
measure of exposure of both adults and children 
(Christ & Kuster, 2005; Martens, 2005; Wiart 
et al., 2005) and that variations in psSAR among 
different models can be attributed to individual 
anatomical differences, but not to age-dependent 
changes in head size (Kainz et al., 2005).

The effects of age-dependent changes in 
tissue conductivity have been studied by several 
authors in various rodent species (Thurai et al., 
1984, 1985; Peyman et al., 2001; Gabriel, 2005; 
Schmid & Überbacher, 2005).

Christ et al. (2010a) investigated the effect 
of the anatomical differences on specific tissue 
exposures in humans. These studies concluded 
that:

• Exposure of regions inside the brain 
of young children (e.g. hippocampus, 
hypothalamus, etc.) can be higher by 
1.6–3-fold than that in adults.

• Exposure of the bone marrow in the skull 
of children can exceed that in adults by 
a factor of about 10, which is due to the 
high electric conductivity of this tissue at 
a young age.

• Exposure of the eyes of children is higher 
than that of adults. Regarding thermal 
effects, however, this does not present 
a problem as exposure to the eyes from 
mobile phones is very low, i.e. < 10% of 
the psSAR.

• Because of their different locations rela-
tive to the ear, brain regions close to the 
surface of the skull can exhibit large dif-
ferences in exposure between adults and 
children. The cerebellum of children can 

show a psSAR that is > 2.5-fold that of the 
local exposure of the cortex of adults. It 
should be noted that these differences are 
strongly dependent on the current dis-
tribution in the phone, i.e. on the phone 
design.

• Tissues or anatomical regions that are 
located at a comparable distance from 
the phone in adults and children, e.g. the 
pineal glands, do not show age-dependent 
variations in exposure.

1.3.5 Estimation of local tissue temperature 
based on psSAR

In general, the relationship between tissue 
temperature and psSAR depends strongly upon 
blood perfusion of the tissue, which varies across 
the body. In addition, local hot spots (points of 
elevated temperature) are influenced by thermal 
conductivity.

The correlation between psSAR and the 
increase in temperature for exposures to dipoles 
and mobile phones operated close to the head has 
been studied (Hirata et al., 2003; Fujimoto et al., 
2006; Hirata et al., 2006a, b, 2008). The results 
of these studies show that the correlation for a 
given frequency and exposure type is often good, 
but that the scaling factor strongly depends on 
the frequency, the spatial averaging scheme 
and mass, the tissue perfusion, and geometrical 
aspects such as anatomical surface curvature. 
The correlation between local averaged SAR and 
temperature elevation is weak when multiple 
tissues are involved. In the brain, the relationship 
between psSAR and peak temperature is found 
to be poor, and the tissue distribution and the 
exact exposure situation have a strong impact on 
brain heating, with thermo-physiological tissue 
properties particularly affecting the temperature 
increase in the head for a given psSAR (Samaras 
et al., 2007; McIntosh & Anderson, 2010).

The temperature increase for multiple 
anatomical models was estimated over a wide 
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range of frequencies (0.01–5.6 GHz) for plane 
waves with different polarization and incident 
angles. The peak temperature increase for a given 
psSAR was strongly dependent on anatomy and 
frequency, with variations of one order of magni-
tude for the cases investigated (Bakker et al., 
2010).

A comparative analysis of seven publications 
on the increase in brain temperature during 
mobile-phone use found a high variation (66% 
at 1800 MHz) in the peak increase in brain 
tempera ture relative to the peak averaged SAR 
in the head (Samaras et al., 2007). These results 
confirm the finding that the peak temperature 
increase in the brain should therefore be corre-
lated with peak averaged SAR in the brain and 
not with the peak averaged SAR in the whole 
head. Generally, this peak temperature increase 
in the brain is strongly influenced by absorption 
in the neighbouring tissues, thus tissue distribu-
tion in that anatomical region is important (e.g. 
the impact of the cerebrospinal fluid) (Hirata 
et al., 2003).

1.3.6 Dosimetry methods

To demonstrate compliance with safety 
guidelines, wbSAR and psSAR values are esti-
mated conservatively. In most cases, psSAR 
values are not correlated with a specific tissue or 
with typical exposures and, therefore, they can 
only be used for epidemiological studies when 
additional assessments and considerations are 
taken into account.

It is practically impossible to measure 
EMFs non-invasively or in vivo; thus, measure-
ments can only be obtained post mortem. The 
limitations associated with post-mortem evalua-
tions include: (1) accessibility to certain tissues 
only; (2) field distortions caused by the inva-
sively introduced probe and dielectric changes 
due to decreased tissue temperature and blood 
content; and (3) large uncertainties associated 
with obtaining accurate measurements near and 

across tissue boundaries. Only the integrated, 
total absorbed power can be determined rela-
tively easily by means of the calorimetric method 
(see Section 1.4.4).

Progress in computational electromagnetics 
and the exponential growth of computational 
power and computer memory have facilitated 
the determination of field distributions in full 
anatomical models of human bodies with reso-
lutions much smaller than 1 mm3. The dissipative 
properties and the low quality-factor of complex 
anatomical structures pose no special problem for 
numerical analyses such as the finite-difference 
time-domain (FDTD) method. A grid resolution 
of less than 0.2 mm in a specific region of the 
body and of 0.5–1 mm for uniform resolution 
is the standard for today’s FDTD computations. 
Finite-element methods (FEM) are also increas-
ingly used, especially for evaluation of exposures 
below 10 MHz. Approaches such as the combi-
nation of the method of moment (MoM) with 
FDTD, are also regularly applied (Meyer et al., 
2003).

Numerical techniques have also become 
more powerful with the availability of human 
models that will soon represent the full range 
of anatomical variation within the human 
population. Reviews of these models are avail-
able (Dimbylow et al., 2009; Christ et al., 2010b; 
Wu et al., 2011). In some of these models, body 
posture can be varied. These models are applied 
to assess typical exposures, to determine inter-
action mechanisms, and to derive simplified 
phantoms for compliance testing.

(a) Methods to demonstrate compliance with 
guidelines

For compliance testing of commercial mobile 
telecommunication devices that operate very 
close to the human body, experimental dosi-
metry is often superior to numerical approaches. 
The measurement instruments and methods are 
described in Section 1.4. The sources usually 
consist of highly resonant components assembled 
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with other electronic and metallic structures. 
It is difficult to use simulations to predict with 
certainty if and how secondary resonant struc-
tures may be excited, especially in view of the 
effect of the reflected field of biological bodies 
on the performance of the device. Small spatial 
differences can easily result in deviations of more 
than a factor of two from the actual value. Only 
when the structure is electromagnetically well 
defined can a good agreement between simu-
lation and measurement be achieved, i.e. with 
deviations of less than 20% (Chavannes et al., 
2003). It should be noted that detailed informa-
tion about field distributions inside anatomical 
bodies is often irrelevant because it cannot be 
generalized and because differences in anatomy 
and posture can result in significantly different 
SAR distributions. However, for safety reasons, 
the upper boundary (typically the 95th percen-
tile) of the exposure for the entire population is 
relevant, rather than individual exposure levels. 
Hence, worst-case phantoms, derived by means 

of the numerical methods mentioned above, are 
often applied to assess the upper exposure limits 
for specific exposure conditions, e.g. during the 
use of mobile-phone handsets.

(b) Methods to estimate typical exposures

Estimation of typical exposures for specific 
tissues requires the numerical evaluation of the 
user’s anatomy and usage pattern for the average 
output power, including its variations. Procedures 
to make such estimations for different brain 
regions exposed to mobile-phone radiation have 
recently been developed (Gosselin et al., 2011). 
Similar procedures can be applied for other 
sources. Quantitative estimates are given in 
Fig. 1.13, which illustrates the estimated tissue-
averaged SARs for the thalamus, temporal lobe 
and cortex when induced by various transmis-
sion sources. The typical minimal and maximal 
values are also given. The basis for these values 
is shown in Table  1.9. The largest exposure is 
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Fig. 1.13 Estimated tissue-averaged specific absorption rate (stSAR) of the thalamus, temporal 
lobe and cortex of the brain, induced by various transmission sources
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caused by the GSM mobile telephone, followed 
by exposures from DECT and WLAN cord-
less handsets. The new wideband code-division 
multiple access (WCDMA) systems result in 
much lower exposure values. It should be noted 
that the maximum exposure level is very similar 
for all mobile handsets. The averaged induced 
fields in the brain resulting from exposure to 
electromagnetic radiation from base stations 
of any technology are more than four orders of 
magnitude lower than those from a handset.

1.3.7 Exposure set-ups for laboratory studies

Properly designed laboratory exposure 
set-ups with sensitive monitoring systems are 
critical for producing reliable and reproduc-
ible results on the potential health effects of RF 
radiation. The selection of an exposure set-up is 
intimately linked to the design and objectives of 
the study, and includes factors such as the effi-
ciency of the coupling of the incident field with 
the biological system, the number of animals or 
cell-culture samples needed per exposure level 

for statistical analyses, the daily exposure times, 
and the overall duration of the study. Examples 
of exposure systems used for this type of study 
include:

• Far-field/anechoic chamber: a room 
designed to minimize reflections of 
either sound or electromagnetic waves. 
To prevent the latter, the inner walls of 
the chamber are covered with pyramid-
shaped RF radiation-absorbent material 
(Chou & Guy, 1982). Animals or tissue-
culture dishes are exposed to RF radia-
tion via an antenna (e.g. horn antenna).

• Near-field systems: antennae are used to 
obtain partial body exposures. In the 
Carousel system, the animals in restrain-
ing tubes are oriented radially around a 
central antenna at a fixed distance between 
the nose of the animal and the antenna 
(Adey et al., 1999). Loop antennae have 
been used to predominantly expose a par-
ticular part of the brain (Lévêque et al., 
2004).
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Table 1.9 Estimated minimum, maximum and average exposures in the brain from various 
sources of radiofrequency radiation

Source Frequency (MHz) Exposure

Average Minimum Maximum Unit

FM transmitter 100 0.02 0.01 0.07 V/m
TV station 700 0.02 0.001 0.05 V/m
GSM900 base station 950 0.05 0.001 4 V/m
GSM1800 base station 1850 0.05 0.001 6 V/m
DECT base station 1890 0.1 0.03 1 V/m
UMTS 1950 base station 2140 0.05 0.001 6 V/m
WLAN base station 2450 0.03 0.007 1 V/m
WLAN base station 5200/5800 0.01 0.001 1 V/m
GSM900 mobile phone 900 50 0.2 250 mW
GSM1800 mobile phone 1750 40 0.1 125 mW
DECT cordless phone 1890 10 3 20 mW
UMTS mobile phone 1950 1 0.0003 200 mW
WLAN cordless phone 2450 10 3 20 mW
Note: Far-field exposures are estimated in terms of incident-field values and exposures from handsets are calculated from time-averaged output 
power.
Compiled and calculated by the Working Group from Kühn et al. (2010)
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• Transverse electromagnetic (TEM) cell: an 
RF-shielded box in which tissue cultures 
are positioned with a defined orientation 
relative to the direction of wave propaga-
tion and the electric field. A rectangular 
coaxial transmission line tapered at both 
ends provides a uniform incident plane 
wave when RF energy is coupled to the 
line (Crawford, 1974). Studies with cell 
cultures and animal models have been 
conducted in various modified TEM cells 
(Nikoloski et al., 2005).

• Waveguide: a structure that guides and 
confines electromagnetic waves to propa-
gation in one dimension within a round 
or rectangular metallic tube. Waveguides 
have the advantage that only the funda-
mental mode can propagate within a cer-
tain frequency band, correlated with its 
dimensions. Therefore, resonant systems 
can be easily used. The power losses of 
the propagating wave must be carefully 
evaluated if larger objects are exposed. 
Standing waves must be appropriately 
used in case of resonant waveguides or 
waveguides terminated by a short circuit. 
Waveguides are widely used for in-vitro 
systems (e.g. Schuderer et al., 2004b). 
Non-resonant waveguides have also been 
used to expose rodents (e.g. Guy et al., 
1979) and a cascade of 17 sectorial reso-
nant waveguides excited by one quad-loop 
antenna have been employed to expose 
one rat per waveguide (Kainz et al., 2006).

• Radial transmission line (RTL): a structure 
that confines the wave to propagate in 
two dimensions with two parallel metal 
plates excited between their centres by an 
antenna. In the case of a non-resonant 
application, the wave is terminated at 
the perimeter of the lateral plates with 
absorbers (Hansen et al., 1999; Moros 
et al., 1999). The system has been used for 
studies in vivo or in vitro by placing the 

cell cultures or animals at a fixed distance 
from the antenna. RTL has also been used 
as a resonant structure in which the wave 
is terminated with metallic rods instead 
of absorbers. This configuration has also 
been called a “Ferris wheel,” whereby the 
animals in restraining tubes are posi-
tioned at a fixed distance to the reflect-
ing rods (Balzano et al., 2000). Several 
improvements have been suggested and 
implemented (Ebert, 2009).

• Reverberation chamber: a shielded room 
with minimal absorption of electromag-
netic energy. To create statistically homo-
geneous fields inside the chamber when 
exposure is averaged over time, rotating 
metallic reflectors (stirrers) constantly 
create changing boundary conditions. 
Animals are unrestrained during expo-
sure (Jung et al., 2008).

Regardless of the type of exposure system, 
for a correct interpretation of the findings and 
replication of the experiments in other laborato-
ries, it is important that all pertinent electromag-
netic-field exposure characteristics (particularly 
dosimetry) and biological parameters be fully 
addressed in the experimental design, and 
properly described in the study reports (Valberg, 
1995; Kuster & Schönborn, 2000; Kuster et al., 
2006; Belyaev, 2010). These factors are briefly 
discussed in the next two sections.

1.3.8 Exposure characterization in laboratory 
studies

The experimental conditions during studies 
on the effects of exposure to EMF should be 
described in detail as listed below:

• Signal characteristics should include: 
carrier frequency, modulation scheme, 
power level and stability;

• Zone of exposure (near field or far field);
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• Polarization (e.g. linear or circular polari-
zation) of the induced EMF with respect 
to the biological system;

• Performance of the setup: determination 
of induced electric- and magnetic-field 
strengths and SAR levels and distribution 
(numerical dosimetry) in the cell culture, 
or per organ site in animal experiments; 
this part should also include an uncer-
tainty analysis;

• Field distribution: should be homogene-
ous (SD < 30% in cell cultures) and varia-
tions in the exposure levels of individual 
tissues of the exposed animals should 
be characterized, including details on 
animal age, movement, posture, weight, 
etc.;

• The increase in temperature caused by the 
RF field must be well characterized and 
reported;

• Control of acoustic noise/vibration level 
and exposure to ambient RF fields and 
static fields;

• Monitoring: should include verification 
of incident field strengths and homogene-
ity, induced fields, and any changes in the 
performance of elements of the exposure 
system over the duration of the experi-
ment, including the long-term reliability 
of monitoring equipment;

• Experimental design requirements: dura-
tion of exposure (hours per day and total 
number of days), continuous or intermit-
tent (on/off cycles), time of day;

• Inclusion of a sham-exposure group.

1.3.9 Biological factors in studies in 
experimental animals

The biological factors that may affect the 
study results are briefly described below:

(a) Studies in vivo

• Identification and justification of the 
selected animal model (species, strain, 
sex, age at start and end of study, genotype 
and phenotype, exposure to other agents);

• Animal husbandry: diet (ingredients, 
nutrient composition and contaminant 
levels), drinking-water source and treat-
ment, availability or restriction of feed 
and water during exposures, absence of 
specific pathogens, caging (cage material, 
number of animals per cage, bedding 
material), prevention of exposure to elec-
tric currents from water supply, absence/
presence of animal restraining devices;

• Environmental controls: temperature, 
relative humidity, lighting (on/off cycle, 
intensity), airflow, noise, and background 
fields;

• Characterization of animal weight, posi-
tioning/orientation, movement in the 
exposure system, and proximity of other 
animals and cage boundaries during 
exposure periods.

(b) Studies in vitro

• Composition of the incubation media, 
including antioxidant levels, free-radical 
scavengers, presence of magnetic particles;

• Source and/or derivation of the cell system 
and its characteristics: cell type, species, 
strain, sex, age, genotype and phenotype;

• Quality of the cell-culture system and 
its functional condition: cell viability, 
growth phase and cell-cycling rate, meta-
bolic status, and cell density (which may 
affect cell–cell interactions);

• Size, shape, and position of the cell-
culture vessel;

• Environmental controls, including tem-
perature, oxygen/carbon dioxide levels, 
air flow.
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For a summary of studies with models for 
partial- or whole-body exposure, see Tables 1.10 
and 1.11.

1.4 Measurement techniques

1.4.1 Introduction

Assessment of the incident exposure is 
simple for plane-wave or far-field conditions. 
Unfortunately, when high exposures are involved, 
far-field conditions rarely occur, due to the prox-
imity of the source. In addition, the reflecting 
environments result in fading, producing fields 
that are highly variable spatially and temporally.

In general, far-field conditions are approxi-
mately met locally by changing the amplitude in 
space at distances larger than the extension of the 
reactive near-field zone (CENELEC, 2008):

Thus, for distances meeting the requirements 
of the equation, only the maximum of the field 
components must be determined to demonstrate 
compliance. For any distance smaller than the 
requirements of the equation, the maximum of 
both components must be spatially scanned to 
reliably predict that the maximal induced fields 
are below a certain limit. Fine volume scanning 
of transmitting antennae in the very near field 
yields greater uncertainty, neglects reflection 
back to the source antenna due to the presence 
of a lossy body, and is more time-consuming 
than dosimetric measurements in homogeneous 
phantoms. Since such near-field assessments are 
more conservative, they are rarely conducted in 
the context of exposure assessments.

In summary, reference levels are easy to 
assess if the plane-wave or far-field conditions 
are approximately met (see Section 1.3.2) and 
the resulting SAR and induced current densities 
are below the corresponding basic restrictions 
under all circumstances. The reference limits 
for occupational/controlled and for the general 
public/uncontrolled exposure are given in NCRP 
(1986), ANSI/IEEE (1991, 2002b) and ICNIRP 

(1998). However, sometimes only the incident 
electric field (E-field) or the E-field-based equiva-
lent power density is also reported for cases in 
which the above equation is not satisfied and 
therefore may not well represent true exposure. 
It should also be noted that the maximum value 
that is often reported is suitable for reporting 
com pliance with guidelines, but may greatly 
overestimate typical exposures at that location.

1.4.2 Near-field and dosimetric probes

The first instruments were developed in the 
early 1970s and they covered the 10 MHz to 
10 GHz region of the spectrum. One involved the 
use of two pairs of thin-film thermo-coupling 
vacuum-evaporated electrothermic elements 
that functioned as both antenna and detector 
(Aslan, 1970). In another instance, two small 
diode-loaded dipoles were employed as sensor 
elements (Rudge, 1970). In 1975, the first proto-
type of an isotropic, miniature field probe was 
introduced (Bassen et al., 1975). Fibre-optic 
field probes were proposed as early as the 1970s 
(Bassen et al., 1977). Comprehensive overviews 
of field probes have been published (Bassen & 
Smith, 1983; Poković, 1999).

(a) Broadband E-field probes

Diode-based field probes are most commonly 
used for dosimetric assessments. These instru-
ments consist of field sensors, a detector, transmis-
sion lines and readout electronics (Fig. 1.14). The 
probe is constituted of three mutually orthogonal 
diode-loaded dipoles with an isotropic receiving 
pattern. Different orthogonal sensor configura-
tions are available.

An RF detector Schottky-type diode is placed 
at the centre of the dipole sensor. If the detector 
diode operates in the square-root law region, the 
detected voltage is proportional to the RF power. 
The data-acquisition electronics are connected to 
the detector diodes by high-resistance transmis-
sion lines to minimize incident-field perturbation 
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and spurious pick-up effects. A detailed investi-
gation of transmissionline design can be found 
in Smith (1981).

Magnetic-field (H-field) probes are also avail-
able; the basic theory on which such probes are 
designed can be found in Whiteside & King 
(1964). H-field probes and E-field probes have 
similar features except that H-field probes employ 
a small loop element instead of a dipole sensor. 
Loop-based sensors present the disadvantage of 
a strong frequency dependence and induction 
of currents by both H- and E-fields. Different 
methods for flattening the frequency response of 
loop probes have been suggested (Kanda, 1993; 
Poković, 1999). Lossy covers have been proposed 
to further suppress the E-field sensitivity of the 
loop (Poković, 1999).

A general problem of diode-based probes is 
their inherent nonlinearity over their dynamic 
range. Methods to overcome these limitations 
are presented in Kühn et al. (2007b).

Unlike diode-based sensors, thermocouple 
probes are true square-law detectors. Such sensors 
are particularly useful in free-space field surveys 
(Narda STS, 2005). These sensors are, however, 

impractical for dosimetric and near-field meas-
urements because of their size, generally lower 
sensitivity and dynamic range.

Thermistors are also small true square-law 
detectors. They can have a higher resolution 
than thermocouples, but need more frequent 
calibration.

The performance of these probes depends 
strongly on the following parameters:

• Frequency, modulation, and field strength;
• Polarization, direction of propagation, 

and field gradients;
• Material boundaries near the probe 

sensors;
• Sources of interference (noise, static and 

low-frequency fields, vibration, tempera-
ture, etc.).

The influence of these parameters must be 
characterized by individual calibration under 
well-defined conditions for each probe. A detailed 
summary of different calibration methods for 
field probes and a characterization of the most 
crucial parameters contributing to the meas-
urement of uncertainty are given in Poković 
(1999). The influence of these parameters must 
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be included in the resulting uncertainty assess-
ment, since the conditions of actual use of the 
probes may differ considerably from the condi-
tions under which they are calibrated.

Modern free-space and dosimetric field 
probes operate in the frequency band from 
10 MHz up to 6 GHz. They have an isotropy error 
smaller than ± 0.5 dB and sensitivities in the range 
5–10 μW/g. These probes have very small sensor 
tips (2.5 mm) to allow high spatial resolution and 
measurements very close to material boundaries. 
A probe with reduced size (tip diameter, 1.0 mm) 
has been described for accurate dosimetric 
measurements at frequencies exceeding 10 GHz 
(Poković et al., 2000a). Probes for determining 
both the electrical- and magnetic-field pseudo-
vector information are presented in Poković et 
al. (2000b).

(b) Electro-optical sensors

Modern, electro-optical sensors allow the 
measurement of the full RF-frequency domain 
and phase as well as intermediate-frequency 
time-domain signal information while main-
taining a superior electrical isolation through 
the use of optical fibres for signal transmission.

In general, two sensor concepts are used 
today: (1) passive optical sensors (Togo et al., 
2007); and (2) active optical sensors Kramer 
et al. (2006). Modern passive electro-optical 
sensors typically modulate the information on 
laser light passing through electro-optically 
active crystals embedded in a fibre-optic system. 
Common crystal materials include cadmium 
telluride (CdTe) and lithium niobate (LiNbO3), 
which change their refractive indices depending 
on the E-field applied across the crystal, or 
cadmium manganese telluride (CdMnTe), which 
is sensitive to the magnetic fields applied across 
the crystal (Poković, 1999). The sensitivities of 
modern active optical sensors can be as low as 
100 µV/m per Hz2, or greater than 0.3 V/m when 
measuring a signal of width of 5 MHz (Kramer 
et al., 2006).

1.4.3 Measurement antennae

Different types of broadband-matched 
antennae are usually applied for the frequency-
selective exposure assessment of incident fields. 
These broadband antennae are matched to 50 ohm 
to be compatible with standard RF receivers. 
They have applications in far-field measurement 
of radiation, e.g. from cellular base stations and 
broadcast services.

Common broadband RF-measurement 
antennae such as horn or log-periodic antennae 
have a certain directivity. This reduces the appli-
cability of these antennae for complex propa-
gation scenarios, particularly at locations where 
the incident field is not dominated by a direct 
line-of-sight propagation path, but by multipath 
propagation (Kühn, 2009).

Tuned dipole antennae have an isotropic 
pattern (no directivity) in azimuth, but lack 
broadband characteristics.

Conical dipole antennae have an isotropic 
pattern in azimuth and generally good broad-
band characteristics (Seibersdorf Research, 
2011), which substantially reduces the number 
of measurements needed.

1.4.4 Temperature instrumentation

(a) Temperature probes

Local SAR values can also be assessed by 
temperature measurements (see Section 1.3); 
however, thermal-diffusion effects must be prac-
tically absent. This is only possible if the system 
is in thermal equilibrium at the beginning of 
the exposure, or if heat-diffusion processes are 
known for the assessment period. Heat losses due 
to radiation and convection during the measure-
ment interval must be negligible, or known and 
corrected for. If these heat-diffusion processes 
are unknown, the response time of the thermal 
measurement equipment must be sufficiently 
short to avoid underestimation of the exposure 
(Schuderer et al., 2004a).
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Two types of temperature probes exist: 
thermistor-based and those based on optical 
effects. The requirements for temperature probes 
for SAR assessments are:

• Small size: the probe must be small to 
resolve high temperature gradients, with-
out disturbing the temperature distribu-
tion or the RF field;

• Non-conductive materials: only electri-
cally non-conductive materials prevent 
heating of the probe by induced currents 
because they are transparent to EMFs;

• Low noise level: small differences in tem-
perature must be detected accurately, 
especially for dynamic temperature meas-
urements, e.g. of SAR, and thus the noise 
level should be much less than 10 mK;

• Short response time: this is essential for 
SAR measurements as the temperature 
rise (dT/dt) is proportional to the SAR 
only in the absence of heat diffusion. A 
probe suitable for SAR measurements 
must have reaction times much faster 
than 100 ms (Schuderer et al., 2004a).

A novel design for temperature probes 
for dosimetric assessments, introduced by 
Schuderer et al. (2004a), provides a spatial reso-
lution of 0.02 mm2, a noise level of the tempera-
ture of 4 mK, and a sensitivity of 0.5 mK/s with 
a response time of < 14 ms.

Temperature probes based on thermo-optical 
effects are applied in high-voltage transformers, 
industrial microwave ovens and in treatment for 
hyperthermia. One exploited effect is the decay 
rate of a phosphorescent layer at the tip of a fibre-
optic cable (Wickersheim & Sun, 1987). These 
commercially available probes have a noise level 
of 0.1 K, with reaction times of 250 ms. Another 
optical effect is the interferometric property of 
a cavity filled with materials that have highly 
temperature-dependent refractive indices. These 
probes reach sensitivities of 2–3 mK/s (Burkhardt 
et al., 1996).

(b) Infrared photography

The measurement of temperature by black-
body-equivalent radiation (infrared photog-
raphy) is an alternative to invasive measurements 
using temperature probes. The resolution of 
infrared thermographs can be very high and 
the sensitivity of affordable infrared detec-
tion systems has improved substantially over 
the past 30 years. This was also one of the first 
methods used to measure SAR (Guy, 1971), as 
the surface radiation can be recorded quickly 
with infrared cameras without perturbing the 
incident field. Infrared cameras were used to 
measure the temperature increase on a human 
head exposed to GSM mobile phones (Taurisano 
& Vander Vorst, 2000). The technique has several 
disadvantages:

• Limited sensitivity compared with 
tempera ture or dosimetric probes;

• Can be used only for measurements of 
surface temperature;

• The thermal radiation characteristics 
of the materials must be determined 
accurately;

• The background radiation must be 
homogeneous;

• Evaporation and convection can cause 
substantial errors and must be controlled;

• Different viewing angles of the camera 
can yield different results, since surfaces 
are not isotropic infrared radiators.

(c) Microcapsulated thermo-chromic liquid 
crystals

A novel idea to assess three-dimensional 
temperature distributions optically and in quasi 
real-time was proposed by Baba et al. (2005). 
Microcapsulated thermochromic liquid crystals 
(MTLC) were suspended uniformly in a gel with 
the dielectric properties of human muscle tissue. 
The temperature of the gel is determined by 
measuring the light scattered from a laser beam 
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that scans through the liquid. The technique has 
limited dynamic range and sensitivity.

(d) Calorimeters

Calorimetry encompasses methods for meas-
uring heat produced by biological, chemical or 
physical endothermic or exothermic processes. 
Calorimetric methods are suitable for deter-
mining average wbSAR, but they cannot provide 
information about SAR distribution.

Calorimetry can be subdivided into two 
types:

• Direct calorimetry: the heat is measured 
directly by use of calorimeters;

• Indirect calorimetry: the quantity of heat 
is determined by measuring the amount 
of oxygen consumption and relating it to 
the oxicaloric equivalent of the reaction.

Basically, calorimetric dosimetry analyses 
the heating and cooling processes of a sample 
exposed to RF radiation. Typical direct calorim-
eters used in microwave dosimetry are the Dewar 
flask and the twin-well calorimeter (Gajsek et al., 
2003).

1.4.5 Measuring SAR and the near field

Dosimetric evaluation inside test phantoms 
such as SAM requires the measurement of SAR 
at several hundreds of points distributed over a 
complex three-dimensional phantom. The process 
is divided into: (1) searching for the location of 
the maximum absorption on a two-dimensional 
grid; and (2) determining the psSAR value on a 
fine three-dimensional grid. These points must 
be determined with high accuracy, especially at 
high frequencies, to achieve low measurement 
uncertainty despite high attenuation and large 
variations in spatial-field intensity. Automated 
systems for dosimetric assessment have been 
developed to perform these compliance tests. 
A typical system for dosimetric assessment is a 
computer-controlled six-axis robotic positioner. 
It is used to move the dosimetric E-field probe 

within a scanning grid, which can be adaptive, 
e.g. it follows the surface that is being detected 
during the scanning job and positions the probe 
axis orthogonal to that surface. The measure-
ment results, i.e. field and SAR distributions, as 
well as 1 g and 10 g spatial average peak SAR, 
are automatically evaluated and visualized. The 
expanded standard uncertainty (k  =  2) is less 
than 20%. It should be noted that this approach 
provides reliable conservative estimates of the 
maximum peak spatial SAR that might occur in 
the user population, but offers little information 
about the exposure of specific tissues or indi-
vidual exposure (Kühn, 2009).

In summary, compliance evaluation of 
body-mounted transcievers provides reliable 
conservative estimates of maximum psSAR-1 g 
and psSAR-10 g anywhere in the body, but these 
estimates are generally poorly correlated with 
the maximum exposure of specific tissues (e.g. 
brain tissue) or typical exposure levels during 
daily usage of the device (system- and network-
dependent). In other words, the information has 
only limited value for epidemiological studies.

1.4.6 Incident-field measurements in the far 
field

Evaluation of the exposure in the far field of a 
transmitter is usually conducted for fixed instal-
lations such as radio and television broadcast 
antennae, radar sites, or cellular base stations. 
Exposure assessments are carried out in areas 
that are generally accessible or for which access 
is restricted to qualified working personnel only. 
Compliance is tested with respect to the reference 
levels by assuming free-space field impedance for 
the RF energy, i.e. by E-field evaluation. Only one 
measurement point is required under real far-
field conditions. However, actual environments 
usually involve nearby reflectors and scatterers, 
i.e. a scanning procedure is required to find the 
maximum incident fields (Kühn, 2009).
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Since the transmitters under evaluation 
do not always operate at maximum power – 
the transmitted power of base stations being 
dependent on traffic intensity – broadband 
instantaneous measurements are often insuffi-
cient to determine the highest level of exposure. 
In such cases, information on the maximum 
exposure with respect to the measured values 
must be available and soundly applied to establish 
exposure in the worst-case scenario. Table  1.12 
lists the parameters necessary for extrapola-
tion of exposure in the worst case and to reduce 
the uncertainty of the actual measurement 
campaign. It is easier to determine the measure-
ment methods when additional parameters are 
known. General sources of error are:

• Field perturbation by measurement per-
sonnel, e.g. scattering and absorption of 
EMFs due to the body of the measure-
ment engineer;

• Application of an inappropriate measure-
ment antenna, e.g. disregard for antenna 
directivity and polarization;

• Application of ineffectively decoupled 
cables, acting as secondary antennae;

• Application of incorrect measurement 
settings of the RF receiver for the type of 
signal to be measured;

• Incorrect selection of the measurement 
location, e.g. measurement points that 
are not appropriate for yielding the maxi-
mum EMF exposure or measurement 
points close to bodies that influence the 
calibration of the measurement antennae 
(Kühn, 2009).

Different methods for assessing EMF expo-
sure in the far field have been proposed. One 
approach is the antenna-sweeping method. This 
method requires the engineer to slowly move the 
measurement antenna with varying polarizations 
and directions through the volume of interest 
(Sektion NIS, 2002). Another method is based on 
the examination of several well defined points in 
the area of interest. In this case, the antenna is 

mounted on a tripod and the different directions 
and polarizations are examined at the consid-
ered points (ANFR, 2004). The first method is 
conservative, but sensitive to the position of the 
operator with respect to the antenna. With the 
second method, measurements can be performed 
with the engineer located further away, but the 
number of measurements in the volume is small. 
A combination of both methods is presented by 
Coray et al. (2002), who suggest that the region is 
first scanned for the field maximum in the area 
of interest and that an isotropic and frequency-
selective measurement is then performed at the 
location of the maximum.

Often, far-field techniques are employed 
in the near field of transmitters, e.g. on trans-
mitter towers. Some standards allow a spatial 
averaging of E-field evaluations (ANSI/IEEE, 
1991), the rationale of which is based on the 
wbSAR limit. However, this constitutes a relaxa-
tion of the safety criteria as it does not consider 
H-field coupling as the dominant mechanism in 
the near field nor the limits of psSAR. On the 
basis of current knowledge, such relaxations do 
not exclude the possibility of exceeding the basic 
restrictions or underestimating the local expo-
sure (Kühn, 2009).

The advantages and limitations of different 
measurement equipment for assessing the expo-
sure of unknown transmitters are discussed 
below.

1.4.7 Broadband measurements

Broadband-measurement probes are single-
axis or three-axis sensors (dipole or loop) 
constructed in a similar way to the near-field 
sensors. No information on the spectral charac-
teristics of the field is provided by these probes. 
Therefore, if a broadband meter is used for 
compliance testing, the measured field value 
must be no higher than the lowest permis-
sible limit defined for the frequency range of 
the meter. Broadband survey meters are also 
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relatively inexpensive and easy to use, and are 
thus often used for field-survey measurements 
(Kühn, 2009).

Fig. 1.15 displays the components of typical 
broadband field-survey meters. Fig  1.16 shows 
the frequency response of two broadband probes.

Some broadband probes are designed to 
match the frequency dependence of the human 
exposure limits. In all cases, it is advised that 
the out-of-band response of these instruments 
is carefully characterized to avoid spurious 
readings. If a specific transmitter is the domi-
nant source, compliance testing is substantially 
simplified (CENELEC, 2005).

The main sources of uncertainty regarding 
broadband survey meters are: calibration, 
linearity, frequency response, isotropy, time-
domain response, and temperature response; so 
the accuracy of broadband evaluations is signifi-
cantly limited, but generally conservative (Kühn, 
2009).

(a) Frequency-selective measurements

Frequency-selective measurement techniques 
can overcome the difficulties of the unknown 
spectrum of the field. However, the execution 
of the measurement is more complicated and 
requires specialized engineers.

Measurements in the frequency domain are 
performed with an antenna connected to a spec-
trum analyser.

Most spectrum analysers provide video 
filters for additional smoothing of the spec-
tral signal. Optimal parameter settings for the 
analyser for GSM and UMTS based on a simu-
lation approach have been presented (Olivier & 
Martens, 2005, 2006). The application of spec-
trum analysers is a complex topic. Procedures 
dealing with frequency-selective measurements 
should always describe the parameter settings of 
the spectrum analyser to produce correct, repro-
ducible and comparable results. Nevertheless, 
the engineer should test the actual applicability 
of these settings for the particular measurement 
equipment (Kühn, 2009).

The main sources of uncertainty regarding 
frequency-selective measurements are:

• Calibration of the spectrum analyser, 
cable, and measurement antenna;

• Linearity of the spectrum analyser, cable, 
and measurement antenna;

• Frequency response of the spectrum ana-
lyser, cable, and measurement antenna;

• Demodulation method of the spectrum 
analyser (detector type);
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Table 1.12 Important parameters of radiofrequency transmitter sites assessed in the far field

Site parameter Explanation

Location The location of the transmitter with respect to the measurement point
Line of sight/nonline of sight Determines if a prevalent propagation path may be expected
Type of site Single or multiple antenna site
Antenna directivity Antenna beam characteristics
Antenna radiation direction The direction of maximum radiation
Antenna power at measurement The antenna input power at the time the measurement takes place
Maximum antenna input power Maximum permissible antenna input power
Frequency Frequencies at which the site transmits
Communication system Communication system that is used, i.e. which signal modulation characteristics are to 

be expected
Other sources of radiation The field at the measurement points when the assessed transmitter is switched off
Adapted from Kühn (2009)
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• Temperature response of the spec-
trum analyser, cable, and measurement 
antenna; and

• Mismatch between measurement 
equipment.

Although frequency-selective measure-
ment methods overcome most of the problems 
affecting use of broadband-survey meters, they 
are not always sufficient to correctly evaluate 
exposure from different transmitters operating 
at the same frequency. In this case, measure-
ment receivers should be applied (Kühn, 2009), 
as presented below.

(b) Code-selective measurements

Code-selective measurements are specifically 
necessary when the exposure from a transmitter 
involves code-division multiple access (CDMA), 
e.g. when a Universal Mobile Telecommunications 
System (UMTS) is to be assessed. All UMTS base 
stations usually transmit in the same frequency 
band. With a frequency-selective receiver, it is 
not possible to discriminate between exposures 
from different base stations, because a single 
frequency band is used and the channels are 
multiplexed in the code domain. Code-selective 

receivers decode the signal received from a base 
station, i.e. the receiver is able to discriminate 
between the received field strength from its base 
station and other noise-like sources. The receiver 
measures only the field received from its trans-
mitting base station if the particular descram-
bling code is used for decoding. Basically, the 
same sources of uncertainty must be considered 
for code- and frequency-selective measurements. 
In general, if measurement receivers are applied, 
the over estimation of the measured field values 
is expected to be smaller than for frequency-
selective and broadband measurements (Kühn, 
2009).

1.4.8 Calibration

Measurement with known uncertainty can 
only be performed if the measurement equip-
ment is appropriately calibrated. In general, 
calibration of the measurement equipment is 
demanding (sensitivity as a function of frequency 
and modulation, linearity for different modula-
tions, deviation from isotropy, etc.). High-quality 
calibration documentation is essential to deter-
mine the accuracy of the measurements or their 
uncertainty, respectively.

1.4.9 Uncertainty assessment

Exposure assessments are prone to many 
uncertainties that must be carefully determined. 
This is the most difficult aspect of any measure-
ment protocol, because it usually covers many 
more parameters than only the uncertainties 
associated with the measurement equipment. For 
example, in the case of demonstration of compli-
ance with respect to basic restrictions, it includes 
estimation of the coverage factor for the exposed 
populations. In the case of uniform incident field, 
it is necessary to determine the uncertainty of 
the field measured during the period of measure-
ment with respect to the maximum exposure at 
this site. In case of non-uniform fields, it needs to 
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Fig. 1.15 Schematic of the most common 
broadband radiofrequency field-survey meters

Field probe with separate
measurement amplifier and
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Field probe with
integrated amplifier
and field monitor
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(with dipole/loop sensor and diode detector)

Transmission lines

Preamplifier
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Republished with permission of Taylor and Francis Group LLC Books, 
from Kühn & Kuster (2007); permission conveyed through Copyright 
Clearance Center, Inc.
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be demonstrated that the ratio of measured fields 
to reference levels is conservative with respect to 
the induced fields.

[The Working Group noted that it should be 
good measurement practice for the results of any 
measurement campaign to be presented only 
when accompanied by an extensive uncertainty 
assessment.]

1.4.10 Specific measurement problems

(a) Demonstration of compliance with 
dosimetric safety limits

The objective of compliance demonstration is 
to determine the exposure conservatively for the 
range of intended usage of the device or equip-
ment with respect to the entire user group. In 
general, there is a strong dependence on position, 
distance, anatomy and posture. This dependence 
can only be determined by numerical simula-
tions. Given an acceptable uncertainty, several 
hundred permutations of the most important 
parameters must be performed. In other words, 
the parameter space is large and the assessment 

must be done with sufficient care and followed by 
an extensive discussion on the parameters inves-
tigated and the resulting uncertainties.

(b) Assessing personal exposure

In its most recent update of Research Agenda 
for Radiofrequency Fields, the World Health 
Organization (WHO) has recommended 
improvement of exposure assessment in epide-
miological studies as a high-priority research 
need: “Quantify personal exposures from a range 
of radiofrequency sources and identify the deter-
minants of exposure in the general population” 
(WHO, 2010a).

Associated problems with personal exposure 
assessment are:

• Compliance tests versus real-life exposure;
• Assessment of incident versus induced 

fields;
• Appropriate dosimetric quantities;
• Combination of exposure from multiple 

sources operating at different distances 
and frequencies;
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Fig. 1.16 Frequency response of two broadband radiofrequency field-survey meters

 
The fields in the frequency ranges are summed. If the outputs from probes 1 and 2 are added, then the fields in the overlapping frequency range 
are counted twice. The field values measured with probe 1 must comply with the lowest limit in the frequency band 10 MHz to 1 GHz, while the 
readout of probe 2 must comply with the lowest limit between 100 MHz and 10 GHz. The overlapping frequency range is surveyed twice if the 
exposure values are superimposed to cover the entire frequency range.
Republished with permission of Taylor and Francis Group LLC Books, from Kühn & Kuster (2007); permission conveyed through Copyright 
Clearance Center, Inc.
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• Strong temporal, geographical and usage 
dependence of the exposure, especially in 
relation to the exposure period relevant to 
the epidemological data;

• Technology dependence of exposure and 
rapid technological changes; and

• Selection and, even more importantly, 
exclusion of potential exposure proxies.

As mentioned before, the worst-case levels 
of exposure determined during compliance 
testing of, e.g. mobile phones or base stations 
are in many cases not representative of actual 
real-life and everyday exposure. The protocols 
for compliance testing are generally optimized 
to provide a conservative estimate of maximum 
exposure. However, exposure assessment in 
epidemiological research aims at categorizing 
actual personal exposure. Results from compli-
ance testing can, however, be useful to validate 
propagation models (Bürgi et al., 2008), or to 
compare potential proxies that can be indepen-
dently assessed, such as those based on mobile-
phone design (Kühn, 2009).

Assessment and dosimetry of EMF exposure 
in epidemiological and human studies have been 
and often still are performed in terms of quanti-
ties that are only representative for demonstra-
tion of compliance with safety guidelines, e.g. 
incident-field quantification, or induced wbSAR 
and psSAR. The dosimetric meaning of the afore-
mentioned quantities is questionable for current 
studies, which all aim at detecting potential effects 
for exposures well below established safety levels. 
In addition, the end-points investigated are typi-
cally effects on specific tissues, organs or func-
tional regions of the brain and the quantification 
of the classical dose evaluations often does not 
allow a clear distinction between body regions 
or an accumulation of the dose from various 
sources. Quantification of exposure in terms of 
incident fields is especially problematic, since 
incident fields are often not directly related to 
induced fields. A common mistake is to combine 
exposure in terms of incident fields at different 

frequencies by applying the root-sum-square (see 
Glossary) over the individual frequency contri-
butions. Currently, novel dosimetric models are 
being developed to relate incident to induced 
EMF (Djafarzadeh et al., 2009) or to relate 
SAR-compliance test data measured in homo-
geneous media to SAR in specific anatomical 
regions of the human brain (Gosselin et al., 
2011). By expressing exposure directly in terms 
of induced EMF or SAR in specific regions, the 
combination of multiple sources also becomes 
straightforward. Also, it allows a direct assess-
ment of different source contributions according 
to geographical location or usage.

Variations due to geographical location in the 
far-field of transmitters should only be addressed 
with validated propagation models (e.g. Andersen 
et al., 2007; Frei et al., 2009a), and not with, 
e.g. simplistic distance metrics. For near-field 
exposure, e.g. from mobile phones, the orienta-
tion of the source with respect to the body is rela-
tively well defined; however, due to the output 
power control of modern mobile devices, there 
can be large variation in exposure depending 
on geographical location (more than twofold) 
and, even more importantly, the communica-
tion system (a factor of 100 or more). The assess-
ment of these variations is typically addressed 
in terms of measurements in situ (Wiart et al., 
2000; Kühn, 2009; Kelsh et al., 2010).

(c) Measurement of the very close near field 
below 10 MHz

The assessment of human exposure at 
frequencies between 30 MHz and 6 GHz is 
well established. International standards and 
national guidelines provide detailed assessment 
methods that are well specified with relatively 
low uncertainty. The measurement of incident 
fields at frequencies below 10 MHz is also well 
established. However, there is comparatively 
little research on the measurement of induced 
fields at frequencies below 10 MHz. The problems 
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associated with induced-field measurement at 
frequencies below 10 MHz include:

• Strong spatial non-uniformity of the 
fields, requiring high resolution of 
measurements;

• Strong temporal variation in the fields, 
especially from signals with transients, 
requiring equipment to have a large oper-
ating bandwidth;

• Field values measured very close to the 
source greatly overestimate the induced 
values, i.e. compliance often needs to 
be demonstrated by assessment of the 
induced fields;

• High variation in the permittivity and 
conductivity of tissues, making human 
modelling (e.g. development of phan-
toms) difficult;

• Practical limitations in the use of time-
domain numerical electromagnetic solv-
ers at low frequencies, resulting in slow 
convergence; and

• Limitations in the applicability of cer-
tain frequency-domain numerical 
electromagnetic solvers (e.g. electro-
quasistatic solvers) due to assumptions 
and approximations.

(d) Measurement of signals with complex 
modulations

Today, most broadband field probes, as well 
as personal exposure meters, are calibrated with 
narrow-band (single-frequency) continuous 
wave signals. However, the measured signals 
differ greatly from continuous wave signals in 
terms of variation in time-domain amplitude 
and signal bandwith. Variation in the time-
domain amplitude of modern communication 
signals (peak-to-average power ratio [PAPR] of 
up to 14) places great demands on the linearity 
of the detectors in broadband probes and expo-
sure meters, and in spectrum analysers. These 
requirements are often not fulfilled for the 
detectors and filters in traditional field probes 

and exposure meters, such that these respond 
differently when comparing continuous wave 
and waveforms applying modern modulation 
schemes. For compliance testing, field probes 
can be calibrated with the actual test signals. 
For measurements in situ, e.g. with exposure 
meters, such a calibration is not straightforward 
since the real-life communication-signal char-
acteristics might not always remain constant 
during measurement. Care should be taken also 
when using narrow-band receivers, i.e. spectrum 
analysers, when measuring complex-modulation 
waveforms. Also, these receivers require modu-
lation-specific measurement settings, e.g. filter, 
detector, resolution bandwidth, sweep time etc. 
to perform field measurements with reasonably 
small uncertainties (Joseph et al., 2002, 2008; 
Olivier & Martens, 2005, 2006).

1.5 Interaction of RF-EMF with 
biological systems

Although numerous experimental studies 
have been published on the non-thermal 
biological effects of RF-EMF, multiple computa-
tional analyses based on biophysical and thermo-
dynamic considerations have concluded that it is 
theoretically implausible for physiological effects 
(except for reactions mediated by free radical 
pairs) to be induced at exposure intensities that 
do not cause an increase in tissue temperature 
(Foster, 2000; Adair, 2002, 2003; Sheppard et al., 
2008).

RF electromagnetic radiation is classed as 
non-ionizing radiation as it comprises photons 
that do not have sufficient energy to break chem-
ical bonds or ionize biological molecules (Stuchly, 
1979). The energy of a photon of an electromag-
netic wave is given by E = hf, where h is Planck’s 
constant (6.626 × 10-34 J•s or 4.136 × 10-15 eV•s) 
and f is frequency, thus the energy of a photon 
in the RF spectrum varies from approximately 
4.1 × 10-6 eV (6.6 × 10-25 J) at 1 GHz to 1.2 × 10-3 eV 
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(2.0  ×  10-22 J) at 300 GHz. This is thus far less 
than the minimum amount of energy needed 
to ionize organic materials or metals, which is 
approximately 5–10 eV.

When a biological body (animal or human) 
or tissue is exposed to an RF-EMF, the RF energy 
is scattered and attenuated as it penetrates body 
tissues. Energy absorption is largely a function of 
the radiation frequency and the composition of 
the exposed tissue. Because of the high dielectric 
constant of water, the water content of the tissue 
determines to a large extent the penetration of 
a frequency-specified electromagnetic wave. The 
rate of energy absorbed by or deposited per unit 
mass per unit time is the specific absorption rate 
(SAR); this value is proportional to the root-
mean-square (rms) of the induced electrical field 
strength [E]2 and to the electrical conductivity 
(σ) of the tissue per tissue density (ρ):

SAR = [E]2 • σ/ρ 

The SAR expressed in units of watts per 
kilogram (or mW/g) can also be estimated from 
measurements of the rise in temperature caused 
by RF-energy absorption in tissue:

SAR = Cp • δT/δt 

where Cp is the specific heat of the tissue or 
medium, δT/δt is the initial rise in temperature 
over time. Values for the dielectric constant and 
conductivity vary substantially over the RF range 
(30 MHz to 300 GHz).

To cause a biological response, the EMF must 
penetrate the exposed biological system and 
induce internal EMFs. RF-energy absorption 
depends on incident field parameters (frequency, 
intensity, polarization), zone of exposure (near 
field or far field), characteristics of the exposed 
object (size, geometry, dielectric permittivity and 
electric conductivity), and absorption or scat-
tering effects of objects near the exposed body 
(Stuchly, 1979).

Based on the relationship between wave-
length (λ) and frequency

c = f•λ 

where c is the speed of light (3 × 108 m/s), it 
is obvious that the wavelength of RF radiation 
varies substantially between 30 kHz (10 km) and 
300 GHz (0.1 cm). At the frequencies used for 
mobile phones (approximately 1–2 GHz), the 
corresponding wavelengths are 30 and 15 cm. 
Considering that near-field exposures occur 
at distances from a radiating antenna within 
approximately one wavelength of the radi-
ated EMF and that far-field exposures occur at 
distances that exceed one wavelength of the radi-
ated EMF, it is clear that reactive near-field and 
far-field exposures may occur, depending on the 
frequency of the incident field and the distance of 
the exposed person from the radiating antenna. 
Both near-field and far-field exposures can occur 
with the use of wireless telecommunication 
devices. In the near-field region, the electric and 
magnetic fields are decoupled and not uniform, 
wave impedance varies from point to point, 
power is transferred back and forth between the 
antenna and the surrounding object, and the 
energy distribution is a function of both the inci-
dent angle and distance from the antenna (Lin, 
2007). Because the electric and magnetic fields 
are decoupled in the near field, the induced field 
can be obtained by combining the independent 
strengths of the electric and magnetic fields, i.e. 
the electric and the magnetically induced electric 
fields inside the body (Lin, 2007).

1.5.1 Thermal effects

The most recognized effect of RF radiation in 
biological systems is tissue heating. The absorp-
tion of RF-EMF energy by biological systems 
generates an oscillating current that is transferred 
into molecular motion of charged particles and 
water molecules, which are strongly dipolar and 
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are the major component of biological tissues. 
Polar molecules move to align themselves with 
the EMF to minimize the potential energy of 
the dipoles. Absorption and resonant oscilla-
tions in polar subgroups of macromolecules (e.g. 
proteins, DNA) are largely damped by collisions 
with surrounding water molecules. Damping 
or friction slows the motion of the oscillator. 
These collisions disperse the energy of the RF 
signal into random molecular motion. Tissue 
heating occurs because the rotational motion of 
molecular dipoles is hindered by the viscosity 
of water and interactions with other molecules, 
i.e. the rotational energy is transferred to the 
surrounding aqueous environment as heat. The 
magnitude of motion that results from the inter-
action of polar substances with electric fields is 
dependent on the strength and frequency of the 
field. In addition, the actual increase in tempera-
ture is dependent on the ability of the organism 
to thermoregulate. At high frequencies where the 
orientation of dipoles cannot keep up with the 
oscillations of the field, the system behaves like a 
non-polar substance (Stuchly, 1979).

As electrical fields penetrate complex biolog-
ical tissues, the electric field is reduced as a result 
of dielectric constituents becoming polarized in 
response to the field. Standards for RF exposure 
of workers and the general population are based 
on protection against adverse effects that might 
occur due to increases in tissue or body temper-
ature of 1 °C (wbSAR, ~4 W/kg) or less (after 
applying safety factors). Because RF-energy 
penetration and induced effects are dependent 
on the frequency of incident-field parameters 
and the composition of exposed tissues, quan-
tifying SARs in small averaging regions is more 
relevant for evaluations of human health effects. 
Estimates of SARs in the head of individuals 
exposed to RF radiation during use of mobile 
phones that operate at a power output of 0.25 W 
indicate that the emitted energy would cause a 
rise in brain temperature of approximately 0.1 °C 
(Van Leeuwen et al., 1999; Wainwright, 2000); 

therefore, it has been suggested it is unlikely that 
effects in the brain would be caused by increases 
in temperature (Repacholi, 2001). However, it is 
possible that temperature-sensitive molecular 
and physiological effects occur already with an 
increase of the temperature of ≤  0.1 °C, while 
temperature changes approaching 1 °C are likely 
to affect several biological processes (Foster & 
Glaser, 2007).

Rates of temperature increase may be impor-
tant in affecting a physiological change. Indeed, 
microwave-induced heating has been attributed 
to a rapid rate of heating 1–10 °C/s, which leads 
to acoustic waves due to expansion of tissue 
water. This auditory effect associated with brief 
pulses (1–10 μs) at frequencies of 1–10 GHz and 
peak power-densities of ~104 W/m2 (103 mW/cm2) 
occurs with only small increases in temperature 
in the head (Foster & Glaser, 2007). Low levels 
of exposure to RF radiation may result in small 
temperature changes that cause conformational 
changes in temperature-sensitive proteins and 
induce the expression of heat-shock proteins; 
studies on the effects of low intensity RF-EMF 
exposures on temperature changes and expres-
sion of heat-shock proteins are described in 
Section 4 of this Monograph.

1.5.2 Physiological effects

Non-thermal effects (or effects associated 
with a negligible increase in temperature) are 
defined as biological changes that occur with body 
temperature changes that are < 1 °C, below meas-
urable heating, or in the range of thermal noise. 
Several arguments have been presented against 
the plausibility of a non-thermal mechanism by 
which RF radiation could affect physiological 
changes; these include: (a) damping effects of the 
water surrounding biological structures are too 
strong to allow resonances to exist at radiofre-
quencies (Adair, 2002); (b) the relaxation time – 
the time for a molecule to return from an excited 
state to equilibrium – for excitations produced 
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by RF fields (e.g. vibrations in molecules), is 
similar to the relaxation time for thermal noise, 
and shorter than the lifetime of the absorption 
and transfer of energy into resonant modes of 
oscillating elements in biological systems (Adair, 
2003); and (c) the perturbation of the biological 
structure induced by the applied field must be 
greater than the effects of random thermal 
motion and the effects of other dissipative forces, 
such as viscous damping by the surrounding 
medium (Foster, 2000). Random thermal motion 
of charged components in biological systems (i.e. 
thermal noise) creates random fluctuating EMFs. 
Adair (2003) has concluded that it is unlikely that 
RF radiation with a power density of less than 
10 mW/cm2 (100 W/m2) could have a significant 
effect on biological processes by non-thermal 
mechanisms.

Sheppard et al. (2008) have evaluated several 
potential mechanisms of interaction of RF radi-
ation with biological systems and concluded 
that, other than heating and possible effects 
on reactions mediated by free radical pairs, RF 
field strengths in excess of system noise (colli-
sions among various molecular oscillators 
generated largely by thermal agitation) could 
not alter physio logical activities without also 
causing detectable tissue heating. Some mecha-
nistic considerations addressed by these authors 
include:

• Endogenous electric fields involved in 
physiological processes (e.g. embry-
onic development, wound healing, and 
neuronal activity) have strengths in the 
range 1–200 V/m. While neuronal circuit 
oscillations were affected in vitro by 
extremely low-frequency electric fields, 
no mechanisms for inducing changes in 
cell-membrane potential at frequencies 
above ~10 MHz have been demonstrated. 
Furthermore, the net field effect on such 
a biological system would be the sum of 
the endogenous and applied fields. Thus, 
to alter a biological response such as ion 

transport through a membrane channel, 
the amplitude of the external signal would 
need to be of the same order of magni-
tude as the endogenous field (Adair, 2003; 
Sheppard et al., 2008).

• Specialized sensory systems may be capable 
of detecting weak EMFs by integrating 
signals from numerous sensors over space 
and time. While specific sensory systems 
have been shown to exist for low-frequency, 
infrared and visible radiation, there is no 
evidence for the existence of RF-sensitive 
receptors in biological systems (Sheppard 
et al., 2008). However, some sensory sys-
tems may respond to very small increases 
in temperature (< 0.1 °C).

• Effects of weak RF fields that do not cause 
heating would be likely to require fre-
quency-dependent resonant absorption 
or multiple-photon absorption to induce 
an amplified signal strong enough to over-
come intrinsic molecular noise (Sheppard 
et al., 2008). This is because the photon 
energy of RF radiation is much smaller 
than thermal energy at body temperature 
(k•T, where k is the Boltzmann constant, 
1.38 × 10-23 J/K (8.62 × 10-5 eV/K), and T is 
the absolute temperature), i.e. 27 × 10-3 eV 
per oscillating mode at body tempera-
ture. However, biological systems appear 
to absorb RF signals like a broadband 
receiver rather than eliciting line spec-
tra characteristic of resonant vibrational 
motion (Prohofsky, 2004; Sheppard 
et al., 2008). In addition, RF electric field 
strengths of up to 200 V/m cannot transfer 
sufficient energy to organelles or biologi-
cal molecules to alter biological activities 
or affect thermal noise (kT) fluctuations, 
such as the opening of voltage-gated ion 
channels, spatial arrangements of mem-
brane-associated ions, collision rates of 
charged ligands with proteins, or enzyme 
reaction kinetics (Adair, 2002, 2003; 
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Sheppard et al., 2008). Adair (2002) sug-
gested that, while coupling of RF-EMF to 
biological systems may exhibit resonance 
behaviour, damping of the vibrational 
motion by interactions with the aqueous 
environment prevents the absorption of 
sufficient energy to induce a biological 
effect. To significantly affect a biological 
system, the response from the RF signal 
must be comparable to the effect of ther-
mal noise (Adair, 2003).

• RF-EMF may be directed to specific sites 
of a biological structure, leading to local 
areas of enhanced field strength. However, 
the smallest focal spot of concentrated 
energy would have a radius of the order of 
a wavelength, which is much larger than 
most cells (e.g. at 300 GHz, λ = 1000 μm). 
Thus, on a cellular basis, RF-energy 
absorption is very small. Fröhlich (1968) 
has suggested that incident RF energy may 
be captured by a large group of oscillating 
dipoles and integrated into a single mode 
of coherent vibrational energy. For this to 
occur and produce a coherent response, 
Sheppard et al. (2008) suggested that the 
energy stored in the coupled oscillators 
would need to be comparable to thermal 
energy and protected from damping by 
water or other molecules. In addition, 
energy and thermal diffusion prevent the 
formation of significant temperature dif-
ferences at the cellular and sub cellular 
levels.

• In order for RF electric fields to induce small 
changes in protein structure that would 
affect binding of substrates or ligands to 
enzymes or receptor proteins, extremely 
high field strengths would be required 
(~109 V/m) (Sheppard et al., 2008).

Since living systems are not in thermal equi-
librium, mechanistic theories on inter actions 
between RF-EMF and biological tissues must 
consider the non-equilibrium and nonlinearity 

of these systems. Binhi & Rubin (2007) suggest 
that biochemical effects may be induced by 
weak EMFs in targeted systems that are in non-
equilibrium states in which the time to transition 
from an intermediate metastable state to a final 
active or inactive state may be less than the ther-
malization time of the induced field.

Prohofsky (2004) has suggested that protein 
conformation might be affected by RF radiation 
if amplitudes of specific vibrational modes were 
altered. However, only intermolecular vibrational 
modes of proteins and the surrounding tissue 
are possible at RF frequencies, because high-
frequency intramolecular resonant vibrational 
modes exist above several hundred GHz. Further, 
this author concluded that the biological effects 
of RF radiation in macromolecules (proteins and 
DNA) can only be due to temperature changes, 
because the absorbed energy associated with 
intermolecular vibrations is rapidly thermalized; 
the relaxation time for coupling RF waves to 
surrounding water (i.e. damping) is faster than 
the speed with which it can be transferred to 
intramolecular resonant modes. A non-thermal 
effect might exist if there were a very strong 
energy coupling between the inter molecular 
and intramolecular modes. Exceptions to the 
above-mentioned considerations are proteins 
such as myoglobin or haemoglobin, in which the 
haem group can oscillate in the protein pocket at 
lower frequencies (184 GHz is the lowest mode in 
myoglobin) (Prohofsky, 2004).

Any theories on the potential effects on 
biological systems of RF energy at low field 
strengths must account for the facts that biolog-
ical systems do not exist at equilibrium, that the 
dynamic nature of these systems is controlled by 
enzyme-mediated reactions, and that primary 
effects may be amplified by nonlinear biological 
processes (Georgiou, 2010). The reproducibility 
of reported effects may be influenced by exposure 
characteristics (including SAR or power density, 
duration of exposure, carrier frequency, type 
of modulation, polarization, continuous versus 
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intermittent exposures, pulsed-field variables, 
and background electromagnetic environment), 
biological parameters (including cell type, growth 
phase, cell density, sex, and age) and environ-
mental conditions (including culture medium, 
aeration, and antioxidant levels) (Belyaev, 2010).

A biophysical theory on how low-intensity 
RF-EMF exposures might affect physiological 
functions involves the alteration of ligand 
binding to hydrophobic sites in receptor proteins 
(Chiabrera et al., 2000). Collisions of the ligand ion 
in the hydrophobic region of the receptor protein 
result in loss of its vibrational energy. In order for 
RF exposures to affect the binding probability of 
an ion ligand with a membrane protein receptor, 
basal metabolic energy would have to amplify 
the effect of the RF field by maintaining the cell 
in thermodynamic non-equilibrium. Otherwise, 
the low-intensity exposure would be negligible 
compared with thermal noise. Other elements of 
this model that were used to evaluate the effects of 
low-intensity RF exposures on ligand binding are 
the extremely fast (“instantaneous”) rearrange-
ment of atoms in the hydrophobic core of protein 
by the ligand ion, the fact that the endogenous 
field at the protein boundaries is large enough to 
exclude water molecules from the hydrophobic 
core, and that the ion-collision frequency near 
the hydrophobic binding site is much less than 
it is in water. The authors of this study noted 
that thermal noise must be taken into account 
when evaluating potential biological effects of RF 
exposures (Chiabrera et al., 2000).

Demodulation of pulsed RF signals (e.g. GSM 
pulsed at 217 Hz) might produce low-frequency 
electric fields (Challis, 2005). To confirm a 
biological effect from a low-frequency, ampli-
tude-modulated RF signal, a nonlinear response 
in the biological sample would be expected 
(Balzano & Sheppard, 2003). Except for the case 
of an incident flux of RF energy at extremely high 
field-strength pulses that causes mechanical 
vibrations, most oscillators in a biological system 
respond linearly to the incident low-energy 

photons in the RF spectrum; the dispersion of RF 
energy into random molecular motion energy 
occurs without generating harmonics of the inci-
dent signal in the energy spectrum of re-radiated 
photons by the exposed material. However, the 
authors of this study considered the possibility 
that demodulation of high-frequency incident 
RF signals might produce nonlinear interactions 
with biochemically induced transient oscillators 
in living tissues (e.g. uncoupled electrons of free 
radicals) by extracting low-energy signals. If this 
occurred, then the spectrum of RF-emission 
energy emitted from the exposed tissue would 
be altered, producing a second harmonic that 
would show up as a spectral line at twice the 
frequency of the incident signal (Balzano & 
Sheppard, 2003). Sensitive, frequency-selective 
instruments are available to detect the pres-
ence of frequency-doubling signals produced 
by nonlinear inter actions between amplitude-
modulated RF signals and molecular oscillators 
vibrating in unison in living cells (Balzano, 2003). 
Exposure of several different types of cell and 
tissue to continuous wave fields (input powers of 
0.1 or 1 mW) in a double-resonant cavity at the 
resonant frequency of the loaded cavity for each 
sample (~880–890 MHz) did not emit second 
harmonic signals at twice the frequency of the 
incident signal (Kowalczuk et al., 2010). SAR 
values were approximately 11 mW/g for cells and 
2.5 mW/g for tissues exposed to 1 mW RF fields. 
Although these results were inconsistent with 
the hypothesis that living cells can act as effec-
tive radio receivers and demodulate RF energy, 
a second harmonic response may be elicited by 
much more intense continuous waves (which 
would be likely to cause rapid heating) or very 
short-pulsed RF signals (Kowalczuk et al., 2010). 
Sheppard et al. (2008) concluded that it is unlikely 
that modulated RF fields significantly affect 
physiological activities of membranes, because 
non-thermal stimulation of cell membranes has 
not been observed above approximately 10 MHz 
and the voltage across a cell membrane from an 
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amplitude-modulated RF electric field of 100 V/m 
is much lower than the low-frequency voltage 
noise associated with membrane voltage fluctua-
tions. Much higher incident field strengths, at 
levels that would cause significant tissue heating, 
would be needed to create electric fields compa-
rable with endogenous fields.

Lipid–protein complexes appear to be more 
sensitive to perturbations from RF radiation 
at membrane phase-transition temperatures 
(Liburdy & Penn, 1984; Allis & Sinha-Robinson, 
1987). Blackman et al. (1989) suggested that 
the chick brain surface is also poised at a phase 
transition at physiological temperatures, and 
the long-range order that occurs in such a state 
would minimize the thermal noise limitations 
calculated for single-phase systems on signal 
detection of weak RF radiation. Consistent 
with this hypothesis, Blackman et al. (1991) 
observed that RF radiation-induced calcium-ion 
efflux-changes occurred only within the narrow 
temperature range of 36–37 °C.

The aggregation of dielectric objects by 
attractive forces between them is referred to as 
the pearl-chain effect (Challis, 2005). RF fields of 
about 125 V/m and at frequencies of up to about 
100 MHz can produce oscillating fields in cells 
that enhance their attraction. At higher frequen-
cies the induced dipoles might not have sufficient 
time to reverse direction and, therefore, stronger 
fields would be needed to produce the same 
attractive energy.

Electroporation is a process by which short 
pulses (~100 μs) of strong electric fields (e.g. 
10–100 kV/m) are applied to cell membranes 
to induce transient pores that allow uptake of 
drugs, DNA, or other membrane-impermeable 
substances (Foster, 2000; Sheppard et al., 2008). 
These changes occur without causing significant 
tissue heating or thermal damage.

1.5.3 Magnetic-field effects

Low-frequency magnetic fields might produce 
biological effects if they induce ferromagnetic 
resonance in tissues that contain high concentra-
tions of iron particles (magnetite) (Challis, 2005).

Free radicals, which are highly reactive mole-
cules or ions with unpaired electrons, are formed 
when radical pairs dissociate. By altering the 
recombination of short-lived radical pairs with 
antiparallel spins, low-intensity magnetic fields 
may increase the concentration of free radicals 
(Challis, 2005; Georgiou, 2010). The expected 
increase in radical concentration is 30% or less 
(Timmel et al., 1998). The extent to which this 
increase can produce oxidative stress-induced 
tissue damage (e.g. membrane-lipid peroxidation 
or DNA damage) is not known. Furthermore, 
radicals are also a part of normal cellular physi-
ology, being involved in intracellular signal 
transduction (Finkel, 2003). Therefore, even 
small effects on radical concentration could 
potentially affect multiple biological functions. 
By prolonging the lifetime of free radicals, RF 
fields can increase the probability of free-radical-
induced biological damage. To affect DNA 
recombination and thus the repair of damage 
caused by radicals, external magnetic fields must 
act over the times that the radical pairs dissociate 
(> 10-9 s); hence, Adair (2003) concludes that the 
effect of RF fields on free-radical concentrations 
would likely be limited to about 10 MHz or less. 
Resonance phenomena occur below 10 MHz, and 
may result in biological effects from low-level RF 
fields at about 1 MHz (Henbest et al., 2004; Ritz 
et al., 2009).

Georgiou (2010) cited several studies that 
provide evidence for the induction of oxidative 
stress via the free-radical pair mechanism in 
biological systems exposed to RF radiation; some 
of the reported effects include increased produc-
tion of reactive oxygen species, enhancement of 
oxidative stress-related metabolic processes, an 
increase in DNA single-strand breaks, increased 
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lipid peroxidation, and alterations in the activi-
ties of enzymes associated with antioxidative 
defence. Furthermore, many of the changes 
observed in RF-exposed cells were prevented by 
(pre)treatment with antioxidants.

1.5.4 Conclusion

In conclusion, tissue heating is the best-
established mechanism for RF radiation-induced 
effects in biological systems. However, there are 
also numerous reports of specific biological 
effects from modulated RF-EMF, particularly 
low-frequency modulated fields (see Section 4). 
Mechanistic studies will be needed to deter-
mine how effects that are reproducible might 
be occurring, e.g. via the induction of reactive 
oxygen species, induction of ferromagnetic 
resonance, demodulation of pulsed RF signals, 
or alteration of ligand binding to hydrophobic 
sites in receptor proteins. Although it has been 
argued that RF radiation cannot induce physi-
ological effects at exposure intensities that do 
not cause an increase in tissue temperature, it 
is likely that not all mechanisms of interaction 
between weak RF-EMF (with the various signal 
modulations used in wireless communications) 
and biological structures have been discovered 
or fully characterized. Biological systems are 
complex and factors such as metabolic activity, 
growth phase, cell density, and antioxidant level 
might alter the potential effects of RF radia-
tion. Alternative mechanisms will need to be 
considered and explored to explain consistently 
observed RF-dependent changes in controlled 
studies of biological exposure (see Section 4 for 
examples of reported biological effects). While the 
debate continues on whether or not non-thermal 
biological effects occur as a result of exposures to 
low-intensity RF radiation, it may be difficult to 
specify observed effects as non-thermal because 
of the high sensitivities of certain physiological 
responses to small increases in temperature.

1.6 Exposure to RF radiation

Exposure of workers and the general commu-
nity to RF radiation can occur from many 
different sources and in a wide variety of circum-
stances. These exposures can be grouped into 
three major categories: personal, occupational 
and environmental.

1.6.1 Personal exposure

The general community can come into contact 
with several potentially important sources of RF 
radiation as part of their personal life, involving 
some degree of choice, including use of a mobile 
phone, other communication technologies, or 
household devices (see Section 1.2).

(a) Mobile phones

(i) Increase in mobile-phone subscriptions
Analogue mobile phones were first introduced 

around 1980 and GSM phones in the mid-1990s. 
Over the past two decades, the number of people 
owning a mobile phone has increased rapidly 
around the world. For example, the number of 
mobile-phone subscribers in the USA has risen 
from 0.34 million in 1985 to 109 million in 2000, 
and 263 million in 2008 (InfoPlease, 2011). WHO 
has estimated that at the end of 2009 there were 
4.6 billion mobile-phone subscriptions globally 
(WHO, 2010b). Fig 1.17 illustrates the rapid rise 
in mobile-phone subscriptions compared with 
other types of phone and Internet usage over 
the past decade, although it should be noted that 
the number of subscriptions does not equate to 
number of users, as some people have more than 
one subscription and a single subscription can be 
used by more than one person.

This rapid increase in mobile-phone use is 
not just restricted to the industrialized coun-
tries. Fig  1.17 shows the increase in mobile-
phone subscriptions from 2000 to 2007 in high-, 
middle- and low-income countries (World Bank, 
2009). While industrialized countries continue to 
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Fig. 1.17 Mobile-phone subscriptions per 100 people in high-, middle-, and low-income countries, 
2000 and 2007
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have the highest number of subscriptions per 100 
people, the percentage increase over this time has 
been much greater in low- and middle-income 
countries. In low-income countries, subscription 
rates in 2000 were negligible, but in 2007 they 
were 25% of the rate in high-income countries, 
while in middle-income countries the rise was 
from about 10 to 50 subscriptions per 100 people, 
to reach about 50% of the rate in high-income 
countries in 2007.

There have also been considerable changes 
in the types of mobile phone used over the past 
10 years, which has important implications for 
RF exposure of the user (see Section 1.2). Earlier 
mobile phones used analogue technology, which 
emitted waves of 450–900 MHz. Digital phones, 
with RF frequencies of up to 2200 MHz, were 
introduced in the mid-1990s and by the year 
2000 had almost completely replaced analogue 
phones. The largest growth in recent years has 
been for smartphones, which allow the user 
access to a wide range of non-voice data appli-
cations (taking photographs, Internet access, 
playing games, music, and recording videos). 
In the USA, 18% of phones in 2010 were smart-
phones, up from 13% in 2008 (Nielsen, 2010).

(ii) Mobile-phone use among children
Within the increasing subscription figures, 

there have been questions raised about increasing 
use of mobile phones by children. As was seen in 
Section 1.3, published dosimetry studies using 
phantom heads have found that RF absorption 
can be higher in children than in adults, due 
to anatomical and physiological differences. 
A recent study used a modified version of the 
Interphone questionnaire in 317 children in 
secondary school (median age, 13 years) in one 
state of Australia, and found that 80% used a 
mobile phone (Redmayne et al., 2010). Data on 
national use of mobile phones in 2009, collected 
by the Australian Bureau of Statistics (ABS), has 
shown that 31% of Australian children had a 
mobile phone, with the highest ownership being 

in the age group 12–14 years (76%) (ABS, 2009). 
Similar rates of mobile-phone use by children 
were found in three major cities in Hungary in 
2005, where 76% of children in secondary school 
owned a mobile phone, 24% used a mobile phone 
daily to make calls, and an additional 33% used 
mobile phones to make calls calls at least several 
times per week (Mezei et al., 2007).

While the increase in mobile-phone subscrip-
tions over the past 15 years is well documented, 
less is known about changes in call frequency 
and duration over that time. One study in 
Finland found that the median duration of calls 
per month was 186 minutes in 2007, increasing to 
221 minutes in 2009, while the average monthly 
number of calls increased slightly from 52 to 57 
calls (Heinävaara et al., 2011). The daily local RF 
exposure of the general public has increased by 
several orders of magnitude with the introduc-
tion and proliferation of mobile handsets. This 
has triggered concern among health agencies 
and the public, since the tissue with the highest 
exposure is the brain. Figs 1.18 and 1.19 display 
the frequency of worst-case SAR from mobile 
phones, measured according to IEEE (2003) and 
CENELEC (2001) guidelines.

Fig.  1.18 represents the typical SAR values 
for Europe (mean psSAR-10 g, 0.74) and Fig. 1.19 
for North America (mean psSAR-1 g, 0.96). The 
different averaging masses are due to different 
legal regulations in Europe and the USA. These 
values are a considerable percentage of the 
limit values (see Section 1.7). A recent statis-
tical analysis of the SAR database of the Federal 
Communications Commission (FCC) found 
that the SAR values of newer phones are typi-
cally lower than those of older phones, despite 
the greatly reduced size (see Section 1.3).

(iii) Exposure metrics for epidemiological studies
To develop suitable exposure metrics for use 

in epidemiological studies on RF exposure from 
mobile phones and health effects such as cancer, 
there is a need to access technical data such as 
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the generation of phone, frequency, modulation 
and network-related factors that might influence 
the output power of the phone, as well as reliable 
information about the pattern of mobile-phone 
use from each subject. This includes such varia-
bles as reported number of calls, duration of calls 
and laterality, i.e. the side of the head on which 
the phone is most often placed by the subject 
when talking on the phone.

As exposure data related to mobile-phone 
use are usually collected from the subjects 
themselves, several studies have been conducted 
to test the validity of this type of self-reported 
information. Several methods are available 
to validate self-report, including telephone-
company records, software-modified phones 

and hardware-modified phones (Inyang et al., 
2008). A study of 59 children in the seventh year 
of school (age 11–12 years) in Australia used 
GSM-type software-modified phones to record 
exposure details (e.g. number and duration of 
calls) to validate questionnaire data on mobile-
phone use. This study found a modest correla-
tion of 0.3 for recall of number of calls, but 
almost no correlation (0.1) for duration (Inyang 
et al., 2009). There was little difference with the 
main findings for different demographic groups, 
although for some subgroups, numbers were 
small. This study was carried out over one week 
and a possible explanation of the poor correla-
tions is that the change in phone type imposed by 
the study protocol (from 3G to GSM) may have 
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Fig. 1.18 Statistical distribution of maximum psSAR-10 g measured for 668 mobile phones, 
according to standard EN50361 (CENELEC, 2001)
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resulted in a change in phone-use behaviour for 
many of the children.

Another potential problem is differential 
recall of mobile-phone use in case–control 
studies. In the CEFALO case–control study of 
brain tumours in adolescents, a validation study 
was undertaken to estimate the effect of both 
random and systematic errors in 59 cases (26% 
of all cases who owned a mobile phone) and 91 
controls (22% of all controls who owned a mobile 
phone) for whom phone-use data were available 

from the mobile-phone provider (Aydin et al., 
2011). The study found that cases overestimated 
their number of calls by 9% on average, and 
controls overestimated by 34% on average. Cases 
also overestimated the duration of their calls by 
52% on average, while controls overestimated by 
a much greater 163%, suggesting that duration-
of-call data from self-reports are less reliable 
and may be more prone to recall bias than self-
reports of number of calls in studies of cancer in 
children.
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Fig. 1.19 Statistical distribution of maximum psSAR-1 g measured for 687 mobile phones, 
according to standard IEEE-1528 (CENELEC, 2001)
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Such differential reporting between cases and 
controls was not such a problem in two valida-
tion studies undertaken as part of the Interphone 
case–control study of brain tumours in adults. 
A 6-month volunteer study used the Interphone 
questionnaire and either phone records or 
software-modified phones in 11 countries and 
found that, although there was considerable 
random error, there was fair to moderate agree-
ment for both number and duration of calls, 
with weighted kappas ranging from 0.20 to 0.60 
(Vrijheid et al., 2006). In addition, there was 
some systematic error, as heavy users tended to 
overestimate their use, while lighter users tended 
to underestimate theirs. There was also some 
heterogeneity between countries. A subsequent 
validation study among subjects from five coun-
tries in the Interphone study compared reported 
mobile-phone use against phone records over 
an average of two years. This substudy found 
that the extent of underreporting of number of 
calls (0.8) and of over-reporting of call dura-
tion (1.4) was similar in each group. Differential 
recall was greater with longer periods of recall, 
although numbers were small for the group with 
longest recall period (Vrijheid et al., 2009b). 
More recently, a pilot study in Finland for the 
prospective cohort study of mobile-phone users 
(COSMOS study) validated reported phone use 
against phone-company records for 418 subjects 
who had a single operator (Heinävaara et al., 
2011). The authors found that overestimation of 
reported mobile-phone use was common and 
there was moderate agreement (kappa  =  0.60) 
for monthly average duration of calls, although 
there was more overestimation and less agree-
ment as the call duration increased. A further 
small validation study in 60 engineers and scien-
tists, who are not representative of the wider 
community, used mobile-phone records to vali-
date self-reporting and found similar agreement; 
the conclusion was, that reporting monthly use 
was more reliable than weekly or daily use (Shum 
et al., 2011).

Laterality, i.e. against which ear the mobile 
phone is mainly held during calls, is another 
important factor that can influence estimations 
of exposure within the head. Laterality does not 
always coincide with the subject’s dominant 
hand and may be related to other activities, such 
as writing. A validation study of self-reported 
laterality with hardware-modified phones found 
that agreement between the information from 
these phones and self-reported laterality was 
modest, with a kappa of only 0.3 (Inyang et al., 
2010). Schüz (2009) demonstrated that laterality 
effects are similar across exposure categories and 
highlighted the problem of possible reporting 
bias. The Interphone study has addressed this 
problem in a sensitivity analysis, whereby 
different allocations of side-of-head were used; 
this caused only minor reductions in the odds 
ratios for the highest quintile of exposure, which 
suggests that the findings are not sensitive to 
errors in the recall of laterality of phone use 
(Cardis et al., 2011a).

Mobile phones are low-powered RF transmit-
ters, operating at frequencies between 450 and 
2700 MHz, with peak powers in the range of 0.1 
to 2 W, the power being highest during a call. 
The handset only transmits RF power when it is 
turned on, but the newer smartphones regularly 
give short bursts of power to check e-mails and 
other Internet services. One study has found that 
mobile-phone output power is usually higher 
in rural areas where base stations are further 
apart, whereas the other factors examined in the 
study (length of call, moving/stationary, indoor/
outdoor) were found to be of less importance 
as predictors of power output from the phone 
(Hillert et al., 2006).

Using a mobile phone in areas of good recep-
tion (such as in cities where mobile phone-base 
stations are close together) also decreases expo-
sure as it allows the phone to transmit at reduced 
power. Conversely, people using a phone in rural 
areas where mobile-phone reception is poorer 
may receive higher RF exposure. This was one 
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factor examined in a study of 512 subjects in 12 
countries who were asked to use GSM software-
modified phones; the study, monitored date, time 
and duration of each call, frequency band and 
power output for a month (Vrijheid et al., 2009a). 
The main predictors of power output were the 
study location, the network, and the duration of 
the call, with shorter calls being associated with 
higher power output. The measured power levels 
in GSM networks were substantially higher 
than the average levels theoretically achievable, 
which has important implications for estimating 
exposure in epidemiological studies. Rural loca-
tion was only a major factor in Sweden, where 
subjects were living in very sparsely populated 
areas; these results are consistent with those 
of an earlier paper from Lönn et al. (2004) in 
Sweden, who reported that the highest power 
level was used about 50% of the time in the rural 
areas, but only about 25% of the time in urban 
areas. This highlights the problem of identi-
fying genuinely sparsely populated rural areas 
where major differences in power output can 
be found. Another paper from the Interphone 
study reported an investigation of the effects of 
parameters that were thought to influence the 
level of RF SAR in the brain. Total cumulative 
specific energy was estimated, based on data 
collected during the Interphone study, to assess 
the relative importance of the different factors 
and these results were used to develop an algo-
rithm, which was tested on study subjects in five 
countries (Cardis et al., 2011b). This study found 
that the type of phone with the highest mean 
total specific cumulative energy (TSCE) was 
AMPS800 (5165 J/kg), followed by D-AMPS800 
(3946 J/kg), GSM800/900 (2452 J/kg), GSM1800 
(4675 J/kg), CDMA1900 (1855 J/kg), and 
CDMA800 (164 J/kg). The main determinants 
were communication system, frequency band, 
and number and duration of mobile-phone calls. 
The study also identified several uncertainties 
in relation to SAR estimation, including those 
related to spatial SAR distribution for each phone 

class, error in recall of phone use, and laterality 
and uncertainties about the most biologically 
relevant dose metric.

A study in the USA examined the impact 
of phone type and location by use of software-
modified phones driven over several pre-deter-
mined routes (Kelsh et al., 2010). This study found 
that RF levels were highest for the older analogue 
phones, intermediate for GSM and TDMA 
phones, and lowest for CDMA phones. The main 
predictors of RF level were phone technology 
and, to a lesser extent, degree of urbanization.

Patterns of personal mobile-phone use have 
been changing as technology has changed and 
this can have implications for the strength of the 
RF field experienced by the user. One impor-
tant development has been the introduction 
of the short message service (SMS), which was 
originally designed for GSM to allow sending 
non-voice text messages (Herring, 2004). SMS 
was first introduced in 1993, but use increased 
rapidly in the mid-2000s. Text messaging using 
SMS leads to lower RF exposure than voice calls 
in two ways: the phone is usually held at least 
30 cm from the body during the writing and 
sending of an SMS and the duration of power 
output is much shorter (about 11 seconds) than 
the duration of a voice call.

As with SMS, other mobile-phone commu-
nication innovations have been developed that 
result in lower potential for SAR exposure than 
voice calls. A person using a mobile phone at least 
30 cm away from the body, e.g. when accessing 
the Internet, with a hands-free device for voice 
calls or “push-to-talk” with the phone held in 
front of the head, will therefore have a much 
lower exposure to RF than someone holding the 
handset against the head during a voice call.

(b) DECT phones

Another important source of personal RF 
exposure is the home use of DECT phones, 
which have been replacing traditional handsets 
in the home. As the DECT base-station is within 
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the home and at most some tens of metres from 
the handset, the average power generated by the 
DECT phone is less than that of a mobile phone, 
where the base station may be up to some kilo-
metres away. However, the power output of a 
DECT base station in close proximity to a person 
may be comparable to that of a 3G phone, so 
proximity to a DECT phone base-station should 
be taken into account when estimating RF expo-
sure in epidemiological studies in which sizeable 
numbers of subjects have used 3G phones. 
A recent study of Australian schoolchildren 
found that 87% had a DECT phone at home, 
and although there was only a weak correlation 
(r  =  0.38) between mobile-phone and DECT-
phone use, this suggests that DECT-phone use 
needs to be considered in the assessment of RF 
exposure (Redmayne et al., 2010).

(c) Other communication technologies and 
domestic sources

The incident-field exposures from typical 
devices used in home and office environments 
have been assessed (Kühn et al., 2007a). The 
maximum E-field exposure values for different 
device categories are summarized in Table 1.13. 
The incident-field exposure from cellular base 
stations may be exceeded by the exposure from 
these devices due to the generally closer distances 
involved.

Additionally, an incident exposure of 1 V/m 
translates to a psSAR value in the brain that 
is approximately 10  000 times lower than the 
maximum exposure from a handset. Thus, hand-
sets are by far the most dominant source of RF 
exposure for the general population.

Within homes there are many other poten-
tial sources of RF exposure, including baby 
monitors, microwave ovens, Wi-Fi, Bluetooth, 
various types of radios and remote-controlled 
toys. A study of 226 households in lower Austria 
measured the peak power of emitted bursts of RF 
exposure from each of these types of devices in 
bedrooms, where the residents spend the most 

time in one position. The highest peak RF values 
were measured for mobile-phone and DECT 
base stations in the 2400-MHz band (Tomitsch 
et al., 2010).

1.6.2 Occupational exposure

There are many occupations involving poten-
tial sources of exposure to RF radiation in the 
workplace, the more important of which involve 
work with high-frequency dielectric heaters 
(PVC welding machines) and induction heaters, 
broadcast sources, high-power pulsed radars, 
and medical applications including MRI and 
diathermy.

(a) High-frequency dielectric heaters and 
induction heaters

High-frequency dielectric heaters (PVC 
welding machines) functioning at 27 MHz have 
traditionally involved the highest occupational 
exposures to RF (Allen, 1999). This is not a large 
sector of the industrial workforce, although it is 
estimated that there are about 1000–2000 PVC 
dielectric welders in Finland, which has a total 
population of about five million people. The 
whole-body average SAR for dielectric heater 
operators has been estimated to vary from 0.12 to 
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Table 1.13 Worst-case E field at distances of 
20 cm and 1 m from typical wireless indoor 
devices

Device class Frequency range 
(MHz)

Worst-case E field 
(V/m)

20 cm 1 m

Baby 
surveillance

40 – 863 8.5 3.2

DECT 1880 – 1900 11.5 2.9
WLAN 2400 – 2484 3.9 1.1
Bluetooth 2402 – 2480 3.1 1.0
PC peripherals 27 – 40 ≤ 1.5 ≤ 1.5
DECT, digital enhanced cordless telecommunications; PC, personal 
computer; WLAN, wireless local area network
Adapted from Kühn et al. (2007a)
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2 W/kg and it is not uncommon for these workers 
to report heating effects (Jokela & Puranen, 1999).

(b) Broadcasting sources

The rapid increase in mobile-phone use and 
other communication technologies worldwide 
has required increasing numbers of workers to 
undertake monitoring and maintenance. A study 
of exposure to RF radiation from two medium-
sized antenna towers in Finland was conducted to 
document worker exposure (Alanko & Hietanen, 
2007). These towers contained transmitting 
antennae of several different types, mobile-
phone networks (GSM900 and GSM1800), radio 
and digital television substations and other radio 
systems. Although the measured power density 
was quite variable, the maximum instantaneous 
power density at this site was 2.3 W/m2, which 
was recorded during maintenance tasks at the 
tower with the GSM1800 antennae. For the tower 
with both GSM900 and GSM1800 antennae, 
the maximum registered instantaneous power 
density inside the climbing space was 0.4 W/m2. 
[The Working Group agreed with the authors 
who concluded that exposures will depend on 
the different types of antennae located on the 
towers and that it is usually difficult to predict 
occupational RF exposures.]

The above approach to assess exposure is 
based on spot measurements and does not give 
an estimate of cumulative exposure over working 
time, which is the approach employed with other 
types of workplace hazards. Attempts have been 
made to employ this cumulative dose approach 
for exposure to RF radiation, but as there are 
usually many different sources of RF radiation 
present in a workplace, this is not straightfor-
ward. For example, such an approach was used 
to assess total exposure and estimate an annual 
dose on fast patrol boats in the Norwegian Navy, 
which carry high-frequency antennae and radar 
(Baste et al., 2010). This study found consider-
able variation in exposure at different points 
around the boats, the highest exposures and 

annual dose being found in the captain’s cabin. 
These estimates were done for three time periods 
(1950–79, 1980–94 and 1995+), and relied on 
recall of transmission characteristics over several 
decades. The estimated annual doses in the most 
recent period were about one third of those in the 
earliest period. The estimated annual doses for 
the period from 1995 and later ranged between 
4.3 and 51 kVh/m.

(c) Other potential sources of radiofrequency 
radiation in the workplace

Portable radios, short-wave and surgical 
diathermy are other potential sources of RF radi-
ation in the workplace, whereas base stations, 
microwave links and microwave ovens have been 
considered unlikely to give rise to substantial 
exposures (Allen, 1999). For example, a study of 
exposure to RF radiation in police officers oper-
ating speed guns (measurements made at the 
seated ocular and testicular positions) found that 
almost all of the 986 measurements made for 54 
radar units were below the detection limit, the 
highest power-density reading being 0.034 mW/
cm2 (Fink et al., 1999).

1.6.3 Environmental exposure

The most common sources of RF in the general 
environment are mobile-phone base stations, 
which tend to be operated at the lowest power 
possible for reasons of network efficiency (see 
Section 1.2; Allen, 1999). The level of RF exposure 
is usually poorly correlated with proximity to the 
antenna, although there is considerable variation 
in output power from site to site (Section 1.2). A 
study regarding indoor incident-field exposure 
from cellular base-station sites was conducted 
by Austrian Research Centers (ARCS) in the 
city of Salzburg, Austria (Coray et al., 2002). 
Table  1.14 shows two cumulative incident-field 
exposure values (sum of incident-field exposure 
from multiple transmitters at one site) measured 
at different distances from several base-station 
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sites. The values are between 0.1 and 1 V/m for 
distances of up to several hundreds of metres. 
Values greater than 1 V/m and up to 3.9 V/m were 
measured for distances of less than 86 m. These 
data also underline that the distance to the base 
station site has a poor correlation for the inci-
dent exposure. Similar results were reported in 
a study that also included outdoor measurement 
points and addressed the time dependence, i.e. 
traffic dependence of the exposure from cellular 
base stations. The results showed a substantial 
time dependence for base stations with multiple 
traffic channels. In these cases, clearly lower 
exposure can be expected at night and at week-
ends (Bornkessel et al., 2007).

In an attempt to measure typical exposure to 
RF radiation over a whole week, volunteers in a 
Swiss study were asked to wear an RF exposim-
eter and to complete an activity diary (Frei et al., 
2009b). The main contributions to exposure were 
found to come from mobile-phone base stations 
(32.0%), mobile-phone handsets (29.1%) and 
DECT phones (22.7%).

Breckenkamp et al. undertook a validation 
study of exposure to RF radiation in 1132 house-
holds in Germany located within 500 m of at least 
one mobile-phone base station (average number 
of base stations, 3.4; average number of antennae, 
17) (Breckenkamp et al., 2008). An exposure 
model was developed, based on 15 parameters 
related to the base station and the antennae, from 
the database of the federal network agency and 
information about the home from the residents 
and interviewer. Dosimetric measurements were 
undertaken in the bedroom of the home in 2006. 
There was considerable variability across cities 
(range of kappa values, 0.04–0.49), with higher 
kappa related to low-density housing with build-
ings comprising more than three floors. There 
was greater agreement for households located 
less than 300 m from the base stations and the 
authors concluded that the model was only useful 
where high-precision input data were available.

Little is known about geographical varia-
tion in exposures in different settings in the 
general community, but published data related 
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Table 1.14 Measurement of indoor incident electric-field (E) strength at base stations in Salzburg, 
Austriaa

Base station Measurement 1 Measurement 2

Distance to base 
station (m)

Cumulative incident  
E field (V/m)

Distance to base station 
(m)

Cumulative incident  
E field (V/m)

1 196 0.37 347 0.35
2 88 0.51 108 0.89
3 9 0.034 15 0.037
4 16 0.62 8 1.00
5 85 0.94 152 0.75
6 81 1.8 85 1.71
7 4 3.9 25 1.02
8 93 0.19 208 0.19
9 34 0.40 55 0.63
10 39 1.9 76 2.8
11 174 0.59 220 0.45
12 41 0.70 107 0.67
13 2.5 0.25 5.5 0.15

a For each base station site, two examples of measurements of cumulative incident field exposure (sum of incident field exposure from multiple 
transmitters at one site) at different distances are shown.
Compiled by the Working Group from BAKOM Report, Coray et al. (2002)
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to exposures within different forms of transport, 
homes, offices and outdoors in five European 
countries were reviewed in a recent study (Joseph 
et al., 2010). Power density (mW/m2) was meas-
ured in each microenvironment and highest 
exposures were measured in transportation, 
followed by outdoor environments, offices and 
homes. In the Netherlands, the highest exposures 
were measured in the office environment. In all 
studies, the lowest exposures were in the home, 
with exposures of about 0.1 mW/m2 recorded 
in all countries. In transport vehicles, virtu-
ally of the exposure was from mobile phones, 
whereas in offices and homes, the sources were 
quite variable between countries. [The Working 
Group suggested that these conclusions should 
be treated with some caution, as it was not clear 
how representative the measured microenviron-
ments were.]

In a feasibility study in Germany, the aim of 
which was to develop reliable exposure metrics 
for studies of health effects of exposure to RF 
radiation from mobile-phone base stations, data 
were collected on distance to base station and 
spot measurements at the homes of nine controls 
taking part in a case–control study of cancer. 
Distance from base station was a poor proxy for 
the total power density within the home due to 
the directional characteristics of the base-station 
beam, scattering, shielding and reflection of the 
radiated fields and the contribution to power 
density from other sources (Schüz & Mann, 
2000). [The Working Group noted that use of this 
metric would be likely to result in considerable 
exposure misclassification.]

A further study of a random sample of 200 
subjects in France used a personal exposure 
meter to estimate the doses, time patterns and 
frequencies of RF exposures with measurements 
of electric-field strength in 12 different bands at 
regular intervals over 24 hours (Viel et al., 2009). 
This allowed differentiation of different sources 
of RF radiation, including mobile-phone base 
stations. For each of GSM, DCS and UMTS, more 

than 96% of the measurements were below the 
detection limit and the median of the maximum 
levels for all three systems ranged between 0.05 
and 0.07 V/m. In addition, exposures were found 
to vary greatly at similar distances from GSM 
and DCS base stations, although two peaks were 
observed (at 280 m mainly in urban areas, and 
1000 m mainly in periurban areas), although 
most distances exceeded the 300 m within which 
the exposure model developed by Breckenkamp 
et al. (2008) was found to have the highest agree-
ment with measured levels.

In another study by Frei et al. (2009a), the 
aim was to develop a model to predict personal 
exposure to RF radiation. One hundred and 
sixty-six subjects carried a personal dosimeter 
for one week and completed a diary. Important 
predictors of exposure were housing characteris-
tics, ownership of communication devices, time 
spent in public transport, and other behavioural 
aspects, with about half of the variance being 
explained by these factors.

A range of personal exposure meters is now 
available. These are more robust for the purposes of 
exposure assessment in epidemiological studies, 
and a considerable step forward compared with 
the traditional spot-measurement approach, 
which is usually chosen for compliance purposes 
and does not result in a representative estimate of 
personal exposure (Mann, 2010). [The Working 
Group noted that care needs to be taken in inter-
preting the results of personal exposure meas-
urements, because of the low sensitivity and the 
failure to account for the fact that they respond 
to TDMA signals, which may lead to an overem-
phasis of DECT, Wi-Fi and GSM phone signals 
in average exposure. Because burst powers may 
have been measured for these signals, rather than 
average powers, any exposure proportions attri-
buted to source categories in these studies should 
be treated with caution when assessing exposure 
for epidemiological studies.]
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1.7 Exposure guidelines and 
standards

Guidelines and standards for limiting human 
exposure to RF fields have been developed by 
several organizations, the most prominent 
being those of the International Commission 
on Non-Ionizing Radiation (ICNIRP) and the 
Institute of Electrical and Electronic Engineers 
(IEEE). ICNIRP published its present RF guide-
lines in 1998 (ICNIRP, 1998) and restated them 
in 2009 (ICNIRP, 2009a). IEEE published its 
present guidelines in 2005 (IEEE, 2005), but its 
1999 guidelines are still used in some countries 
(IEEE, 1999).

These guidelines contain restrictions on expo-
sure that are intended to assist those with respon-
sibility for the safety of the general public and 
workers. The guidelines provide clearly defined 
exposure levels below which the established acute 
health effects of exposure are avoided. Exposures 
can be measured or calculated and compared 
with these values. If exposures are found to be 
above the guideline values, measures are put in 
place to reduce exposure. The guidelines apply 
to all human exposures to EMFs, irrespective of 
how such exposures arise, and they do not make 
specific mention of sources.

The guidelines are not mandatory by them-
selves, but have been adopted by regulatory 
authorities and governments in many countries/
regions of the world in a variety of different ways. 
Some regulatory regimes focus on limiting expo-
sures of the public and/or workers, while others 
focus on limiting product emissions (to control 
exposures) as part of the certification process 
before placing products on the market. For 
example, harmonized technical standards have 
been implemented in Europe that provide a basis 
for assessing exposures from equipment such as 
mobile phones and ensuring that exposures are 
below values taken from the ICNIRP guidelines. 
The values in the 1999 IEEE guidelines are used 

in a similar way in countries such as the USA 
and Canada.

1.7.1 Scientific basis

Both ICNIRP and IEEE have reviewed the 
broad base of the scientific evidence in devel-
oping their guidelines and arrived at similar 
conclusions regarding the evidence for health 
effects. This consensus is well expressed in the 
following excerpt taken from the ICNIRP 2009 
restatement of its guidelines (ICNIRP, 2009b):

It is the opinion of ICNIRP that the scientific 
literature published since the 1998 guidelines 
has provided no evidence of any adverse 
effects below the basic restrictions and does 
not necessitate an immediate revision of 
its guidance on limiting exposure to high 
frequency EMFs. The biological basis of such 
guidance remains the avoidance of adverse 
effects such as ‘work stoppage’ caused by mild 
whole body heat stress and/or tissue damage 
caused by excessive localized heating.
Absorption of RF fields in the body tissues 

leads to the deposition of energy in these tissues 
and this energy adds to that produced by metab-
olism. This energy imposes an additional ther-
moregulatory burden on the organism and the 
temperature can increase if the energy absorp-
tion rises above a certain level (see Section 1.3). 
Localized temperature increase can occur in 
response to localized absorption of energy and the 
core body temperature can go up in response to 
generalized absorption of energy throughout the 
body tissues. The ICNIRP guidelines (ICNIRP, 
1998) conclude from the literature that:

Established biological and health effects in 
the frequency range from 10 MHz to a few 
GHz are consistent with responses to a body 
temperature rise of more than 1 °C. This level 
of temperature increase results from exposure 
of individuals under moderate environmental 
conditions to a wbSAR of approximately 
4 W/kg for about 30 minutes.
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Effects due to whole-body heating are also 
considered for frequencies below 10 MHz and 
down to 100 kHz; however, wavelength becomes 
progressively larger in relation to the body 
dimensions as frequency decreases to below 10 
MHz and coupling to the fields becomes progres-
sively weaker, with the result that less energy is 
absorbed. Above 10 GHz, absorption of RF fields 
by the body tissues becomes so strong that the RF 
fields are considered to be absorbed within a few 
millimetres of the body surface; hence the guide-
lines are designed to restrict surface heating.

A further class of thermal effect can be elicited 
with pulse-modulated RF waveforms, including 
certain radar signals. This effect is known as the 
microwave auditory effect and occurs as a result 
of energy absorption from successive RF pulses, 
causing pulsed thermal expansion of the head 
tissues (ICNIRP, 2009a). ICNIRP (1998) states 
that repeated or prolonged exposure to microwave 
auditory effects may be stressful and potentially 
harmful, and it provides additional guidance for 
restricting exposures to pulse-modulated fields 
to avoid this effect.

1.7.2 Basic restrictions

Considering the evidence relating to whole-
body heating and localized heating of parts of the 
body, ICNIRP and IEEE have specified the basic 
restriction quantities shown in Table  1.15. The 
information presented here is a summary of the 
main aspects of the restrictions in the guidelines 
and serves to provide a simplified comparison for 
the purposes of this Monograph.

From Table 1.15 it is clear that the various sets 
of guidelines contain similar restriction values 
and have many common features. Moreover, 
the 2005 guidelines from IEEE have brought the 
ICNIRP and IEEE guidelines even closer: the 
SAR values are now identical and the residual 
differences now only pertain to averaging times, 
definition of the extremities, and the shape of the 
mass used with localized SAR restrictions.

IEEE and ICNIRP both frame their guide-
lines in terms of two tiers. The first tier includes 
a wbSAR value that is a factor of 10 lower than 
the 4 W/kg mentioned above, while the second 
tier includes restriction values that are five times 
lower than those in the first tier. In the case of 
the ICNIRP guidelines, these tiers are presented 
as restrictions for exposure of workers (tier 1) 
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Table 1.15 Basic restrictions on SAR (W/kg), as taken from the ICNIRP and IEEE exposure 
guidelines

Body region Workers/controlled General public/uncontrolled

ICNIRP 
(1998)

IEEE (1999) IEEE (2005)d ICNIRP 
(1998)

IEEE (1999) IEEE (2005)

Whole bodya 0.4 (6) 0.4 (6) 0.4 0.08 (6) 0.08 (30) 0.08
Head and trunk a b 10 (6) [10] 8 (6) [1] 10 (6) [10] 2 (6) [10] 1.6 (30) [1] 2 (30) [10]
Extremities a b c 20 (6) [10] 20 (6) [10] 20 (6) [10] 4 (6) [10] 4 (30) [10] 4 (30) [10]

a In round brackets after the SAR value is the averaging time in minutes. The averaging times vary with frequency in the IEEE guidelines and 
the values given are for the 400 MHz to 2 GHz range typically used for mobile communication.
b In square brackets (where relevant) is the averaging mass in grams: the averaging mass is specified as a contiguous tissue volume by ICNIRP 
and as in the shape of a cube by IEEE.
c Extremities are taken as the hands, wrists, feet and ankles in the context of the IEEE (1999) guidelines, distal from the knees and elbows in the 
IEEE (2005) guidelines, and as the entire limbs in the context of the ICNIRP guidelines.
d The restrictions apply over the frequency range 100 kHz to 6 GHz in the case of IEEE (1999).
ICNIRP, International Commission on Non-Ionizing Radiation Protection; IEEE, Institute of Electrical and Electronics Engineers; SAR, 
specific absorption rate.
Compiled by the Working Group
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and the general public (tier 2). ICNIRP explains 
that the lower basic restrictions for exposure of 
the general public take into account the fact that 
their age and health status may differ from those 
of workers. The first tier in the IEEE guidelines is 
described as for controlled environments (subject 
to a RF safety programme as prescribed by IEEE) 
and the second tier as for uncontrolled environ-
ments, as accessible to the general public.

Electrical effects caused by stimulation of 
the peripheral and central nervous system are 
also considered below 10 MHz, although the 
maximum sensitivity to these effects occurs at 
considerably lower frequencies, in the tens of 
hertz to a few kilohertz region (ICNIRP, 2010). 
The guidelines should be referred to for further 
information about these effects; however, the 
restrictions are summarized in Table  1.16 for 
frequencies between 30 kHz and 10 MHz.

1.7.3 Reference levels

The guidelines also contain reference levels 
(called maximum permissible exposures, or 
MPEs, by IEEE) expressed in terms of electric- 
and magnetic-field strengths, or plane-wave 
equivalent power-density incident on the body 
(see Glossary). Measured or calculated values 
can be compared with these quantities to verify 
that the basic restrictions on SAR or induced 
current/electric fields are not exceeded.
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Table 1.16 Basic restrictions on induced current density or induced electric field between 30 kHz 
and 10 MHz, as taken from the ICNIRP and IEEE exposure guidelines

Body region Workers/controlled General public/uncontrolled

ICNIRP 
(1998)a 
(mA/m2)

IEEE 
(1999)b 
(mA/m2)

IEEE 
(2005)c 

(mV/m)

ICNIRP 
(2010)d 
(mV/m)

ICNIRP 
(1998)a  
(mA/m2)

IEEE 
(1999)b 
(mA/m2)

IEEE 
(2005)c 
(mV/m)

ICNIRP 
(2010)d 
(mV/m)

Whole body - 350 - 270 - 157 - 135
CNS 10 - - - 2 - - -
Brain - - 885 - - - 294.5 -
Heart - - 5647 - - - 5647 -
Extremities - - 626.9 - - - 626.9 -
Other tissues - - 626.9 - - - 209.3 -

a Peak rms current density in mA/m2, averaged over 1 cm2 area perpendicular to the current direction. Applies to the CNS tissues. Applicable 
frequency range is 1 kHz to 10 MHz.
b Peak rms current density in mA/m2, averaged over any 1 cm2 area of tissue in 1 second. Applies anywhere in the body. Applicable frequency 
range is 3 kHz to 100 kHz.
c Peak rms internal electric field in mV/m, averaged over a straight-line segment of 5 mm length, oriented in any direction. The averaging time 
for an rms measurement is 0.2 s. Applicable frequency range is 3.35 kHz to 5 MHz. Values are rounded to four significant digits.
d Internal electric field in mV/m, averaged over a contiguous tissue volume of 2 × 2 × 2 mm3. The 99th percentile value of the electric field for a 
specific tissue should be compared with the basic restriction. Applicable frequency range is 3 kHz to 10 MHz.
CNS, central nervous system; rms, root-mean-square value of the electric field strength
Note: All numbers denote the frequency in kHz; all limits in this frequency range increase linearly with frequency. Limits for contact currents 
also apply (not shown here).
Compiled by the Working Group
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