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1. Introduction 

The number of appliances utilizing electromagnetic fields (EMFs) has tre-
mendously increased during the last two decades, particularly in telecommu-
nications. General public is exposed daily to EMFs generated by various low-
power radio devices, mostly used for wireless telecommunications. A signifi-
cant part of the radiofrequency (RF) power radiated by body-mounted devices 
or devices used near the body is absorbed in the human body. At present EMF 
sources are ubiquitous whereas a few decades ago the prominent sources were 
broadcasting stations located far apart. The exposure of general public to EMF 
from various wireless devices is still below the exposure limit values given in 
international standards, and there is no established scientific evidence on 
harmful health effects due to low-level exposure of this kind [SCENIHR 2015]. 
However, the rapid increase of the number of EMF sources in a normal living 
environment has increased the public awareness of human exposure to EMF 
and the worries on possible adverse health effects even at low-level exposures. 
On the other hand, the occupational exposures to EMF generated by antennas 
of high-power broadcasting stations or radar stations or by high-frequency 
dielectric heaters can exceed the exposure limit values, especially in accidental 
occasions resulting in acute harmful effects. The occupational exposure as-
sessment to EMF will become more important in the European Union (EU) 
due to the new directive 2013/35/EU on the minimum health and safety 
requirements regarding the exposure to EMF [EU 2013]. The directive had to 
be implemented in the national legislation of the member states on 1 July 2016 
at the latest. 

Adverse health effects of EMF have been studied for many decades. These 
studies include in vivo (cell culture) studies, animal experiments, provocative 
human studies and epidemiological studies. During the last two decades the 
possible harmful health effects of wireless telecommunication devices have 
been addressed in research [SSM 2016]. The only established biophysical ef-
fects based on these studies so far are the stimulation of nerve and muscle cells 
at low frequencies (below approximately 100 kHz), the heating of tissues at 
higher frequencies and the microwave auditory effect caused by short micro-
wave pulses [WHO 2007], [ICNIRP 2009]. Several hypotheses have been pro-
posed for other effects or mechanisms at lower exposure levels not causing 
these established effects but none of these hypotheses has been confirmed in 
replicated studies [Sheppard et al. 2008]. Epidemiological studies have reve-
aled some possible long-term effects of low-level exposure to EMF including 
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slight increase in childhood leukaemia within children living near power lines 
and slight increase in brain tumours within heavy users of mobile phones for 
more than ten years [IARC 2002], [IARC 2013]. However, no plausible 
mechanisms have been proved at exposures below thermal or stimulation le-
vel. In addition to these direct effects there are also many indirect effects, for 
example contact currents from touching objects in an EM field and interfe-
rence of active implanted medical devices [EU 2013]. 

International expert and standardization bodies have prepared and 
published exposure standards to protect general public and workers from 
established effects caused by the exposure to EMF [ICNIRP 1998], [ICNIRP 
2010], [IEEE 2006]. The exposure standards give the exposure limit values 
(ELVs) as internal body quantities and the action levels (Als) as incident field 
quantities or induced limb currents which have been derived from ELVs in 
worst-case exposure conditions. Contact current limits are also given for the 
protection against harmful indirect effects. ALs are necessary in order to make 
compliance measurements in realistic exposure scenarios.  

Exposure standards include no detailed procedures how to assess the human 
exposure to EMF. Therefore, international standardization bodies such as the 
European Committee for Electrotechnical Standardization (CENELEC), the 
International Electrotechnical Commission (IEC) and the Institute of 
Electrical and Electronics Engineers (IEEE) have prepared and published te-
chnical EMF standards to verify the compliance with exposure standards, e.g., 
EN 50413 [CENELEC 2008b], IEC 62209-1 [IEC 2005], IEC 62209-2 [IEC 
2010], IEEE C95.3-2002 [IEEE 2003] and IEEE C95.3.1-2010 [IEEE 2010]. 
These standards give procedures for the assessment of human exposure to 
EMF from various products and equipment by using measurements or compu-
tations or both.  

The development of computational electromagnetics and the fast growth of 
computational power and memory have enabled the numerical modelling and 
computing of more complicated exposure conditions where the assessment is 
not possible by using measurements. The dosimetric information obtained 
from computations with numerical models is required in biological studies to 
interprete the results of the studies and to compare them with the results 
gained from other similar studies [Kuster et al. 2006]. However, measure-
ments are still essential for the validation of the computation method and for 
most practical exposure conditions. The numerical simulation is time con-
suming and even impossible in some cases which require rapid verification of 
the compliance with the exposure standards. To carry out reliable compliance 
measurements the behaviour and characteristics of the EMF source and 
measuring instruments have to be known. The instruments must be calibrated 
and the uncertainty of the measurements shall be evaluated in each exposure 
scenario. 
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1.1 Motivation and scope of the thesis 

This thesis addresses the measurement techniques for the assessment of hu-
man exposure to EMF in a living or working environment. In addition, this 
thesis deals with the design, construction and testing of an exposure setup for 
animal experiments and the measurement techniques to validate the animal 
exposure to EMF computed with numerical models.  
In case of human exposure, measurements are needed to evaluate the compli-
ance with ALs. The best practice is to start the verification with the simplest 
method which is the measurement of the unperturbed electric and magnetic 
field strength. It may also be the only practical method in realistic exposure 
conditions which can be very harsh in some cases, such as inside the antenna 
systems located on the high masts of broadcasting stations. In these condi-
tions, the measurements should be carried out in relatively short time, and 
they should indicate rapidly if there is any significant exposure to EMF and if 
any further more sophisticated exposure assessments are necessary. The risk 
assessment can be carried out with low costs and great benefit by using the 
results obtained from measurements of unperturbed electric and magnetic 
field strength. The risk assessment may be complemented in some specific 
near-field exposure conditions with measurements of contact current and in-
duced body currents which are straight-forward to carry out. 

However, to ensure the safety of general public and workers as well as the 
measuring personnel, the measuring instruments shall be reliable and cali-
brated. In general, large uncertainties are inherent for field strength meas-
urements due to complicated characteristics of the fields to be measured, per-
turbations of the fields by the operator and the measuring person and also due 
to non-ideal properties of the measuring instruments. The measurement un-
certainty is a crucial factor when the EMF exposure of the operator is near to 
AL and the work of the operator is essential for the production or the function-
ing of the system.  

The main objectives of the studies presented in this thesis are to develop 
practical measurement techniques for the assessment of human exposure to 
the non-uniform near field of EMF sources and to the pulsed microwave radia-
tion emitted by scanning radar antennas. Due to the varying wave impedance 
and polarization both electric and magnetic field strength have to be measured 
by using isotropic probes. The non-sinusoidal, broadband and pulsed EM 
fields may lead to large detection errors. The vicinity of a human body, opera-
tor and/or measurer, perturbs the EM field increasing the measurement un-
certainty which is already large in a non-uniform EM field. The objective of 
one study was to develop a well-characterized EMF exposure setup for a large 
number of unrestrained rats and to assess reliably the exposure of the rats to 
EMF. 
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This thesis provides answers, e.g., to the following questions:  
 How does the configuration of the electric and magnetic field probe af-

fect the isotropy and linearity? 
 What is the practical technique to measure pulsed microwave radiation 

from scanning radar antennas?  
 How are the field strength measurements in the non-uniform near field 

of EMF sources complemented with the measurements of induced 
body currents? 

 How is the human exposure assessed to a broadband low-frequency 
contact current? 

 How is a large number of rats exposed to accurately known EMFs in a 
small space?  

 What is the practical measurement technique to validate the computa-
tion method used for the EMF exposure assessment of the rats in the 
exposure setup? 

1.2 Contents of the thesis 

This thesis consists of a summary and six publications [P1] – [P6]. General 
aspects of the EMF exposure assessment are described in Chapter 2. The fac-
tors affecting the exposure and the assessment methods are listed together 
with the relevant quantities used in the exposure assessment. The exposure 
standards and the technical standards to assess the EMF exposure are briefly 
presented. The assessment methods applicable in each exposure scenario are 
described. The development of setups for animal experiments and the meth-
ods for the assessment of the exposure of animals to EMF in the setups are 
reviewed in Chapter 2. 

The instruments for the measurements of unperturbed electric and magnetic 
field strengths are reviewed in Chapter 3. The performance of the electric and 
magnetic field probes in near-field conditions are analysed in more details in 
[P1]. The effect of the configuration of the probe on the isotropy and linearity 
is addressed. The design for a hand-held battery-operated instrument for peak 
power density measurements of pulsed microwave radiation from scanning 
radar antennas is described in [P2]. Simplified equations are also derived in 
[P2] for the evaluation of the on-axis power density as a function of distance 
from radar antennas.  

The instruments for the measurements of induced body currents and contact 
currents are reviewed in Chapter 4. Formulas based on simplified geometrical 
models of a human body are presented for the calculation of currents induced 
in the human body and calculated currents are compared with body currents 
measured in uniform plane-wave EM fields in [P3]. Body currents and specific 
absorption rates induced in a human body at 27 MHz in a non-uniform near-
field of a simulated high-frequency plastic welder are computed by using ana-
tomical homogeneous and heterogeneous human models [P4]. Computed cur-
rents and electric field strengths are compared with measured currents and 
electric field strengths. The human exposure to EMF from a plasma ball is as-
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sessed by measuring a broadband low-frequency electric field strength and 
contact current and by comparing the measurement results with the action 
levels of exposure standards by using different methods [P5]. The design, con-
struction and testing of an EMF exposure setup for rats and the exposure as-
sessment of the rats are described in [P6]. The work is summarised in Chapter 
5 and conclusions are presented in Chapter 6. 

1.3 Main scientific findings 

 A novel combined electric and magnetic field probe was developed to 
improve isotropy and linearity and to reduce the coupling of the elec-
tric field to the magnetic field probe. 

 A new practical technique was developed for the measurements of the 
peak power density of pulsed microwave radiation from scanning radar 
antennas in real exposure conditions. 

 A foot current measurement method was successfully validated in real 
exposure conditions by comparing the measurement results with re-
sults predicted by analytical models. 

 Methods for the measurement of induced body currents were devel-
oped and validated to improve the reliability of the exposure assess-
ment in non-uniform high-frequency EM fields. 

 The weighted peak method was applied for the first time for the meas-
urements of broadband low-frequency contact currents to obtain a 
more realistic exposure assessment. 

 A space efficient setup was designed, constructed and tested for the ex-
posure of a large number of rats to EMF in a small space and a meas-
urement technique was developed for the validation of the computation 
method used for the EMF exposure assessment of the rats in the setup. 
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2. Assessment of exposure to EMFs 

A comprehensive assessment of exposure to EMF is a challenging task. The 
exposure depends on the characteristics of the incident EMF, the properties 
and the posture of the exposed object and the environment, and the separation 
distance of the EMF source from the object. The permeability of the object, a 
human or animal body, is the same as the permeability of free space and con-
sequently, the internal magnetic field is the same as the incident magnetic 
field. In contrary, the permittivities of the body tissues are much higher than 
the permittivity of free space and therefore, the internal electric field is much 
lower than the incident electric field. It is induced in the object by the incident 
electric and magnetic field. The assessment of the induced electric field is 
needed at close separation distances when the incident EMF is non-uniform 
and the body affects the radiation properties of the EMF source. At greater 
distances the assessment of the incident EMF is sufficient. 

The characteristics of the EMF depend on the distance from the source. The 
region near the source is called the near field which is further divided in a re-
active and a radiating near field [Balanis 2005]. In the reactive near field the 
energy is not propagating but oscillating between electric and magnetic fields 
near the source. The electric and magnetic fields are independent of each other 
and elliptically polarized. The ratio of the electric field strength to the magnet-
ic field strength (E/H), the wave impedance, varies strongly with the distance 
and angle from the source. In the radiating near-field region the energy is 
propagated away from the source and the wave impedance is close to the free 
space wave impedance Z0 = 377 Ω. In the far field region the electric (E) and 
magnetic field (H) vectors are perpendicular to each other and to the direction 
of the propagation of the wave. The ratio of their magnitudes, E/H, is equal to 
the free space wave impedance. The energy carried by the wave is described by 
the Poynting vector S which is the cross product of the field strength vectors E 
and H 
 
 HES .    (2.1) 
 
The Poynting vector shows the direction of the propagation of the wave and 
the magnitude S =EH is the energy flux, i.e., power density of the wave. E and 
H are the root mean square (rms) field strengths. In free space, far from the 
EMF source, the power density can be defined with equations 
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Thus, in the far field region the EMF is fully characterized when one of the 
quantities S, E or H is determined. On the contrary, in the reactive near field 
region the wave impedance varies strongly with the distance and angle from 
the source and consequently, both electric and magnetic field strengths have to 
be determined to assess the exposure. In the radiating near field region the 
wave impedance is close to the free space wave impedance and the exposure 
can be assessed by determining either the electric or magnetic field strength.  

The coupling of the incident electric and magnetic field to the human body 
depends on the frequency (see Fig. 2.1). In the quasi-static range below 
30 MHz body dimensions are small compared with the wavelength and inci-
dent fields penetrate also into the interior of the body. The coupling of electric 
and magnetic fields can be determined independently of each other. The ex-
ternal electric field induces a parallel internal electric field while the external 
magnetic field induces a circulating internal electric field which increases line-
arly as a function of the distance from the centre of the body to the surface of 
the body [ICNIRP 2010]. The strongest coupling occurs when the electric field 
is parallel to the long axis of the body and the magnetic field penetrates the 
body from front or back.  

The coupling of the electric and magnetic field increases with frequency 
reaching its maximum at the whole-body resonance frequency which depends 
on the length of the body and on the contact of the body to the ground. For the 
body length of 1.76 m the frequency is around 70 MHz with the body isolated 
from the ground and around 35 MHz with the grounded body [Dimbylow 
2002]. Above the resonance frequency the coupling decreases as the frequency 
increases. In the resonance range from 30 MHz to 3 GHz the penetration of 
the incident field decreases as a function of frequency due to the increasing 
dielectric losses in tissues. Thus, the energy absorption concentrates in in-
creasing extent in superficial tissues. Partial-body resonances, so called hot 
spots, may occur in the skull and in the eye. Above approximately 300 MHz, 
the body dimensions are no longer small compared with the wavelength and 
consequently, the electric and magnetic fields are no longer independent of 
each other. In the surface absorption range from 3 GHz to 300 GHz, the ener-
gy of the incident EM field is absorbed in the superficial layers of the body. 

The distribution of the electric field is non-uniform in the human body due 
to the different dielectric properties of tissues and due to the anatomical prop-
erties and posture of the human body even in a uniform incident EM field. The 
non-uniformity has been taken into account when deriving the action levels for 
the unperturbed electric and magnetic field strengths from the ELVs. There-
fore, the determination of the electric and magnetic field strengths are suffi-
cient for the exposure assessment in uniform incident fields. On the contrary, 
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when the incident field is very non-uniform or the source is near the body, the 
determination of the maximum field strength results in too conservative expo-
sure assessment which may lead to excessive limitations for the use of the ap-
pliance. For a more realistic exposure assessment, the electric field induced in 
the body has to be determined. However, it is not possible to measure electric 
field strength inside a living human or animal body and therefore, it has to be 
determined with analytical calculations or numerical techniques. Thus, the 
verification of the compliance with ALs is sufficient for exposures to uniform 
fields but the verification of the compliance with ELVs is needed for exposures 
to non-uniform fields when ALs are exceeded. 

The established effects of the EM field are the stimulation of nerve and mus-
cle cells due to the peak electric field strength or current density induced in the 
tissues below approximately 100 kHz and the heating of the tissues due the 
energy absorption at higher frequencies. The current density J is related to the 
induced electric field strength E as follows: 
 
 EJ     (2.4) 
 
where σ is the conductivity of the tissue. The energy transfer rate from the in-
cident EM field to a point in a tissue is described in terms of the specific ab-
sorption rate (SAR) [IEEE 2003] which is defined as 
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where dW is the incremental energy, dm is the incremental mass, dV is the 
incremental volume, dt the incremental time and ρ is the mass density of the 
tissue. The local SAR in a tissue can be defined as power loss [ICNIRP 2010]: 
 

 
22 JESAR    (2.6) 

 
where σ is the conductivity of the tissue, E is the rms electric field strength in 
tissue and J is the rms current density in the tissue. The local SAR in a tissue 
can be defined also as a linear temperature rise ∆T during a short time period 
∆t as follows: 

 

 
t
TcSAR     (2.7) 

 
where c is the specific heat capacity of the tissue. It is assumed in (2.7) that the 
local tissue is in a thermal equilibrium before the exposure started and that 
there is no heat flow from or to the local tissue during the exposure. The 
whole-body-averaged SAR (SARwba) is defined as the ratio of the power ab-
sorbed in the whole body divided by the mass of the body. Figure 2.1 shows 
how the SARwba changes as a function of frequency when a person is standing 
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in a plane-wave field with the electric field parallel to the body axis. SAR is the 
most important quantity used in the research of biological effects to describe 
the exposure of cell cultures, animals or humans to EMF. For pulsed EM fields 
the energy transferred from a pulse to a point in a tissue can be defined as the 
specific absorption (SA) [IEEE 2003]. 
  

 
dV

dW
dm
dWSA    (2.8) 

 
where dW, dm and dV are the same incremental factors as in (2.5). SA can be 
integrated from SAR over the pulse duration. 

Figure 2.1. The whole-body-averaged SAR in the frequency range from 10 MHz to 3 GHz com-
puted for a standing person in a plane-wave field, after [Dimbylow 2002]. 

Incident EM field induces currents in the human body. High current densities 
are caused by currents flowing through narrow body parts, such as ankles and 
wrists, resulting in high local SAR below 110 MHz. The determination of in-
duced body currents results in a more accurate exposure assessment near the 
EMF source because the determination of the field strengths includes large 
uncertainties due to the high non-uniformity of the fields and due to the per-
turbation of the fields because of the nearby human body. If there are metallic 
or other conducting objects which can be touched in the exposure environment 
measurements of contact currents are also needed for the exposure assess-
ment. 

The waveform of the EMF source has to be taken into account in the expo-
sure assessment. Below 100 kHz the assessment of the peak field values is es-
sential for the prevention of the electrostimulation whereas at higher frequen-
cies the rms values of the field are assessed for the prevention of thermal ef-
fects. The peak values of short microwave pulses are also limited for the pre-
vention of the microwave auditory effect. Man-made EMF sources are typically 
narrow-band sources but their signal is seldom purely sinusoidal at one single 
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frequency. At low frequencies the EMF sources can produce broadband fields 
consisting of components at the fundamental frequency and at many harmonic 
frequencies. Because the ALs decrease as a function of frequency, the compo-
nents at harmonic frequencies can have a significant effect on the total expo-
sure even though they are smaller than the component at the fundamental 
frequency. Old radio communication systems used amplitude, frequency and 
phase modulation while modern systems use complex digital modulation re-
quiring a bandwidth up to several hundred MHz. High-power microwave puls-
es with low duty factors are transmitted from scanning radar antennas. Broad-
casting and radar stations are transmitting with a constant power but the base 
stations are transmitting with a power varying according to the communica-
tions traffic. All above mentioned factors set challenges for the exposure as-
sessment. 

The exposure to EMF can be assessed by using measurements or calculations 
or both. The selection of the method depends on the exposure scenario. When 
using measurements and calculations one method can be used to validate the 
other. A general procedure is to start the human exposure assessment with a 
preliminary evaluation of the order of the magnitude of the exposure by using 
technical data of the EMF source and of the typical positions and postures of 
the exposed persons. The evaluation can reveal that further measures are not 
needed. Otherwise, the next step is to assess the incident fields by electric and 
magnetic field strength measurements. In critical cases where the measured 
field strengths exceed ALs the electric field strength or SAR induced in the 
body has to be determined to verify that ELVs are not exceeded. This is neces-
sary in some specific working situations where the worker is carrying a task 
which is essential for the production or for the maintenance of the system. The 
determination of the induced electric field strength or SAR is also needed 
when the EMF source is near the body and the body affects the radiation prop-
erties of the source. Measurements of currents induced in the limbs are neces-
sary below 110 MHz in non-uniform near fields of RF devices which are further 
perturbed by the operators of the devices. Below 110 MHz also the contact cur-
rents have to be measured if there are metallic or other conducting objects in 
the exposure environment. Figure 2.2 shows a flow chart of the generic proce-
dure for assessment of human exposure to EMF as presented in a generic 
standard IEC 62311 [IEC 2007]. 
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Figure 2.2. Generic flow chart for assessment of human exposure to EMF, modified from the 
standard IEC 62311 [IEC 2007]. 

Animal experiments carried out in biological studies set special conditions and 
requirements for the exposure setup and assessment. The exposure setup has 
to be designed so that the exposure of each animal is similar, uniform and ac-
curately known. Due to the small size and non-homogeneous structure of the 
animals the distribution of the induced electric field or SAR has to be assessed 
by numerical means. The computation method has to be validated by compar-
ing the computed results with measured results using homogeneous phantoms 
simulating the size and shape of the animals.  
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To summarise, the quantities used for the assessment of exposure to EMFs 
are presented in Table 2.1.  

Table 2.1. Quantities used for the assessment of exposure to EMF. 

Quantity Symbol Unit 
Electric field strength E volt/metre, V/m 
Magnetic field strength H ampere/metre, A/m 
Magnetic flux density B*  tesla, T 
Power density S watt/square metre, W/m2 
Specific absorption rate SAR watt/kilogram, W/kg 
Specific absorption SA joule/kilogram, J/kg 
Current density J ampere/square metre, A/m2 
Conductivity  siemens/metre, S/m 
Mass density  kilogram/cubic metre, kg/m3 
Induced body current Ib ampere, A 
Contact current Ic ampere, A 
*B=μ0H, where μ0 = 4π 10-7 H/m, the permeability of free space 

2.1 Exposure standards 

International expert and standardization bodies have prepared and published 
exposure standards to protect general public and workers from established 
effects caused by the exposure to EMF [ICNIRP 1998], [ICNIRP 2010], [IEEE 
2002], [IEEE 2006]. These bodies revise the exposure standards at regular 
intervals. The revisions include a comprehensive literature review on the re-
search of biological effects of the exposure to EMF. The reviews are carried out 
by these bodies and other international expert groups such as the World 
Health Organization (WHO) [WHO 2007], the International Agency for Re-
search on Cancer (IARC) [IARC 2002], [IARC 2013] and the Scientific Com-
mittee on Emerging and Newly Identified Health Risks of the European Com-
mission [SCENIHR 2015]. The experts represent different disciplines, such as 
biology, biochemistry, biophysics, medicine, physics and engineering.  

The reviews include only those publications which have gone through a peer-
review process and which include proper exposure assessment, experimental 
procedures and validation of results. The biological effects indicated in the 
relevant publications are considered and taking into account when setting 
ELVs if the effects have been consistently found in several studies and there is 
a plausible mechanism for these effects. Thus, ELVs are based on the estab-
lished effects.  

Separate ELVs and ALs have been given for occupational and general public 
exposure. Occupational ELVs have been set by applying a safety factor to the 
lowest relevant exposure level found in the biological studies causing adverse 
effects. The factor varies from 10 to 50 depending on frequency. Additional 
safety factors are applied for general public ELVs because general public in-
cludes children, old and sick people who may be more sensitive to the expo-
sure to EMF and may be exposed for 24 hours every day whereas workers are 
healthy adults who may be exposed to EMF only during working hours. 

The ICNIRP and IEEE exposure standards are based on the same principles. 
Below 100 kHz the dominating established effect is the stimulation of nerve 
and muscle cells, the electrostimulation [WHO 2007]. This effect is due to the 
depolarization of cell membranes triggered by the induced electric field in the 
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tissues. Below 400 Hz the electric field induced in the retina can modify the 
synaptic potentials causing phosphenes which are visual effects such as light 
flashes [WHO 2007]. These appear at lower electric field levels than the elec-
trostimulation. Above 100 kHz the established dominating effect is the heating 
of the tissues due to the energy absorption, i.e., the thermal effect. There is a 
transition range from 100 kHz to 10 MHz where both the electrostimulation 
and the thermal effect have to be taken into account. ELV for the electrostimu-
lation and the phosphenes is given as the electric field strength induced in the 
body. ICNIRP applied the current density in its previous standard [ICNIRP 
1998] but introduced the electric field strength in its most recent standard 
[ICNIRP 2010]. The reaction time for the electrostimulation is far less than a 
second and therefore, the limit values include no averaging time (ICNIRP) or 
an averaging time far less than a second (IEEE). The ELVs given in the IC-
NIRP 2010 standard are shown in Table 2.2 and those given in the IEEE 
C95.6-2002 standard in Table 2.3. 

Table 2.2. Exposure limit values for human exposure to EMF according to ICNIRP 2010 stand-
ard [ICNIRP 2010]. 

Exposure characteristic Frequency range Internal rms electric 
field strength (V/m) 

Occupational   
Central nervous system tissue of 
the head 

1 – 10 Hz 
10 Hz – 25 Hz 
25 Hz – 400 Hz 
400 Hz – 3 kHz 
3kHz – 10 MHz 

0.5/f 
0.05 
2 x 10-3f 
0.8 
2.7 x 10-4f 

All tissues of head and body 1 Hz – 3 kHz 
3 kHz – 10 MHz 

0.8 
2.7 x 10-4f  

General public   
Central nervous system tissue of 
the head 

1 – 10 Hz 
10 Hz – 25 Hz 
25 Hz – 1000 Hz 
1000 Hz – 3 kHz 
3kHz – 10 MHz 

0.1/f 
0.01 
4 x 10-4f 
0.4 
1.35 x 10-4f 

All tissues of head and body 1 Hz – 3 kHz 
3 kHz – 10 MHz 

0.4 
1.35 x 10-4f 

f is the frequency in Hz 

Table 2.3. Exposure limit values for human exposure to EMF according to IEEE C95.1-2005 
and IEEE C95.6-2002 standards up to 5 MHz. Maximum rms internal electric field strength Ei is 
calculated from Ei = E0 for f ≤ fe and from Ei = E0(f/fe) for f ≥ fe. fe is a strength-frequency parame-
ter. 

  General public Occupational 
Exposed tissue fe (Hz) E0 (V/m) E0 (V/m) 
Brain 20 5.89 x 10-3 1.77 x 10-2 
Heart 167 0.943 0.943 
Extremeties 3350 2.10 2.10 
Other tissues 3350 0.701 2.10 

 
The ELVs for the thermal effects are given as a whole-body-averaged SAR, as a 
local SAR for the head and torso and as a local SAR for the limbs. SAR is ap-
plied in the frequency range from 100 kHz to 10 GHz (ICNIRP) or from 100 
kHz to 3 GHz (IEEE). SAR limit values of ICNIRP and IEEE are presented in 
Table 2.4 and 2.5, respectively. At higher frequencies ELVs are given as the 
power density of the incident field to prevent the superficial layers from exces-
sive heating. The averaging time for the power density decreases from 6 min to 
1 s as the frequency increases from 10 GHz to 300 GHz in the ICNIRP stand-
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ards and from 30 min to 0.167 s as the frequency increases from 5 GHz to 300 
GHz in the IEEE C95.1-2005 standard. 

Pulsed microwave radiation has a special effect, the so called microwave au-
ditory effect, in the frequency range from 400 MHz to 6 GHz. Strong micro-
wave pulses with duty factors around 0.001 and durations less than 30 μs 
cause a small but rapid local increase in the temperature of the head tissue. 
This thermoelastic expansion launches an acoustic wave propagating to the 
cochlear where it is perceived as a clicking, knocking, hissing or buzzing sound 
depending on the pulse parameters [Lin and Wang 2006]. This effect has not 
been proved to be harmful to health but it can be annoying, especially in a qui-
et environment. ELVs have been given as the specific absorption of microwave 
pulses in the ICNIRP 1998 standard for the prevention of the microwave audi-
tory effect in the frequency range from 400 MHz to 6 GHz for pulse durations 
less than 30 μs. The ELV is 10 mJ/kg for the occupational exposure and 2 
mJ/kg for general public exposure averaged over 10 g of tissue. IEEE gives no 
ELVs for the microwave auditory effect. 

Table 2.4. Exposure limit values given in the ICNIRP 1998 standard in the frequency range from 
100 kHz to 10 GHz and the IEEE C95.1.-2005 standard in the frequency range from 100 kHz to 
3 GHz for the prevention of thermal effects. 

Exposure type Averaging General public Occupational 
  SAR (W/kg) SAR (W/kg) 
Whole body whole body 0.08 0.4 
Local (head and trunk) 10 g 2 10 
Local (limbs/extremities and pinnae) 10 g 4 20 
SARs are averaged over any 6 min period in the ICNIRP standard and for the occupational exposure in the 
IEEE standard.SARs are averaged over any 30 min period for the general public exposure in the IEEE 
standard. 
Higher local SAR values are applied for the limbs in the ICNIRP standard and for the extremities and pinnae 
in the IEEE standard. The extremities are the arms and legs distal from the elbows and knees, respectively. 

 
The compliance with the ELVs can be verified only by computing with numeri-
cal human models or by measuring the SAR with homogeneous physical phan-
toms simulating the average shape and dielectric properties of the human 
body. For the practical exposure assessment in real exposure situations the 
ALs have been derived from the ELVs. The ALs are expressed as unperturbed 
electric and magnetic field strength, power density and limb current which can 
be measured in practical exposure scenarios. The ALs have been derived for 
the worst-case exposure conditions so that the compliance with the ALs guar-
antees also the compliance with the ELVs. Also here minor differences can be 
noticed between the ICNIRP standards and the IEEE standards. The differ-
ences are due to the slightly different dosimetric models used by these stand-
ardization bodies.  

Contact current limits are given for the prevention from harmful indirect ef-
fects of the EMF. High contact currents discharged capacitively from isolated 
metallic objects in the EMF to the body when touching them can cause local 
burns and pores in the cell membranes, the electroporation, in the tissues of 
the contact point. The electroporation is irreversible if the electric field is 
strong enough, for example due to the spark discharge when touching an ob-
ject charged to a high potential, more than 500 V, by the incident EMF [Reilly 
& Larkin 1987]. 
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The ICNIRP ELVs and ALs have been adopted in many countries worldwide 
for general public and occupational exposure. The Council of the European 
Union has issued in 1999 the Council Recommendation 1999/519/EC [EC 
1999] based on the ICNIRP 1998 standard for general public exposure and 
most EU member states have adopted it in their national legislation. For occu-
pational exposure, the directive 2013/35/EU of the European parliament and 
of the Council on the minimum health and safety requirements regarding the 
exposure of workers to the risks arising from EMF was published in 2013 [EU 
2013]. It is based on the ICNIRP 2010 standard for occupational exposure at 
low frequencies up to 10 MHz (non-thermal effects) and the ICNIRP 1998 
standard for occupational exposure at radio frequencies from 100 kHz to 300 
GHz (thermal effects). 

2.2 Technical EMF standards 

The exposure standards give no procedures for the assessment of human expo-
sure to EMFs. Therefore, the technical EMF standards prepared and published 
by international standardization bodies are essential for the appliance of the 
exposure standards. The procedures to assess the exposure to EMF have been 
described in the technical standards in order to enable transparent and re-
peatable measurements and calculations. The most important bodies are the 
European Committee for Electrotechnical Standardization (CENELEC), the 
International Electrotechnical Commission (IEC) and the IEEE. CENELEC 
prepares European (EN) standards mandated by the European Commission 
(EC). These standards cover protection from EMF generated by apparatus in-
cluded in the scope of the Low Voltage Directive 2014/35/EU [EU 2014a] and 
the Radio Equipment Directive 2014/53/EU [EU 2014b]. The standards de-
scribe the test methods, test equipment and calculation methods to specify 
product requirements and limiting the emission of EMFs.  

EN standards include basic, generic, product, product-family, put-into-
service and in-situ standards. Basic standards define test methods and equip-
ment and calculation methods for the assessment of the human exposure to 
EMF. General and essential requirements giving general compliance criteria 
for all products are described in generic standards. Also the exclusion criteria 
are given as the maximum average power of the transmitter of a radio device. 
It is 20 mW for the devices used by general public and 100 mW for the devices 
in occupational use only. No exposure assessment is necessary for these devic-
es because local SAR limits are never exceeded. More detailed compliance cri-
teria and more specific test setups and calculation methods are given in the 
product-family standards for groups of products and in the product standards 
for products. Put-into-service standards are aimed at the assessment of in-
stalled products in their operating environments. The in-situ standards are 
basic standards aimed at the assessment at a location. The basic standards are 
referred in other standards for measurement and calculation procedures and 
requirements for measuring instruments and calculation software. These are 
essential to obtain transparent and reproducible measurement and calculation 
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results in different laboratories.  Most basic standards are linked to product 
standards and include procedures for specific products, for example mobile 
phones and body-mounted devices and base stations. The basic standard EN 
50413 [CENELEC 2008b] is general and it is applied when no product-specific 
basic standard cannot be applied. Harmonized standards linked to EU direc-
tives are normative while other standards are voluntary. In general, standards 
are the easiest way to verify the compliance with the requirements. 

The basic standards associated with product standards deal mostly with 
EMF exposure assessments for the products which are used near the body. 
Thus, the verification of the compliance of these products require more com-
plicated exposure assessment based on the computation of the electric field or 
SAR induced in the body or SAR measurements with phantoms. However, the 
assessment of the human exposure to EMF in real exposure conditions is 
mostly based on the measurements of the incident electric and magnetic field, 
induced body current and contact current.  

IEC prepares and publishes global basic and generic standards which are 
published also as parallel EN standards. However, the first basic standard for 
SAR measurements of mobile phones was prepared and published as an EN 
standard and then modified to an IEC standard. IEEE prepares and publishes 
standards which are applied mostly in the United States. 

2.3 Analytical calculations and models  

Analytical calculations can be used for the evaluation of the incident EMF and 
for a qualitative analysis of electric field and SAR induced in the human body. 
Calculation of electric field induced in the human body requires the solving of 
Maxwell’s equations which is, however, possible with analytical techniques 
only in very simplified homogeneous or layered geometrical human body 
models exposed to uniform EMF. The results obtained from analytical calcula-
tions can be used to estimate the whole-body-averaged SAR but they give no 
information on the local distribution of the induced electric field or SAR in the 
body. Therefore, numerical techniques using realistic anatomical numerical 
human body models are needed for more comprehensive exposure assess-
ment, especially for the assessment of the local exposure to EMF from devices 
used near the body. 

The incident EMF can be calculated in front of intentional radiators with 
well-known radiation characteristics, i.e., antennas. Calculated results can be 
used for the evaluation of the safety distances which means the maximum dis-
tance from the antenna where exposure limits are still exceeded. The distances 
of the boundaries between reactive and radiating near field and far field de-
pend on the maximum dimension (D) of the antenna and the wavelength (λ). 
D can be determined for antennas, but not necessarily for all other EMF 
sources. In general, it can be assumed that the reactive near field region ex-
tends to the distance /6 2.0 3Dr , the radiating near field  (Fresnel) region 

extends from this distance to the distance /2 2Dr where the far field begins 
[Balanis 2005]. At the latter distance the maximum phase difference of the 
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waves coming from the antenna is π/8 on the boresight. However, the bounda-
ry distances depend on the antenna characteristics, for example on the electric 
field distribution in the aperture. The changes in the field configuration is 
gradual and not abrupt on the field boundaries. For antennas much smaller 
than the wavelength (D<<λ) the reactive near field dominates and no radiating 
near field may exist between it and the far field. Conventional equations for 
the calculation of the electric and magnetic field strengths near dipole and loop 
antennas can be found in the literature [Balanis 2005], [Stutzmann and Thiele 
2012]. Antenna arrays consisting of dipole antennas may require more sophis-
ticated calculation methods. 

Empirical models [Hankin et al. 1976], [Mumford 1961], [Tell et al. 1976] 
and a theoretical model [Bickmore & Hansen 1959] have been developed for 
the calculation of the power density in the main beam of microwave antennas 
with dimensions much larger than the wavelength. These models typically 
overestimated the power density in the near field of the antennas and some of 
the models were applicable only for antennas with square or circular aper-
tures. Therefore, a simplified model was developed for the calculation of the 
power densities in the main beam of radar antennas [P2]. In all these models 
the radiated field from the aperture is assumed to propagate first in a non-
spreading beam to a certain distance (near field region), then in a conical 
beam spreading in one transversal dimension (intermediate region) and finally 
in a conical beam spreading in two transversal dimensions (far field region). 
The cross section of the beam is circular or elliptical depending on the shape of 
the aperture. The area of the cross section is equal to the effective area of the 
antenna. The power density calculated with these models is constant in the 
near field region, decreases proportionally to the distance in the intermediate 
region and proportionally to the square of the distance in the far field. The 
distance for the intersection of the near and far field predicted by these models 
is typically much less than the conventional distance 2D2/λ. Therefore, all 
these models overestimate the power density in the vicinity of the antenna. 
The actual power density fluctuates strongly in the near field as a function of 
distance from the aperture, while the models give the envelope of the power 
density peaks.  

The model developed in [P2] was applied for a circular parabolic antenna 
and for a pyramidal horn antenna with a rectangular aperture. Calculated re-
sults showed that the radiated field of the circular aperture had only near and 
far field regions while the radiated field of the rectangular aperture had also a 
short intermediate region between them. The comparison of the calculated 
results with measured results revealed that the model overestimated the power 
density especially in the near field. The power densities predicted with some 
previously developed models in the near field were significantly higher than 
those calculated with the developed model.  

Early SAR calculations were performed in 1950’s with simplified planar lay-
ered models which did not simulate the shape and size of a human body 
[Schwan and Li 1956]. However, they offered valuable information on the ab-
sorption characteristics of different tissues, especially on the penetration depth 
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as a function of frequency. Later, SAR was calculated by using spherical mod-
els [Lin et al. 1973] which were more difficult to solve analytically than the 
planar models. The layered spherical models could be used for calculation of 
SAR in the head but they were not very representative for the whole body. 
They did not predict properly the coupling of the electric and magnetic field in 
the human body. The most representative human models which could be 
solved analytically were ellipsoidal, spheroidal and cylindrical models [Hill 
1985]. The solutions were quite complicated but in the quasi-static frequency 
range, below 30 MHz for humans, the long-wavelength approximation signifi-
cantly simplified the calculations. Qualitative whole-body-averaged SAR calcu-
lations have been carried out for human and animal models. Analytical models 
provided qualitative whole-body averaged SAR information for different polar-
izations of the EMF field and validation for the results obtained from calcula-
tions with early numerical techniques.  

2.4 Numerical techniques and models 

Analytical calculations with simplified geometrical homogeneous body mod-
els give a qualitative information on the whole-body-averaged SAR in a uni-
form plane-wave field exposure only. The calculation of the local SAR and the 
SAR induced in the non-uniform near-field exposure requires the solving of 
Maxwell’s equations in realistic anatomical heterogeneous body models which 
is possible only by numerical techniques. The human body is discretized into 
small volume pixels (voxels) and Maxwell’s equations are solved in each voxel. 
The early numerical techniques were based on the Method of Moments (MoM) 
[Harrington 1967] with a large memory consumption. A more efficient meth-
od, the finite-difference time-domain (FDTD) method, was first applied by Yee 
for the assessment of the human exposure to EMF [Yee 1966]. It has become 
the most popular method for computing SAR in heterogeneous human bodies 
[Taflove and Hagness 2005]. FDTD method using the full time dependence of 
Maxwell’s equations can be used above a few MHz while at lower frequencies 
the use is limited by long computation times due to the increasing number of 
time steps required for the steady state. Other computation methods used the 
EMF exposure assessment are the Finite Element Method (FEM) [Jin 2002], 
the Finite Integration Technique (FIT) [Weiland 1977], Impedance Method 
(IM) [Gandhi et al. 1984] and Scalar-Potential Finite-Difference (SPFD) [Daw-
son and Stuchly 1998] method. MoM, FEM, IM and SPFD are used below a 
few MHz and can be simplified by using a quasi-static approximation. MoM 
and FIT are applied over the whole spectrum.  

The early body models consisted of 180 cubical blocks with dimensions of 
several centimetres describing the human body with the arms, legs and head 
[Hagmann et al. 1979]. The number of the blocks was limited by the capacity of 
the computers. The rapid development in the computer technology has ena-
bled the computation with fine-resolution human models. At present a 2 mm 
resolution is normal but a higher resolution up to 0.5 mm and even higher is 
needed in the modelling of thin tissue structures, such as a skin and fat layer. 
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Because the maximum grid size to maintain the stability of the method is 
about /10 the 0.5 mm resolution enables the computations at higher frequen-
cies up to 6 GHz. However, the smaller grid size requires more resources and 
computation time if a solid grid size is used. The possibility to use of a variable 
grid size in the modern algorithms enables higher resolution in thin tissue lay-
ers and lower resolution in other layers. The variable grid size saves resources 
and computation time without limiting the computational accuracy.  

Numerous anatomically realistic numerical human models have been devel-
oped since the early block models. Computer tomography scans of cadavers, 
i.e., corpses, cancer patients, and magnetic resonant imaging (MRI) scans of 
male and female adults and children have enabled the development of fine-
resolution body models with realistic tissue distributions. The most detailed 
(resolution 0.33 mm x 0.33 mm x 1 mm) tomographic dataset on the human 
body was developed in the Visible Human Project at the US National Library 
of Medicine [Ackerman 1998]. The dataset was based on a male adult with a 
height of 186 cm and a weight of 90 kg. Due to the modelling process the voxel 
model constructed by Xu et al. [2000] weighed 105 kg. Thus, this model did 
not represent an average man and therefore, numerical models of ‘normal’ 
male and female adults were constructed. Dimbylow [1997] developed a nu-
merical model of an adult man (NORMAN) for FDTD calculations of the 
whole-body-averaged SAR due to the plane-wave exposure in grounded and 
isolated conditions in the frequency range from 1 MHz to 1 GHz. The model 
consisted of about 9 million cubical voxels of 2 mm dimension segmented into 
37 tissue types. A corresponding female model (NAOMI) with a height of 163 
cm and a mass of 60 kg was developed by Dimbylow [2005] for calculations of 
current densities and electric fields induced in the body by incident electric 
and magnetic fields in the frequency range from 50 Hz to 10 MHz by using the 
SPFD method. The model consisted of about 8 million voxels of 2 mm dimen-
sion segmented into 41 tissue types. Nagaoka et al. [2004] constructed a male 
(173 cm, 65 kg) and a female (160 cm, 53 kg) model, both with 2 mm resolu-
tion and segmented into 51 tissue type for FDTD calculations of the induced 
SAR due to a plane-wave exposure in the frequency range from 30 MHz to 3 
GHz. Due to the lack of numerical models of children adult models scaled to 
anatomical dimensions of children were first used for the computation of SAR 
induced in children [Gandhi et al. 1996], [Dimbylow 1997]. The scaling result-
ed, however, in unrealistic anatomical structures of the models of children. 
Therefore, numerical models for children of different ages were developed by 
Christ et al. [2010] by using MRI scans of children.  

The numerical body models utilize the data on the dielectric properties of the 
tissues produced by Gabriel et al. [1996a], [1996b], [1996c]. They carried out 
permittivity measurements in the frequency range from 10 Hz to 20 GHz and 
developed parametric models for the frequency dependency of the dielectric 
properties of the tissues based on the measurement results. The measure-
ments were carried out in vitro resulting in a large uncertainty of the dielectric 
properties which is the most significant uncertainty factor in numerical tech-
niques. Magnetic resonance imaging (MRI) techniques are being developed to 
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measure the dielectric properties in vivo which will probably decrease this un-
certainty.  

To summarise, there are fine-resolution male and female body models of dif-
ferent length, weight and age and of different ethnic groups which makes pos-
sible to study the effects of different anatomical factors on electric field and 
SAR induced in the body. Also pregnant females have been modelled for the 
evaluation of the exposure of the embryo to EMF. The human models are 
normally in a standing posture but techniques have been developed to trans-
form the posture which has enabled the exposure assessment also in different 
postures [Nagaoka and Watanabe 2008].  

Computations with fine-resolution human models have given detailed in-
formation on the whole-body-averaged SAR and local SAR, electric field and 
currents induced in the human body exposed to a uniform plane-wave field or 
a non-uniform near field. The results associated with the whole-body reso-
nance in grounded and isolated conditions with E-polarization obtained from 
calculations with early block models have been verified. The computations 
with present human models in different postures have revealed that the pre-
sent action levels are not conservative in all cases. Above 2 GHz the local SAR 
limits can be exceeded in some exposure conditions even though the incident 
EMF is within the exposure reference levels [Kühn et al. 2009]. Chan et al. 
[2013], [2014] computed in their dosimetry study electric field strength in-
duced by the contact current at the reference level flowing in the body. Compu-
tations revealed that induced electric field strengths were more than six times 
higher than the ELVs in the body parts of a small cross-sectional area, such as 
in a finger. Thus, computations have given useful information also for the revi-
sion of the action levels.  

Computations with numerical models have also proved to be an efficient tool 
for improving the exposure assessment in the studies on the biological effects 
of EMF. They have helped in designing and implementing better exposure sys-
tems for cell culture, animal and human studies. Computations have given 
valuable information on the SAR distribution in the exposed objects which has 
not been possible with other means [Toivonen et al. 2008a], [Toivonen et al. 
2008b], [P6].  

Computations with numerical models are also the only way to comprehen-
sively assess the exposure to EMF from a device used body-mounted or near 
the body and to study the contribution of each factor affecting the exposure. 
However, computations with complicated numerical models can include insta-
bilities and give erroneous results. Thus, the computed results must always be 
validated by using other methods, analytical calculations in simplified cases or 
preferably measurements with phantoms.  

The modelling of the exposure situation with a human body and the device is 
time consuming and not so practical in verifying the compliance of the prod-
ucts with the exposure limit values. In addition, the modelling of the source is 
not even possible due to the insufficient technical information. Therefore, the 
most practical method for verifying the compliance is to carry out SAR meas-
urements with a homogeneous phantom simulating the dielectric properties of 
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a human body. Computations with fine-resolution human models are needed 
to verify that SAR measurements carried out with the phantom give conserva-
tive results, i.e., the measured SAR is always higher than the SAR computed 
with any of the human models. Computations can be carried out also in heter-
ogeneous models while measurements are only possible in the homogeneous 
phantoms. In spite of the huge progress in the computational electromagnetics 
the computation method must always be validated with comparing the com-
puted results with measured results in the same exposure conditions. Compu-
tations can be applied for the assessment of exposure to EMF from the prod-
ucts but not for the assessment of exposure to EMF in realistic exposure condi-
tions where the environment is very laborious to simulate and where rapid 
assessments are generally required. 

2.5 SAR measurements 

The EMF source mounted on the body or used near the body produces an EM 
field which may locally exceed the action levels. If the EMF source is not a low-
power device compliant with exclusion criteria the compliance with the local 
SAR limits must be verified. It is possible with computations using numerical 
models of the human body and the EMF source but in many cases the model-
ling of the EMF source is laborious and even impossible. Therefore, it is more 
practical to carry out SAR measurements with conservative phantoms simulat-
ing the human body, especially for products which are generally used, such as 
mobile phones and other wireless terminals. Detailed procedures describing 
the SAR measurements for wireless terminals are presented in standards IEC 
62209-1 [IEC 2005], IEC 62209-2 [IEC 2010], IEEE 1528-2013 [IEEE 2013] 
and for base station antennas in standards EN 50383 [CENELEC 2010], IEC 
62232 [IEC 2011]. 

SAR can be measured with three different methods in the liquid phantoms 
[CENELEC 2008b]:  

 The electric field strength is measured in the liquid using a miniature 
implantable electric field probe, i.e., a SAR probe, to assess the local 
SAR.  

 The internal temperature rise is measured with a small unperturbing 
optical or high-resistance thermistor probe to assess the local SAR.  

 The heat transfer is determined by calorimetrical means to assess the 
whole-body-averaged SAR.  

SAR is calculated from the measured electric field strength and the conduc-
tivity of the tissue simulating liquid using equation (2.6). SAR is determined 
from the measured temperature rise T during the exposure period t using 
equation (2.7). The specific heat capacity c of the tissue simulating liquid has 
to be determined with calorimetric methods [Lehto et al. 1998].The mass den-
sity of the tissue simulating liquid ( lq) normally differs from the mass density 
of the tissue ( ts) and therefore, the SAR in the corresponding tissue (SARts) is 
calculated using equation [IEEE 2013a] 
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The whole-body-averaged SAR (SARwba) is calculated from the measured heat 
transfer W during the exposure period t by using equation [CENELEC 
2008b] 
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where m is the mass of the phantom. Substituting ∆W=cm∆T in (2.10) results 
in (2.7). Reliable SAR assessment with temperature rise measurements re-
quires that the phantom is in a thermal equilibrium before the exposure and 
that there is no heat transfer from or to the measurement point in the local 
exposure and from or to the entire phantom in the whole-body exposure. 
When assessing the whole-body-averaged SAR the phantom has to be shaken 
to have a uniform temperature distribution in the phantom [P6]. The sensitivi-
ty of the temperature probes limits the SAR assessment to high exposures with 
rapid and linear temperature rise in a short period. Therefore, temperature 
rise measurements are not suitable for the SAR measurements of low-power 
devices but they can be applied for the calibration of SAR probes in wave-
guides or TEM (transverse electromagnetic) lines [Jokela et al. 1998], [Loader 
et al. 2009] and for validation of computation methods and confirmation of 
electric-field based SAR measurements in biological exposure studies [Ticaud 
et al. 2012]. 

Liquid phantoms are homogeneous and they do not simulate realistic heter-
ogeneous human bodies. Therefore, solid phantoms have been developed to 
experimentally study SAR distributions in heterogeneous complicated body 
structures, for example in an inner ear [Okano et al. 2000]. The solid phantom 
consists of different layers and it can easily be split into two parts after an RF 
exposure. The surface SAR or temperature distribution of the cross sections is 
measured with a thermographic camera. This SAR assessment method re-
quires also a high exposure resulting in rapid temperature increase. Only a 
two-dimensional SAR distribution can be determined while liquid phantoms 
enable the determination of three-dimensional distribution with measure-
ments of internal electric field strength.  

Standardized SAR measurements are based on a setup consisting of a SAM 
(Specific Antropomorphic Mannequin) phantom, SAR probe, a device for set-
ting the wireless terminal, a robot moving the SAR probe, a controller unit of 
the robot, a data acquisition electronics and a computer provided with a soft-
ware for controlling the measurement and for gathering and processing the 
measurement data [IEC 2005], [IEC 2010], [IEEE 2013a]. A setup for the 
standardized SAR measurements is shown in Fig. 2.3. The outer shape of the 
phantom used for SAR measurements of terminals simulates the human head 
and body. The thin shell consists of a left-side and right-side of the head and a 
flat section between them. It is made of a rigid low-loss and low-permittivity 
material and filled with a liquid simulating the dielectric properties of the head 
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or body at the measurement frequencies. The shape and size of the head and 
the dielectric properties of the liquid are determined by results obtained from 
computations with different numerical human body models. The SAM phan-
tom was designed so that the SAR measured with it is conservative for a signif-
icant majority of persons, including adults and children, using wireless hand-
sets [Beard et al. 2006].  

 

 

Figure 2.3. Setup for standardized SAR measurements of wireless devices.   

The phantom used for the SAR measurements of base station antennas is an 
elliptical or box-shaped phantom filled with a body simulating liquid 
[CENELEC 2010], [IEC 2011]. According to the results obtained from compu-
tations with numerical heterogeneous body models the SAR measured with the 
phantom may be lower than the actual SAR due to the tissue layering effect 
and due to the effects of varying antenna element loading [IEC 2011]. Reflec-
tions from the boundaries of the tissue layers cause standing waves in the tis-
sues resulting in a higher local SAR. Thus, a correction factor of 2 is applied to 
the measured SAR is when the distance from the antenna to the phantom is 
greater than 400 mm. The factor should be linearly interpolated from 1 to 2 at 
distances from 200 mm to 400 mm. The lossy phantom changes the power 
distribution between the antenna elements which may increase the local SAR 
at separation distances less than two wavelengths. A correction factor of 2 is 
applied at distances less than a quarter wavelength. The factor decreases line-
arly from 2 to 1 as the separation distance increases from a quarter wavelength 
to two wavelengths. 
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The terminal under test is positioned below the phantom according to the 
specifications presented in the basic standards. During the SAR measurements 
the device is made to transmit continuously with its full power. Electric field 
induced in the tissue is measured at numerous points and measured results 
are stored in the computer memory. The results are post processed by making 
linear corrections and interpolating values between the measurement points. 
The maximum SAR averaged over 10 g or 1 g cube is determined. The meas-
urement is repeated in another position and at several frequencies covering all 
bands of the terminal. Overall, SAR testing of the present LTE (Long Term 
Evolution)  terminals consists of about hundred individual measurements with 
head and body phantoms. Thus, the complete SAR testing may take days, and 
therefore, fast SAR measurement methods have been developed. They are 
based on an array of SAR probes in a flat solid phantom [Iyama et al. 2008], 
on the estimation of three-dimensional SAR distribution from the measured 
two-dimensional distribution [Kimimami et al. 2008] and on a system consist-
ing of more than two hundred vector SAR probes [Derat et al. 2013] 

ELVs are given as SAR values for the frequency range from 100 kHz to 10 
GHz in the ICNIRP 1998 standard [ICNIRP 1998] and from 100 kHz to 3 GHz 
in the IEEE standard C95.1-2005 [IEEE 2006]. However, the practical fre-
quency range of SAR measurements is limited by the applicable tissue simulat-
ing liquids which have been standardized only for the frequency range from 
300 MHz to 5.8 GHz [IEEE 2013a]. In addition, above 6 GHz the SAR be-
comes more superficial with increasing frequency which decreases the usabil-
ity of SAR measurements. For the frequencies below 300 MHz one has not 
been able to develop liquids which would simulate the dielectric properties of 
human body and head and which would not be harmful to measurement 
equipment and personnel. 

2.6 Measurements of unperturbed field strength 

Computation of the internal quantities and SAR measurements require special 
equipment and expertise and are time consuming. Therefore, the human expo-
sure to EMF is assessed in actual conditions by measuring unperturbed elec-
tric and magnetic field strengths in free space without the presence of human 
body. These measurements reveal rapidly if the exposure exceeds ALs and if 
other more sophisticated methods are needed for the exposure assessment. 

To carry out relevant field strength measurements the characteristics of the 
EMF sources should be known before measurements. The technical data help 
in estimating the expected field strengths and selecting the proper measuring 
equipment. The essential parameters of the sources are the voltage, current or 
power, the frequency, and the properties of the radiating structure or antenna. 
Low-power devices compliant with the exclusion criteria and devices compli-
ant with leakage radiation standards need no exposure assessment. Otherwise, 
the following data on the EMF source(s) is essential to prepare the measure-
ments: 
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 supply voltages and currents at the moment of the measurements and 
their maximum or nominal values, location of power conductors or ca-
bles in low-frequency EMF sources (< 100 kHz) 

 RF power, its time-variability, modulation and duty factor of RF EMF 
sources 

 frequencies including fundamental frequencies, harmonics and spuri-
ous frequencies of EMF sources 

 pulse parameters of pulsed EMF sources 
 radiation pattern of the radiating structure or antenna and its scanning 

parameters.  
Before measurements it is necessary to gather information on the exposure 
parameters. The information may include positions of the exposed persons 
with respect to the EMF sources, operation modes of the EMF sources or ma-
terials to be processed with the EMF sources. These parameters can be used to 
predict the exposure and to design the procedures for the necessary measure-
ments.  

The measuring instruments have to be suitable for the measurement of the 
EMF sources. The instruments must have a valid calibration and a sufficient 
frequency and dynamic range. Their operation and behaviour must be known 
and understood also in complex and rough exposure conditions. An individual 
instrument or probe does not necessarily cover the whole frequency range and, 
therefore, several instruments and probes may be needed. Basically, there are 
two kind of measuring instruments: broadband and selective narrowband in-
struments. The broadband instruments are easier to use in actual exposure 
conditions. They operate in a wide frequency range but give information only 
on the field strength and not on the spectrum of the EMF. These instruments 
can be used if frequencies are known and if one knows the values of the voltag-
es, currents and RF powers at the moment of the measurements and their 
maximum values. Otherwise, selective narrowband instruments have to be 
used to find out the spectrum of EMF. In addition, code selective instruments 
are needed for the measurements of EMF from 3G [CENELEC 2008b] and 4G 
[CENELEC 2014] base stations to get the sufficient parameters to extrapolate 
the field strength at the maximum traffic load of the base station. The charac-
teristics of the field measuring instruments are described in more details in 
Chapter 3. 

A comprehensive exposure assessment may not be possible because the ex-
posure may depend on many parameters and the examination of the effect of 
all combinations is not possible. The field strength measurements should be 
carried out in a reasonable time, and therefore, it is important to have a priori 
estimation of expected field strength levels based on the gathered technical 
information. A specific technical EMF standard should be applied if it exists. 
Otherwise, the procedures described in general basic standards [CENELEC 
2008b], [IEEE 2003] can be followed. The exposure assessment can be started 
with a quick preliminary survey which gives results on the points of the highest 
exposures. A more detailed survey can then be carried out at these points to 
find out the worst case exposures. The safety recommendations based on the 



Assessment of exposure to EMFs 

47 

field strength measurements include safety distances from the sources. If these 
cannot be applied, then other procedures are needed to reduce the exposure: 
for example the reduction of the RF power or duty factor of the EMF source. 

2.7 Body and contact current measurements 

Below 110 MHz EMFs induce RF currents in the body and high current densi-
ties may exist in body parts of a small cross-sectional area, such as in ankles 
and wrists. In uniform plane-wave field exposures the compliance with the 
action levels ensures that the local SAR limits are not exceeded even in these 
body parts. However, relevant exposures occur in reactive near fields which 
can be highly non-uniform increasing the uncertainty of the field strength 
measurements. An exposure assessment based on the spatial peak field 
strength may be too conservative and therefore, a spatial averaging is normally 
carried out. If the local field strength significantly exceeds the AL it shall be 
verified that the local SAR limit is not exceeded. The determination of SAR is 
not possible in actual exposure conditions but the currents induced in the 
limbs can be easily measured to verify the compliance with the action levels of 
limb currents. The local field strengths can exceed the ALs provided that the 
limb currents are below the ALs.  

The limb current measurements are even more reliable than the field 
strength measurements when assessing the exposure to highly non-uniform 
fields and especially with the presence of the operators perturbing the fields. 
Normally the field strength measurements are carried out without the pres-
ence of exposed persons but there are situations when it is not possible, such 
as when assessing the exposure of the operator of a high-frequency (HF) plas-
tic welder. 
The currents induced in the body can be measured by using parallel-plate me-
ters or current transformers. Figure 2.4 shows different ways to measure cur-
rents induced in the body of the operator of an HF plastic welder. The current 
induced in the feet (If) can be measured by inserting a parallel plate meter be-
tween the feet and the ground. The ankle current can be measured by setting a 
current transformer around the ankle. Current transformers can be used also 
for the determination of current induced in the hand, wrist and arm (Ih), neck, 
leg (IL) and even in the torso (It) if the aperture of the transformer is sufficient-
ly large. The structure and the operation of current measuring instruments are 
described in Chapter 4.  

The contact currents have to be measured in exposure conditions where me-
tallic objects energized by the EMF exist in the environment. Touching of the 
objects may cause local burns or tingling sensations. By measuring the contact 
currents it can be verified that the action levels for the contact current are not 
exceeded. The contact current can be measured with a hand-held meter or a 
current transformer. An electronic circuit simulating the human body can be 
applied for high contact currents. Contact current meters are described in 
more details in Chapter 4.  
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Figure 2.4. Measurement of body currents with a parallel-plate meter and current transformers. 

 

2.8 Assessment of exposures to multiple frequency EMFs 

Non-sinusoidal or multiple frequency EMFs consist of sinusoidal components 
at several frequencies with specific amplitudes and phases. The change of the 
ELVs or the ALs as a function of frequency has to be taken into account when 
determining the total exposure which can be expressed as an exposure ratio 
(ER). If ER ≤ 1 the total exposure is in compliance with the ELVs or the ALs. 
The way to sum the spectral components for the ER depends on their frequen-
cy range. 

2.8.1 Low frequencies (<10 MHz) 

At low frequencies the adverse effects are caused by the electrostimulation 
which is proportional to the peak amplitudes of the signals. Thus, summing 
has to be based on the amplitudes of the exposure quantities and this is im-
plemented with slightly different methods presented by ICNIRP and IEEE. 
According to the ICNIRP 1998 and 2010 standards [ICNIRP 1998], [ICNIRP 
2010] the ratios of the rms value of the exposure quantity (incident or induced 
electric field strength, magnetic field strength or flux density or contact cur-
rent) to the corresponding ELV or AL at each frequency are summed as fol-
lows: 
 

 
MHz

Hzf f

f

EL
A

ER
10

1    (2.11) 



Assessment of exposure to EMFs 

49 

 
where Af is the rms value of the exposure quantity and ELf is the ELV or the AL 
at frequency f. A similar equation is presented in the IEEE C95.1-2005 [IEEE 
2006] and IEEE C95.6-2002 [IEEE 2002] standards in the frequency range 
from 0 to 5 MHz. For the contact current ICNIRP extends the frequency range 
up to 110 MHz. The values Af can also represent the magnitudes of the Fourier 
components.  

The summing method using (2.11) is called a multiple frequency rule (MFR). 
The spectral components are summed in the same phase by assuming that 
they have their maximum value at the same time. The MFR may give nearly 
realistic ERs if the number of the components is limited and the phases vary 
randomly. All the components may have maxima at the same time. However, 
the MFR may overestimate the exposure if the spectral components have fixed 
and different phases, such as a waveform consisting of components at the fun-
damental frequency and at its harmonics. Therefore, at low frequencies (< 100 
kHz) ICNIRP recommends to use the weighted peak method (WPM) which 
takes into account the amplitudes and phases of the components resulting in 
more realistic exposure assessment [Jokela 2000], [ICNIRP 2003]. 

The WPM can be used either in the frequency or time domain. In the fre-
quency domain the waveform is first converted from the time to frequency 
domain by using a Fast Fourier Transform (FFT). The exposure ratio is then 
calculated by summing the spectral components as follows: 
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where Ai is the rms value of the electric field strength, magnetic field strength 
or flux density or contact current at frequency fi and ELi is the corresponding 
ELV or AL,  is the phase of the component and  is the phase of the 
weighting filter at frequency . The calculation of ER according to (2.12) can 
be laborious due to numerous spectral components and therefore, it may be in 
many cases easier to apply the weighting filter to the spectral components and 
convert the filtered spectrum back to the time domain. The gain of the filter 

 depends on the frequency and the ELV or AL as follows: 
 

 
)(
)(

)(
i

ref

fEL
fEL

fG     (2.13) 

 
where  is the ELV or AL at a reference frequency  selected arbitrar-
ily between 1 Hz and 100 kHz and  is the ELV or AL at frequency . The 
phase  of the weighting filter depends on the frequency slope of the ELV or 
AL as follows: 
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This weighting filter with a piecewise linear frequency response can be re-
placed with a more easily implementable filter which has an attenuation differ-
ing not more than 3 dB and a phase difference not more than  from the 
piecewise linear response. This enables the use of simple weighting filters con-
sisting of resistors and capacitors in broadband low-frequency measuring in-
struments where the waveform is processed in the time domain. The peak val-
ue of the filtered waveform is then detected and compared with the corre-
sponding peak ELV or AL. When processing the measured waveform in the 
computer, the filtered spectrum is converted back to the time domain by ap-
plying the Inverse Fast Fourier Transform (IFFT). The peak value of the re-
sulted waveform is detected and the exposure ratio can then be calculated 
from  
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where Ap is the peak value of the filtered waveform and  is the ELV or 
AL at the reference frequency.  

According to the IEEE C95.1-2005 and C95.6-2002 standards the exposure 
ratio for the instantaneous peak value in the time domain is also calculated 
from (2.15) where  is the peak value but the reference frequency fref is re-
placed with an equivalent frequency . It is calculated from  
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where  is the time between zero crossings of a waveform having a zero mean. 
For an exponential waveform it is the time from the peak value to the point 
where the waveform has decayed to 1/e  0.37 of the peak value. 

2.8.2 Radio frequencies (>100 kHz) 

At radio frequencies the adverse effects are caused from the excess heating of 
tissues. The heating is proportional to the square of field strength or flux den-
sity or current which has to be taken into account when summing the spectral 
components. According to the ICNIRP 1998 standards the components as 
quantities of the ELV are summed as follows: 
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where SARf and Sf are the specific absorption rate and the power density, re-
spectively, at frequency f, and SARL,f and SL,f  are the ELVs as SAR and power 
density, respectively, at frequency f. Electric field strengths and magnetic field 
strengths or flux densities are summed as follows: 
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where Af is the rms value of the field quantity and ELf is the ELV or AL at fre-
quency f. Exposure ratios are determined separately for the electric and and 
magnetic field strength or flux density. ER for induced limb current compo-
nents is calculated from 
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where  is the rms value of the limb current and IlL,f is the AL for the limb 
current at frequency f.  

2.8.3 Assessment of exposure to EMF from a plasma ball 

The MFR and the WPM were used to assess the human exposure to a multiple 
frequency EMF generated by a plasma ball in [P5]. Plasma balls are used as 
toys at homes and in exhibitions at museums and, therefore, it is important to 
evaluate the exposure of general public. In addition to the electric and magnet-
ic field strength it is essential to measure also the contact current because 
plasma balls are designed and intended to be touched. The electrode of the 
plasma ball in [P5] was energized by alternating high voltage consisting of a 
fundamental sinusoidal component around 20 kHz and many harmonics at 
higher frequencies.  

The spectral components of the electric and magnetic field strength were 
measured in the vicinity of the plasma ball with a Narda EHP-200 electric and 
magnetic field analyser. The magnetic field components were not significant 
and therefore, only the electric field components were analysed by using the 
MFR. The analysis revealed that the exposure ratio exceeds 1 at the distance of 
1.25 m from the ball determined according to the ALs of electric field strength 
for general public given in the ICNIRP 1998 and ICNIRP 2010 standards. The 
corresponding ERs calculated at the distance of 0.35 m from the ball were 11.6 
according to the ICNIRP 1998 standard and 12.1 according to the ICNIRP 
2010 standard. The electric field strength is highly non-uniform at this dis-
tance and consequently, the ER for the electric field strength induced in the 
body is significantly lower but may still exceed the ELV. 
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The contact current was measured when the plasma ball was touched with a 
finger or palm. The current was measured by using a Tegam current clamp 
(model 94606-1) placed around the wrist of the person touching the ball. The 
output of the current clamp was connected to a virtual oscilloscope (Picoscope 
3424) with a coaxial cable and the AC voltage was measured across a 50 Ω 
load. The virtual oscilloscope was connected to a battery-operated laptop com-
puter. The measured AC voltage was processed by using a Matlab software 
version 2010a. The time domain voltage was first converted to the frequency 
domain by applying Fast Fourier Transform (FFT). The voltage was trans-
formed to current by using the magnitude and the phase of the transform im-
pedance of the current clamp obtained from the calibration. The MFR present-
ed in (2.11) was then applied for the computed current components.  

The WPM was also applied for the contact current because it was known a 
priori that the MFR overestimates the exposure in this case (a fundamental 
frequency and its harmonics). The computed contact current spectrum was 
filtered in the frequency domain using (2.13) and (2.14). The weighting filter 
for the measured contact current is shown in Fig. 2 of [P5]. A reference fre-
quency of 20 kHz, the fundamental frequency of the current, and a piecewise 
linear frequency response was used for the weighting filter. The phase of the 
filter was -π/2 in the frequency range from 2.5 to 100 kHz due to the increas-
ing AL of the contact current as a function of frequency, 0 below 2.5 kHz and 
above 100 kHz due to the constant ALs for the contact current in these fre-
quency ranges. The filtered spectrum was converted back to the time domain 
using the IFFT. The weighted and the original measured contact current when 
touching the ball with a finger are shown in Fig. 6 of [P5]. The figure illustrates 
how the weighting smoothened the waveform. The peak value of the weighted 
waveform (magnitude of the negative peak) was determined and the exposure 
ratio was then computed using (2.15). The ER computed according to the gen-
eral public ALs of the ICNIRP 2010 standard (the same ALs for the contact 
current as in the ICNIRP 1998 standard) was 2.0 when the MFR was applied 
and 1.6 when the WPM was applied for the current in a finger contact. The 
corresponding ERs were 1.9 and 1.6 for the current in a palm contact.  

The time domain method of the IEEE C95.1-2005 standard can also be used 
for the measured contact current to determine the ER. The time interval tp is 
first determined. From the non-weighted waveform presented in Fig. 6 of [P5], 
tp can be roughly estimated to be 4.4 μs. The equivalent frequency calculated 
from (2.16) is 114 kHz at which the AL of general public is 16.7 mA (rms) for 
the touch contact current according to the IEEE C95.1-2005 standard. Thus, 
the ER calculated from (2.15) is 1.30. It is smaller than the corresponding ER 
1.6 determined according to the ICNIRP standards using the WPM even 
though the corresponding AL for the contact current is higher (20 mA rms at 
114 kHz) in the ICNIRP standards. 

The comparison of the calculated exposure ratios revealed that the MFR 
clearly overestimated the exposure to the contact current consisting of multi-
ple harmonic frequencies. The WPM requires the use of the IFFT but it gives a 
peak value which is easy to compare with the peak AL. As it can be seen in Fig. 
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5 of [P5] the spectrum of the contact current consists of numerous compo-
nents and consequently, the sum according to (2.11) converges very slowly to 
an asymptotic value. The frequency domain method of the IEEE standards is 
similar to the MFR with the same results and problems. The time domain 
method of the IEEE standards is easy to apply but large uncertainties may be 
associated with the determination of the time between the peak value and the 
1/e value of an exponentially decaying waveform, such as the measured con-
tact current illustrated in Fig. 6 of [P5]. 

2.9 Animal experiments 

In biological studies, animals (in vivo) or cell cultures (in vitro) are exposed to 
EMF to find out potential biological effects. The exposure times are normally a 
few hours per day and the overall duration of the experiments can extend from 
a few days to two years or the life time of the animals. In addition to the design 
and analysis of the biological issues the design of the exposure setups and the 
exposure assessment forms an essential part of these studies. Controversial 
results obtained from the earlier biological studies in the last millennium may 
be partially explained by the defective exposure systems and exposure assess-
ment (dosimetry). Therefore, the exposure assessment has been addressed 
since then in the biological studies and the minimum requirements have been 
proposed for the exposure setups and dosimetry [Kuster et al. 2000], [Kuster 
et al. 2006], [Lovisolo et al. 2009]. 

No standardized exposure setup can be developed for animal experiments 
due to different endpoints and protocols of the biological studies. However, a 
standardized methodology has been proposed for the design of the exposure 
setup and for the dosimetric analysis. The characteristics of the used setup 
depend on many factors: size and number of animals, the biological effect to 
be studied, characteristics of the EMF exposure (local or whole body, exposure 
levels, duration, modulation and frequency of the exposure signal), the space 
and budget reserved for the study.  

Typically, animals are divided into a control group, a sham exposure group, a 
lower exposure group and a higher exposure group. The animals in a control 
group live in normal animal cages while the animals in other groups live in the 
exposure chambers and they may have been exposed to another agent, such as 
ionizing radiation or a chemical, to study the possible common effect with 
EMF. The sham exposure group is not exposed to EMF. The animals of the 
same exposure group should have similar and accurately determined EMF 
exposure during the whole duration of the experiment which is challenging 
because animals are of different size and weight and they grow during the ex-
periment. In addition, the distribution and the dielectric properties of the an-
imal tissues change and some animals may die during the experiments. Freely 
moving animals have different orientations and postures which can signifi-
cantly affect their exposure to EMF. Due to these many factors the accurate 
exposure assessment requires numerical modelling of the exposure setup and 
the animals and computation of the SAR induced in the animals. The numeri-
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cal analysis shall be performed already in the design phase so that the neces-
sary changes in the setup indicated by the analysis can be made before the 
construction of the setup. The results obtained from the numerical analysis 
have to be validated with the measurements carried out in the constructed 
exposure setup with homogeneous phantoms simulating the shape and size of 
the animals. 

2.9.1 Exposure setups 

Numerous exposure setups have been developed for animal experiments used 
in the studies on biological effects of EMF [Paffi et al. 2013], [Gong et al. 
2016]. Various structures and sizes of the setups are due to different animals 
and different exposure protocols. The exposure setups can be divided into 
open or closed systems. In the open systems animals are placed in the far field 
(whole body exposure) or in the near field (local exposure) of a radiating an-
tenna, such as a dipole, a loop or a horn. The open systems are suitable for a 
local exposure of large animals, for example pigs, while the closed systems are 
better suited for small animals, such as mice and rats. Each setup has its own 
strengths and weaknesses.  

An open system with a radiating antenna exposes large number of animals 
simultaneously to a uniform and similar EMF in the far field.  However, the 
power efficiency, i.e., the ratio of the SAR induced in the animals to the input 
RF power, is low. The open systems require also a shielded room. In the near 
field the power efficiency is high but the exposure is non-uniform and only a 
few animals can be exposed simultaneously. The near field is suitable for a 
local exposure, for example exposing the head, but an accurate exposure re-
quires restraining of the animals. Restraining increases the handling of the 
animals which obviously causes stress and consequently can mask some effects 
caused by the exposure [Heikkinen et al. 2001], [Heikkinen et al. 2003]. Thus, 
it is recommended to design exposure setups where animals can move freely in 
their own cages.  

Closed systems are guided wave structures with propagating waves, such as 
TEM transmission lines or waveguides, or resonant chambers. In the guided 
wave structures attenuation and possible higher order modes can be caused by 
the animals which can result in non-uniform exposures. The power efficiency 
is typically higher than in open systems. The highest power efficiencies can be 
achieved by using resonant chambers where animals are placed in the maxi-
mum of the electric field. However, this requires restraining of the animals. 
Reverberation chambers have also been developed for exposing freely moving 
animals. They offer a uniform exposure with a relatively high power efficiency 
but require sophisticated numerical analyses [Gong et al. 2016]. To summa-
rise, the design of an exposure setup is an optimisation between number of 
exposed animals, power efficiency, uniformity and accuracy of the exposure, 
available room for exposure, and costs. 

The exposure setup developed in one study of this thesis was designed to be 
space efficient due to the small floor area of the exposure room and large 
number of freely moving rats to be exposed [P6]. It was a closed system con-
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sisting of nine circular chambers. The chambers were radial transmission lines 
with a diameter of 152 cm and a height of 15 cm. A schematic view of an expo-
sure chamber is presented in Fig. 2.5. Each chamber housed 24 rats, each 
moving freely in its own wedge-shaped cage where food and drinking water 
were available except during EMF exposures. The number of the rats was the 
maximum which could be placed in one chamber so that the floor area of the 
cage still met the requirements of the Council of Europe. Thus, 216 rats could 
be exposed in nine chambers. Figure 2.6 shows six exposure chambers with 
water flasks and the ventilation system positioned in two alcoves of the expo-
sure room. The diameter of the chambers was determined by the width of the 
alcoves. Nine chambers were placed on three special aluminium racks with 
three chambers on top of each other requiring only a 9 m2 floor area. The ex-
posure setup was designed so that the rats could stay there permanently. How-
ever, rats were not exposed during weekends for other reasons and they were 
moved to ordinary rat cages to stay over weekends. 

 

Figure 2.5. Schematic view of the exposure chamber for 24 rats.  

The edges of the circular aluminium plates of the chambers were short-
circuited with an aluminium wall. The inner side of the wall was covered with 
absorber to reduce the standing wave in the chamber. A radial TEM wave was 
generated in the chamber by using a tunable monopole antenna consisting of a 
feeding post in the middle of the lower plate and a tuning post in the middle of 
the upper plate. A modified GSM phone transmitting with full power continu-
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ously at 900 MHz was used as a signal source. The signal was divided by using 
a power divider to RF power amplifiers. The input and reflected power of each 
exposure chamber was monitored constantly with RF power meters. The sys-
tem energizing simultaneously four chambers is shown in Fig. 2.6. 
 

 

Figure 2.6. Photograph of six exposure chambers with water flasks and the ventilation system 
and four high power RF amplifiers for simultaneous energizing four exposure chambers.  

2.9.2 Exposure assessment  

Minimum requirements for the exposure assessment in biological studies are 
the determination of the whole-body-averaged SAR (SARwba) and the peak 
spatial SAR of the animals [Kuster et al. 2006]. In addition, the confidence 
interval of the mean SAR values for all animals during the whole experiment 
and the deviation from the mean value for individual animals due to the posi-
tion, posture, orientation, age, weight etc. should be evaluated. The exposure 
assessment is based on the results obtained from computations with numerical 
models of the exposure setup and the animals. The computation method is 
validated by comparing the computed results with the results obtained from 
SAR measurements carried out for homogeneous phantoms simulating the 
size, shape and average dielectric properties of the animals. The computed 
SAR can be compared with the SAR measured by using a miniature SAR probe 
[Kainz et al. 2006], [Toivonen et al. 2008b] or with the SAR determined by 
using a calorimetric method [P6]. SAR probe measurements give also infor-
mation on the SAR distribution while only the whole-body-averaged SAR can 
be determined with a calorimetric method. The computed temperature rise 
can be compared with the temperature rise measured with an optical fibre and 
thermography [Chakarothai et al. 2015] and with the temperature rise meas-
ured with a transparent thermistor probe [Gong et al. 2016]. The computation 
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method is validated if the difference between the computed and measured val-
ues υcom and υmeas, respectively, satisfy the following inequality [Kuster et al. 
2006] 
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where ucom and umeas are the expanded uncertainties (K=2) of the computation 
and measurement, respectively. 

In [P6] the exposure chamber, plastic cages, rats and homogeneous rat 
phantoms were numerically modelled by using a commercial software XFDTD, 
versions 5.3 and 6.2 by Remcom, State College, Pennsylvania. The adult rat 
model was based on the numerical model available from Brooks Air Force Base 
(San Antonio, Texas). It was slightly modified to the dosimetric analyses. The 
young rat model was created by scaling the adult rat model with a factor of 
0.75 in every three dimensions. The overall grid size of cubical voxels was 2 
mm. Adaptive meshes with grid sizes of 1.0, 1.33 and 1.5 mm were used for the 
smallest (56 ml) rat phantom. Rat phantoms were plastic bottles of four differ-
ent sizes (56, 110, 280 and 550 ml) filled with a liquid simulating the dielectric 
properties of human muscle tissue at 900 MHz. 

The average SAR induced in the rat phantoms was measured with a calori-
metric method. The phantom under test (PUT) was inside a Styrofoam box for 
preventing from the heat transfer from the phantom. A calibrated small Vitek-
type thermistor probe (BSD Medical, Salt Lake City, UT) [Bowman 1981] was 
used to measure the temperature increase of the phantom liquid. The probe 
consisted of a small high-resistance thermistor and four high-resistance leads 
which did not perturb the field. The thermistor was placed in the phantom 
liquid and the leads went through the wall of the container and the wall of the 
Styrofoam box. Thus, the temperature could be measured without opening and 
closing the box. The temperature was measured before the irradiation when 
the liquid was in the thermal balance, i.e., the temperature was stable. The 
phantoms were irradiated by feeding RF power of 200 W into the exposure 
chamber for 300 s causing a rapid increase in the temperature of the phan-
toms. After the irradiation the PUT was shaken to have a homogeneous tem-
perature distribution and the temperature of the liquid was measured. The 
calculation of SARwba was based on (2.7) where T is the temperature increase 
and t is the irradiation time. The container was taken into account when de-
riving equation (1) in [P6] for the SAR averaged over the mass of the phantom. 
The corresponding SAR in the rat of the same volume was calculated from 
(2.9) with the density of the phantom liquid (1.219 g/cm3) and the density of 
the rat (1.0 g/cm3). 

SARwba was measured for the rat phantoms of different sizes in different 
places of the rat cages and in different orientations with respect to the electric 
and magnetic field. The sensitivity of the thermistor sensor used for the meas-
urements of the temperature differences was estimated to be around 0.01 K. 
This was sufficient for a reliable determination of the temperature increases 
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which varied from 0.3 to 2.3 K depending on the size, position and orientation 
of the phantom. The temperature increased typically less than 1 K and there-
fore, the change in the dielectric properties of the liquid and the heat transfer 
from the phantom were not significant. The measured and computed SARwba 
are presented in Table 2.5 for rat phantoms. The estimated expanded uncer-
tainties (k=2) are 20% for the measured and computed SARwba. Table 2.5 
shows also the values En calculated from (2.20). All values are less than one 
which means that the computation model and method were validated with the 
phantom measurements. 

Table 2.5. Measured and computed SARwba for rat phantoms per 1 W of the input RF power. 

Volume (ml), 
polarization and 
position of the 
rat phantom 

Volume (ml), polar-
ization and posi-
tion of other rat 
phantoms 

Measured SARwba 
mW/kg 

Computed SARwba 
mW/kg 

En calculated 
from (2.20) 

56, k, front 56 and 110*, k, back 110 100 0.34 
56, k, back 56 and 110*, k, back 70 90 0.88 
110, k, back 110, k, back 56 52 0.26 
110, k, front 110, k, back 110 88 0.78 
110, E, front 110, k, back 180 190 0.19 
110, H, back 110, k, back 27 27 0.00 
280, k, back 280, k, back 26 27 0.13 
550, k, back 550, k, back 21 23 0.32 
*8 phantoms of 56 ml and 16 phantoms of 110 ml 

 
The exposure setup designed and constructed in [P6] was optimised for the 
available floor area and the achieved space efficiency was higher than in many 
other setups. However, an adequate floor area was provided for each freely 
moving rat in its own cage to meet the requirements by the Council of Europe. 
The free moving of the rats resulted in a higher uncertainty of the SAR deter-
mination due to the different positions, postures and orientations of the rats 
with respect to the EMF. The uncertainty budget for the mean SARwba is pre-
sented in Table 2.6. The expanded uncertainty (k=2) was estimated to be 3.0 
dB (+100%, -50%). The lifetime variation was estimated to be 1.3 dB (k=1) and 
the instantaneous variation 2.3 dB (k=1) for the SARwba due to the movement 
of the rats.  

The exposure setup was successfully used in two studies. In the first study 
[Heikkinen et al. 2006] the combined effects of a carcinogen and GSM mobile 
phone fields at 900 MHz were examined and 216 rats were exposed for two 
hours per day on five days per week for two years or life time to the whole-
body-averaged SAR of 0 W/kg (sham exposure), 0.4 W/kg and 1.3 W/kg (high 
exposure). Rats lived from Monday till Friday in the exposure chambers where 
they had food and drinking water ad libitum except during the RF expore ses-
sions. In the second study [Kumlin et al. 2007] the effects of GSM mobile 
phone fields on the central nervous system was studied and part of the setup 
was used for exposing 72 young rats for two hours per day on five days per 
week for five weeks to the whole-body-averaged SAR of 0 W/kg (sham expo-
sure), 0.27 W/kg and 2.7 W/kg (high exposure). 
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Table 2.6. Uncertainty budget for the mean SARwba of rats. 

Uncertainty 
factor 

Tolerance   
dB 

Distribution 
type 

Divisor Standard uncertainty 

Tolerances in the 
fabrication of the 
exposure cham-
bers 

0.28 Normal 1 0.28 

Differences be-
tween the cham-
bers 

0.34 Normal  0.34 

Numerical model-
ling of the cham-
bers 

0.20 Rectangular  0.11 

Calibration of RF 
power meters 

0.41 Normal (k=2) 2 0.21 

Numerical model 
of the rat 

1.50 Rectangular  0.87 

Discretization 1.00 Rectangular  0.58 
Real part of the 
permittivity of the 
tissues 

0.80 Rectangular  0.46 

Conductivity of the 
tissues 

0.80 Rectangular  0.46 

Weight variation of 
rats 

1.14 Rectangular  0.66 

Combined stand-
ard uncertainty  

   1.48 

Expanded uncer-
tainty (k=2) 

   3.0 
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3. Instruments for measurements of un-
perturbed field strength 

The action levels are given in exposure standards as unperturbed rms field 
strengths, i.e., field strengths with the absence of a person or an object. Unper-
turbed electric and magnetic field strength can be measured with broadband 
instruments or selective narrowband instruments [CENELEC 2008b]. A typi-
cal broadband instrument consists of a probe and a readout device. The probe 
can be connected directly to the device or a connecting cable may be used. The 
probe contains field sensing elements and detector circuits. The detected sig-
nals are processed and displayed in the readout device. Several probes provid-
ed with different sensing elements and detector circuits can be used with the 
same readout device. Broadband instruments have a flat response in a wide 
frequency range. They can be utilized also in rough conditions due to their 
rugged structure and easy-to-use properties. Most broadband instruments give 
only a field strength reading without any information on the spectrum of the 
EMF. An identification of the EMF source is not possible. Broadband instru-
ments can be used for the verification of the compliance with the ALs but they 
are not sensitive enough for low-level EMF (the field strength at least 30 dB 
lower than the AL of general public) measurements because they receive noise 
over a broad band. 

Selective narrowband instruments consist of a probe or an antenna which is 
connected to a readout device directly or with a cable. The probe or antenna 
contains no detectors and therefore, the received RF signals are transferred to 
the readout device to be processed. The readout device is normally a spectrum 
analyser to measure the amplitudes of the received signals at different fre-
quencies. Selective narrowband instruments are more complex to use but are 
more sensitive enabling measurements of low-level EMF. The EMF source can 
also be identified with these instruments. For modern digital modulations 
used in 3G and 4G mobile communication networks, code selective instru-
ments are needed to extract the signals transmitted with a constant power 
[CENELEC 2008b], [IEC 2011], [CENELEC 2014]. The field strength corre-
sponding to these signals is necessary for the extrapolation to the maximum 
field strength which is generated with the maximum possible transmit power 
of the base station. 
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Body-worn personal RF monitors or exposimeters [Satimo 2016], [Fields at 
Work GmbH 2016] have been used by persons working in the vicinity of an-
tennas of a high transmit power for the prevention of overexposure. The expo-
simeters have been used since 2005 also in research to assess personal every-
day exposure to EMF in living environment [Bolte 2016]. The exposimeters 
improve the exposure assessment in epidemiological studies. Typically the 
devices measure the incident EMF only at one point on the body which results 
in a large uncertainty due to the absorption, scattering, shadowing, movement 
and posture of the body [Lecoutere et al. 2016]. To reduce this uncertainty a 
wearable system consisting of sensors at several points on the body has been 
developed [Lecoutere et al. 2016]. This thesis addresses measurements of un-
perturbed field strength and therefore, personal exposimeters are not analysed 
in more detail. Bolte [2016] has recently published a comprehensive review on 
the personal exposimeters.  

3.1 Broadband instruments 

3.1.1 The structure of broadband instruments 

Typical broadband instruments for measurements of unperturbed field 
strength are shown in Fig. 3.1. They consist of a probe and a readout device. 
Field sensing elements and signal detecting circuits are located in the probe. 
The detected signals are transferred inside the probe handle via highly resis-
tive transmission lines. An amplifier may be mounted at the other end of the 
handle to amplify the signals before transferring them to the readout device. 
The probe can also be connected via a connecting cable to the readout device. 
Several electric and magnetic field probes with different dynamic and frequen-
cy ranges can be used with the same readout device where the detected signals 
transferred from the probe are processed, summed and displayed in a format 
selected by the user. 
 

 

 

Figure 3.1. Broadband instruments for measurements of unperturbed field strength. 
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To carry out meaningful field strength measurements the broadband instru-
ment should meet the following requirements listed in the general standards 
[CENELEC 2008b], [IEEE 2002], [IEEE 2010]: 

 The instrument should be lightweight, portable and easy to use. 
 The instrument shall not significantly disturb the EMF to be meas-

ured.  
 The operation range of the instrument for environmental conditions 

(temperature, humidity) shall be given in the specifications of the in-
strument.  

 Dimensions of the probes should be less than λ/10 at the highest op-
erational frequency to reduce the errors due to the non-uniformity of 
the EMF. 

 The probes shall response only to their specified field (electric or 
magnetic field) and not to fields outside their operational frequency 
range.  

 Probes shall be isotropic, i.e., the reading does not depend on the di-
rection and the polarization of the field. The deviation from the iso-
tropic response shall be given in the specifications of the probes. 
Non-isotropic one-axis probes can be used only if the polarization of 
the field is known. 

 The electric or magnetic field shall couple only to the field sensing el-
ements of the probes and not to the leads and the readout device. 

 The leads of the instrument shall not perturb the EMF. 
 The frequency range and the variation of the frequency response of 

the instrument shall be given in the specifications. 
 The reading shall be the rms value of the field strength or equivalent 

plane-wave power density independent of the characteristics of the 
EMF. Peak values may be preferred in some special cases, such as 
EMFs generated by scanning radar antennas. 

 The dynamic range of the instrument should be at least 20 dB and it 
should cover the ALs of the international exposure standards. The 
measurement range of the instrument shall be given in the specifica-
tions. 

 The nonlinearity of the instrument shall be given in the specifica-
tions. 

 The instrument shall be calibrated and the uncertainty of the calibra-
tion shall be known. 

 The uncertainty of the instrument shall be known.  

3.1.2 Electric field probes 

A typical broadband electric field sensor for field strength measurements in air 
consists of a short dipole antenna, a detector attached to the antenna gap and 
components for flattening the frequency response and for filtering the signal. 
Figure 3.2 presents a schematic view of an electric field sensor with a resistive 
transmission line and its equivalent radio-frequency (RF) and low-frequency 
(LF) equivalent circuits [Bassen and Smith 1983]. Ua is the RF voltage induced 
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by the incident electric field in the dipole and Ca is the capacitance of the di-
pole. Zc is the characteristic impedance of the resistive transmission line. It 
decreases as the frequency increases and therefore, the resistors R1 are insert-
ed between the dipole and the line to prevent the line from loading at higher 
frequencies. Rm represents the input resistance of the readout device or the 
preamplifier. In the RF section Cj and Rj are the junction capacitance and re-
sistance of the diode, respectively, and Rs is the series resistance of the diode. 
The RF voltage Uj over the junction of the diode is transferred to the DC volt-
age. In the low-frequency section Rv  Rj + Rs represents the video resistance of 
the diode and the resistive transmission line is described with a low-pass filter 
circuit where ri is the resistance per unit length of each conductor and ci is the 
capacitance per unit length of the line. 

 

Figure 3.2. Schematic view of an electric field sensor and its radio-frequency and low-frequency 
equivalent circuits. 

The response of the electric field sensor is flat up to the frequency where the 
length of the dipole is slightly less than approximately one tenth of the wave-
length [King and Smith 1981]. Above this frequency the response increases 
rapidly due to the half-wave resonance of the dipole. The lower frequency limit 
fc of the flat response is determined by the antenna capacitance (Ca) of the di-
pole, the junction resistance (Rj) and capacitance (Cj) of the diode as follows:  
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The dipole resonance can be attenuated and the frequency range extended at 
high frequencies by using resistive material in the dipole [Hopfer 1972] or re-
placing the dipole with a chain of thermocouples [Aslan 1972]. The thermo-
couple chain can be described as resistive dipoles connected in series. The fre-
quency range of the dipole antenna probes extends typically from 100 kHz up 
to a few GHz while the frequency range of the thermocouple chain probes can 
extend from 300 MHz even up to 100 GHz [Sorensen et al. 1997].  
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Isotropic electric field probes consist typically of three orthogonal field sen-
sors which can be arranged in different configurations. A symmetrical struc-
ture has the best isotropic properties. Three orthogonal dipoles have a com-
mon centre point, and the electrical centre point does not depend on the direc-
tion or the polarization of the incident electric field. In other configurations, 
such as dipoles placed on the sides of a triangular core or of an I beam or on 
three edges of a cube with a common end point, the structure is not symmetric 
and the dipoles have no common centre point. The effect of the configurations 
on the isotropic properties of the probe is shown in [P1]. 

The number of EMF producing appliances used near the human body in-
creased rapidly in 1990’s and consequently, there was a growing need to carry 
out the measurements of electric field strength also in lossy dielectric media. 
Due to shorter wavelengths and highly non-uniform fields the spatial resolu-
tion of previously developed broadband probes were not sufficient and there-
fore, smaller isotropic implantable electric field probes were developed with 
the field sensor dimensions from less than a millimetre to a few millimetres 
[Batchman and Gimpelson 1983], [Bassen 1997]. The design of the implanta-
ble probes was challenging because small field sensors needed a dielectric 
supporting structure and a protecting cover, so that they could be used for the 
measurements in liquids. The dielectric structures perturb the EMF around 
and inside the probe. The probe structure were modelled and optimised by 
computing with an FDTD method to improve the isotropic response in tissue 
simulating liquids [Pokovic 2000]. 

3.1.3 Magnetic field probes 

Time varying magnetic fields are measured with a loop sensor which consists 
of a one- or multi-turn circular loop, a detector shunted with a resistor and a 
capacitor. A schematic view of a simple loop sensor is shown in Fig. 3.3. The 
RF voltage induced in the loop increases proportionally to the frequency, and 
therefore, a shunt resistor Rd is needed to flatten the frequency response. The 
capacitor CL prevents from short circuiting the detected DC voltage by the 
loop. 

 

Figure 3.3. Schematic view of a simple loop probe with a resistive transmission line. 
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The lower frequency limit fc of the flat frequency response is determined by 
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where L the self-inductance of the loop. At low frequencies a large number of 
turns is needed for a sufficient sensitivity with a moderate loop size (maximum 
diameter 10 cm). The highest usable frequency of the loop sensor depends on 
the size of the loop. The total length of the loop has to be much shorter than a 
half of the wavelength where the first resonance occurs. In addition, the cou-
pling of the electric field increases as a function of frequency. Circulating cur-
rents (IH) are induced in the loop by the magnetic field whereas parallel longi-
tudinal currents (IE) are induced in the loop halves by the electric field as 
shown in Fig. 3.4. The ratio of the RF current maximum induced in the loop by 
electric field (IE) to the current induced by the magnetic field (IH) increases 
with frequency according to the equation [Whiteside and King 1964] 
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where b is the radius of the loop and λ is the wavelength. The coupling of the 
electric field to the loop can be significantly reduced by an electrostatic shield. 

 

 

Figure 3.4. Currents induced in a circular loop by the electric field (IE) and by the magnetic field 
(IH). 

Isotropic magnetic field probes consist of three orthogonal loop sensors ar-
ranged in different configurations. As in case of the electric field probes the 
symmetric configuration with a common centre point of the loops offers the 
best isotropic response. An asymmetric placement of the loops on three sides 
of a cube causes deviation from the isotropy due to the mutual coupling of the 
loops as is shown in [P1].  
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3.1.4 Combined electric and magnetic field probes 

In the reactive near field of the EMF sources both electric and magnetic field 
strengths have to be measured. Therefore, it is practical to use a combined 
probe which is provided with electric and magnetic field sensors. The com-
bined electric and magnetic field probe may consist of a single loop or separate 
dipole and loop sensor. 

In a single loop sensor the electric and magnetic field currents can be ob-
tained by summing and subtracting the currents in the loads mounted on the 
diametrically opposite sides of the loop [Whiteside and King 1964], [Kanda 
1984]. Driver and Kanda [1988] developed a prototype square loop with a side 
length of 30 cm. Two baluns were attached on the diametrically opposite sides 
of the loop and the balun outputs were connected to a hybrid junction. The 
outputs of the hybrid junction (sum current and difference current) with am-
plitude and phase information were transferred to a vector analyser via an 
optical link. Thus, the developed loop could be used for simultaneous meas-
urements of the amplitudes and phases of electric and magnetic field strength. 
The loop was, however, not suitable for assessment of the human exposure in 
actual conditions due to its large size. 

A combined electric and magnetic field radiation monitor was designed es-
pecially for the measurements of the leakage fields of high-frequency dielectric 
heaters [Aslan 1987]. The probe of the monitor consisted of three orthogonal 
dipoles and three orthogonal loops with a common centre point. According to 
the specifications the measurement range was up to 500 W/m2 as a plane-
wave power density. The probe was calibrated at 27 MHz and the frequency 
response varied less than ±0.75 dB in the frequency range from 10 MHz to 
40 MHz. The isotropy deviation of the probe was ±0.75 dB for the electric and 
magnetic field. The monitor was commercially available. 

Babij and Bassen [1986] developed and patented a broadband isotropic 
measurement system for simultaneous electric and magnetic field measure-
ments. The probe had three orthogonal dipole antennas and three orthogonal 
loop antennas. Each antenna was electrically small and provided with a diode 
detector and circuitry for a flat frequency response over the designed frequen-
cy range. This measurement system was not commercially available. 

Theoretical considerations for the design of an isotropic combined electric 
and magnetic field probe in the frequency range from 10 MHz to 300 MHz and 
results obtained from the tests performed for the constructed prototype are 
presented in [P1]. The objective was to design a symmetrical probe structure to 
achieve the best isotropic response in the near field for simultaneous meas-
urements of electric and magnetic field strength. The symmetrical structure 
was implemented by positioning the dipoles and loops on all six sides of a cu-
be. The length and the thickness of the cylindrical dipoles were 20 mm and 6 
mm, respectively. The diameter of the two-turn loops etched on both sides of a 
printed circuit board was 30 mm. The side length of the cube was 50 mm 
which was the separation distance of the centre points of the collinear dipoles 
and parallel loops. The constructed prototype is shown in Fig. 3.5. 
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Figure 3.5. Photograph of the constructed prototype of the combined electric and magnetic field 
probe for the frequency range from 10 MHz to 300 MHz. The side length of the probe cube is 
50 mm. 

The double number of field sensing elements compared with the required min-
imum number made the structure more complicated but offered a better iso-
tropic response. It was shown theoretically in [P1] that the mutual couplings 
between the neighbouring sensors cancel out due to the symmetrical structure. 
The deviation from the isotropy due to the mutual coupling of the loops was 
calculated by using the equations derived in [P1]. The results are shown in Fig. 
3.6 for probe 1 (three orthogonal loop sensors on three sides of the cube) and 
probe 2 (six orthogonal loop sensors on all six sides of the cube) with m = 0.1, 
the ratio of the mutual inductance to the self-inductance of the loops. The ad-
ditional three dipole and loop sensors decreased the deviation from the iso-
tropic response to ±0.5 dB in the constructed prototype. The properties of the 
components used in the field sensors were not identical which explained the 
deviation of ±0.5 dB. Another advantage of the symmetrical structure was a 
well-defined electrical centre which did not depend on the polarization and 
direction of the electric or magnetic field.  

The designed probe had pairs of collinear dipoles and parallel loops to meas-
ure the same field component. The loop pairs could be utilized to decrease the 
effect of the coupling of the electric field which became significant above 
100 MHz. In a single loop sensor the coupling of the electric field causes varia-
tion of the detected DC voltage. The variation can be described with the ratio 
of the maximum voltage to the minimum voltage. To reduce the variation, the 
detectors were coupled on diametrically opposite positions and with an oppo-
site polarity with respect to the current induced by the magnetic field as shown 
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in Fig. 8 of [P1]. At the highest specified operation frequency of the probe 
(300 MHz) the ratio decreased from 2.14 to 1.04 which indicated that the ef-
fect of the coupling of the electric field was significantly reduced. 

 

Figure 3.6. Theoretical deviation from the isotropic response for the probe 1 with three orthogo-
nal loop sensors and for the probe 2 with six orthogonal loop sensors, after [P1].  

The combined electric and magnetic field probe was designed for the meas-
urements to assess the occupational exposure in the reactive near field of EMF 
sources in the frequency range from 10 MHz to 300 MHz. Both electric and 
magnetic field strength have to be measured and therefore, it was useful to 
have dipole and loop sensors in the same probe. A broadband instrument is 
suitable for the assessment of occupational exposure because a typical EMF 
source at these frequencies operates at a single frequency (high-frequency 
heater) or at multiple frequencies which are in the same band (FM radio or 
VHF-TV antenna). At higher frequencies up to 6 GHz an EMF source, such as 
a base station antenna, may operate in many different frequency bands. Be-
cause the action level depends on the frequency in the frequency range from 
400 MHz to 2 GHz (ICNIRP 1998 standard [ICNIRP 1998]) the field strengths 
shall be measured separately at each frequency and summed applying (2.18) to 
verify the compliance. This requires a selective measurement instrument or a 
broadband probe with a shaped frequency response. At higher frequencies the 
smaller dipoles and loops shall be used due to the shorter wavelength. Other 
challenges are the coupling of the electric field to the loop and the true rms 
detection of digitally modulated signals used in telecommunications systems.  

3.1.5 Signal detection 

In broadband instruments the RF voltages induced in the antenna elements 
(dipoles or loops) are transformed into DC voltages already in the sensors. The 
detected voltages are then transferred to the other end of the probe handle via 
resistive lines. Diodes or thermocouple elements are used for detection of the 
RF voltage. Each detector type has its own advantages and disadvantages.  
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Diodes are used as detectors in broadband probes primarily from 100 kHz up 
to several GHz. They are sensitive and can be significantly overloaded without 
damages. The response of the diode depends on the ambient temperature. Di-
odes are nonlinear detectors, at low RF voltages the output DC voltage is pro-
portional to the square of the RF voltage (square-law region) while at high RF 
voltages the output DC voltage is proportional to the RF voltage (linear re-
gion). To extend the dynamic range of the broadband probes a linearity correc-
tion is needed for the detected DC voltages.  

Thermocouple elements are made of two metals with alternating narrow 
(hot) and wide (cold) junctions. The increase in the temperature caused by the 
RF voltage induced in the elements is higher in the hot junction than in the 
cold junction. The temperature difference of these junctions generates a DC 
voltage which is proportional to the power absorbed in the elements by the 
EMF [Bassen and Smith 1983]. Thus, the detected DC voltage is proportional 
to the average power density or the field strength squared and does not depend 
on the waveform or the modulation of the EMF. The response is not affected 
by the ambient temperature but rapid variations in the ambient temperature 
can cause instabilities on the functioning of the detector. Thus, the thermo-
couple detectors are true rms detectors. They have lower sensitivity than the 
diode detectors which limits their use below 300 MHz where the RF voltages 
induced in the small antenna elements are low. Another limitation is the low 
overload capacity. The thermocouple elements are easily damaged at high field 
strength levels. 

Diode detectors are used in most broadband field probes. They require a lin-
earity correction which is carried out for the output DC voltage so that it is 
proportional to the field strength squared also at high field strengths. The line-
arity correction is implemented by increasing the amplification of the output 
DC voltages of the field sensors as a function of the field strength level. This is 
normally carried out for a sinusoidal single-frequency signal, i.e., a continuous 
wave (CW) signal. 

The linearity correction operates properly only in sinusoidal single-frequency 
fields when there are no significant variations in the detected DC voltage. In 
multiple-frequency or amplitude-modulated fields the detected DC voltage 
contains low-frequency variation which is the envelope of the radiofrequency 
signal in an ideal case. However, the detector circuit acts as a peak detector 
consisting of a combination of a diode and a capacitor having a shorter time 
constant for the charging than for the discharging of the capacitor. To measure 
the rms value, the varying DC voltage has to be averaged over one period. This 
is carried out in the readout device but the detector circuit and the resistive 
transmission line distort the waveform of the detected signal which leads to an 
erroneous rms value. Randa and Kanda [1985] were the first to analyse these 
detection errors for signals with different peak-to-average power ratios (PAR). 
They concluded that at a low field strength level the result is a true rms value 
but at a high field strength level the result is merely a peak value. In multiple-
frequency fields the error can be up to +3 dB. 
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The error caused by an asymmetrical waveform in the detection and a meth-
od to reduce the error have been presented in [P1]. The asymmetrical wave-
form consisted of two sinusoidal signals with equal amplitudes at 10 MHz and 
20 MHz. The rms electric field strength was assumed to be 194 V/m so that the 
diodes operated in the linear region. The detection circuits of the dipole sen-
sors of the combined electric and magnetic field probe presented in [P1] were 
simulated and the output DC voltage of the diodes was calculated using a cir-
cuit analysis program. The asymmetrical waveform and the RF voltages in-
duced across the diodes are shown in Fig. 7 of [P1]. The calculations showed 
that the response in the two-frequency field differed -0.77 dB for the upper 
diode and 1.77 dB for the lower diode from the response in the one-frequency 
field at 10 MHz at the same rms electric field strength 194 V/m. Summing of 
the outputs of the diodes with opposite polarities decreased the difference to 
0.22 dB. The results of the calculations are presented as curves in Fig. 8 of 
[P1]. The deviation from the square-law response is shown as a function of the 
DC output voltage of the detector. Thus, the use of two sensors provided with 
diodes having opposite polarities significantly decreased the detection error in 
the asymmetrical two-frequency field. The calculated results presented in [P1] 
were in good agreement with the results obtained from the analysis by Randa 
and Kanda [1985]. 

PARs of digitally modulated signals used in modern telecommunications sys-
tems can be up to 13 dB which is much higher than PARs of analogically 
modulated signals of older systems. Thus, more significant errors are expected 
in EMF measurements of modern systems using broadband field strength in-
struments provided with diode detectors. Trinchero et al. [2009a], [2009b] 
investigated the performance of field probes provided with diode detectors in 
measurements of spread-spectrum signals (UMTS, WLAN and WiMax). They 
found that the responses in digitally modulated fields differed from -2 dB to 
+2 dB from the response in a CW field already at a relatively low field strength 
level of 15 V/m. To reduce the linearization errors the modulation parameters 
should be taken into account in the calibration of the probes.  

Nadakuduti et al. [2012] studied the performance of electric field and mag-
netic field probes for measurements of digitally modulated signals. The output 
signals of the probe were amplified and A/D transformed in the amplifier con-
nected to the probe. The linearization correction was carried out numerically 
in a computer. It was based on the measured diode response in CW fields. The 
studies showed that the linearization errors were more than 5 dB at the electric 
field strength of 60 V/m and at the magnetic field strength of 0.16 A/m. To 
eliminate the linearization errors the probes should be calibrated and the cor-
rection coefficient determined separately for each signal type. To reduce the 
number of calibrations needed, Nadakuduti et al. [2012] proposed a curve fit-
ting method where the correction coefficients for an exponential curve were 
determined during calibration. The method decreased the linearization errors 
to ± 0.4 dB. However, it can be used only in the measurements carried out in 
laboratory conditions. 
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3.1.6 Measurement of peak field strength or power density 

The field strength measurements for the assessment of the human exposure to 
EMF are typically based on the measurement of the rms field strength or aver-
age power density. However, in special cases with PARs higher than 20 dB also 
the peak field strength or power density needs to be measured. Radar signals 
may have PARs higher than 30 dB. In most cases radars utilize scanning an-
tennas which further increases the ratio of the peak power density to the aver-
age power density. The duration of the longest pulses used in radars is more 
than 0.5 μs which is long enough for detection by the diode and thermocouple 
detectors used in the broadband electric field probes. However, the response 
time of the whole broadband instrument is much longer which makes the 
measurement of the peak power density (the power density averaged over the 
pulse duration) impossible. The probes provided with thermocouple detectors 
generate a DC voltage which is proportional to the average power absorbed in 
the detectors. They can be used for the measurement of the power density av-
eraged over the periods which are longer than or equal to the response time of 
the broadband instrument (typically 0.5 s). The probes provided with diode 
detectors and resistive transmission lines are not suitable even for the meas-
urement of the average power density of pulsed microwave radiation because 
their detection circuits act as peak detectors leading to overerestimation.  

The peak power density can in principle be measured by using a calibrated 
antenna and a spectrum analyser but this combination was not easy to use in 
outdoor conditions outside the laboratory in 1990’s. Spectrum analysers were 
heavy and their operating voltage was 110 – 240 V AC. Therefore, a hand-held 
battery-operated instrument was designed and constructed for the measure-
ment of peak power density in the vicinity of scanning radar antennas. The 
design, performance and the tests of the instrument are described in [P2]. 

The instrument consists of a broadband logperiodic antenna, an equalizer for 
flattening the frequency response, an RF and a peak detector, a linearization 
amplifier, and an analog display. The instrument is shown in Fig. 3.7. The an-
tenna is attached to the metallic probe handle which contains the equalizer 
and the detectors. The DC output voltage from the peak detector to the readout 
device and the DC supply voltage from the readout device to the peak detector 
are carried via the leads of a shielded cable connecting the handle to the 
readout device. Peak power densities from 0.5 to 30 kW/m2 can be measured 
in the frequency range from 1 to 12 GHz for microwave pulses longer than 
0.5 μs. The measurement range can be extended up to 300 kW/m2 by inserting 
a 10 dB attenuator between the antenna and the probe handle.  

The instrument was calibrated at 9.44 GHz in front of a calibrated horn an-
tenna in an anechoic chamber by using a 25 kW radar transmitter (1.6 μs, 500 
pulses per second) as a signal source. Performance tests were carried out in 
actual field conditions in the main beam of stationary radar antennas. The 
readings of the instrument were compared with the corresponding readings of 
an electromagnetic radiation monitor Narda model 8616 provided with an 
isotropic broadband electric field probe model 8621C. The probe had thermo-
couple detectors and was suitable for the measurement of the average power 
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density. The results of the comparison are presented in Table 3.1 (modified 
from Table 3 of [P2]. The Table reveals that the readings of the peak power 
density instrument differed less than ± 1 dB from the corresponding readings 
of the average power density meter at 3 GHz and 9 GHz. At 9.4 GHz the differ-
ence was larger because the pulse duration of 0.35 μs was slightly shorter than 
the response time of the instrument. 

 

 

Figure 3.7. Photograph of the instrument for measurement of peak power density in the fre-
quency range from 1 GHz to 12 GHz. 

At present portable, lightweight and battery-operated spectrum analysers are 
available and they can be used with a calibrated antenna for peak power densi-
ty measurements of radars in actual conditions. Correct settings of the spec-
trum analyser are essential to carry out reliable measurements. It is practical 
to measure the peak power density in a time domain mode. The resolution 
bandwidth (RBW) has to be wide enough so that the microwave pulse is not 
distorted or attenuated. A general rule is that the pulse duration has to be at 
least 2/RBW. The RBW is in modern spectrum analysers typically more than 
10 MHz which enables the measurement of pulses longer than 0.2 μs. 

Table 3.1. Comparison of the results measured using the peak power density meter with the 
results measured with an average power density meter. 

Freguency 
GHz 

Pulse 
duration 
μs 

Pulse repetition 
frequency 
Hz 

Savem 
W/m2 

Spm 
kW/m2 

Spc 
kW/m2 

Difference 
dB 

3 5 220 7.5 7.5 6.8 +0.41 
3 5 220 10 9.3 9.1 +0.09 
3 5 220 25 20 22.7 -0.56 
3 5 220 35 27 31.8 -0.71 
9 0.6 1500 14 14 15.6 -0.46 
9.4 0.35 2000 8 8 11.4 -1.5 
Savem is the measured average power density 
Spm is the measured peak power density 
Spc is the peak power density calculated by dividing the measured average power density with the duty 
factor (pulse duration x pulse repetition frequency) 

 
The one-axis antenna is sufficient because electric fields radiated from the ra-
dar antennas are in most cases linearly polarized. The nominal gain of the 
logperiodic antenna is 8 dB which significantly reduces the errors caused by 
the reflections from the user and the connecting cable. The estimated uncer-
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tainty of the peak power density measured with the instrument is ± 3 dB. Sev-
eral similar instruments were constructed and they have been successfully 
used for peak power density measurements for more than 20 years, for exam-
ple in the Finnish Defence Forces. Any development of a better measuring in-
strument of the same type has not been reported so far.  

Leferink [2013] designed, constructed and tested tri-axial probe prototypes 
for electric field strength measurements in fast changing EM fields in the fre-
quency range of 0.1 – 2.5 GHz. The probe consisted of three orthogonal cylin-
drical monopoles with a length of 30 mm and a diameter of 1 mm. The mono-
poles were connected to 50 Ω loads and a logarithmic amplifier which acted as 
a peak detector and had a wide dynamic range of 70 dB (± 3 dB). The response 
time was 40 ns for the full-scale reading. Leferink used the prototypes for re-
verberation chamber measurements. The DC output voltage was A/D convert-
ed and read by using a computer. The prototypes were not suitable for peak 
field strength measurements of scanning radars due to their upper frequency 
limit. However, a logarithmic amplifier ADL 5519 with a frequency range from 
1 MHz to 10 GHz and response time of 6 ns is available which would enable the 
radar measurements at 3 GHz. An rms detector can be used parallel with the 
peak detector so that both the peak and rms field strength can be measured. If 
a readout device and a non-perturbing transmission line can be connected to 
the developed probe it would be a promising instrument for the peak and rms 
field strength measurements of rapidly changing EM fields. The probe is iso-
tropic and the necessary components are available at reasonable cost.  

3.1.7 Signal transmission 

Detected signals are transferred from the field sensors to the other end of the 
probe handle via resistive transmission lines. Normal metallic lines are not 
suitable due to the currents induced in the lines by the incident field and due 
to the scattering of the incident field from the lines. Induced currents cause 
significant errors in the voltage detected by the electrically small field sensors 
and scattered field can significantly change the incident field. Resistive trans-
mission lines with high resistance per unit length reduce significantly induced 
currents in the lines and fields scattered from the lines. In addition, due to 
their resistive and capacitive characteristics the resistive transmission lines act 
also as low-pass filters between the field sensors and the readout device. 
Therefore, it is necessary to convey the detected signal from the field sensors 
via highly resistive transmission lines at least near the sensors. 

The resistive transmission line consists of two parallel conductors with a 
short separation distance. Smith [1981] analysed the resistive transmission 
lines and showed that the relative distortion caused to the dipole radiation 
pattern by the line connected to the dipole sensor decreases linearly with in-
creasing resistivity and decreasing spacing of the conductors but increases 
quadratically with decreasing length of the dipole. Therefore, lines of high re-
sistivity up to 10 MΩ/m have to be used with small electric field probes, such 
as in implantable probes, to reduce the coupling of the field to the line. The 
high resistivity also effectively reduces scattering from the line because scatter-
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ing decreases quadratically with increasing resistivity [Smith 1981]. The char-
acteristic impedance Zc of the line as a function of the angular frequency ω is 
approximately 
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c
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i
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where ri is the resistance per unit length and ci is the capacitance per unit 
length [Bassen & Smith 1983]. The impedance decreases as a function of fre-
quency resulting in a low impedance across the detector at high frequencies. 
Therefore, additional resistors are inserted between the sensor and the trans-
mission line for preventing from this loading effect.  

The highly resistive transmission line is very dispersive. The wave number kL 
of the line is approximately [Bassen & Smith 1983] 
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The attenuation of the signal increases rapidly as a function of frequency when 

 and  satisfies  where s is the length of the line. Thus, the 
line acts as a low-pass filter between the probe and the readout device. In case 
of diode detectors the resistivity and the length s of the line have to be selected 
so that the highest modulating frequency of the signal is in the pass band of 
the line. Because the detected signal is proportional to the square of the ampli-
tude modulated signal,   when , where  is the highest 
modulating angular frequency. Thus, the carrier frequency has to be signifi-
cantly higher than the highest modulating frequency which limits the use of 
the resistive transmission line at low frequencies in broadband dipole sensors 
provided with diode detectors. At low frequencies, typically below about 
1 MHz, the external electric field is coupled to the line and the induced current 
propagates with relatively low attenuation to the diode and is detected result-
ing in an erroneous reading. 

A connecting cable may be used in some broadband instruments to transfer 
the detected signals from the probe handle to the readout device. Typically it is 
a shielded cable consisting of several metallic leads. The currents induced in 
the cable shield by the incident field may cause interferences in the readout 
device, and at low frequencies they can flow through the resistive lines to the 
detectors. These currents may be higher than the currents induced in the field 
sensors which are much shorter than the cable. A broadband instrument with 
a connecting cable proved to give unreliable results in field strength measure-
ments carried out at 963 kHz at a medium-frequency broadcast station even 
though it was operating in its specified frequency range [P3]. The metallic 
shield also causes perturbations in the incident field. Therefore, the connecting 
cable is not used in modern instruments. At low frequencies also the resistive 
transmission line is replaced with an optical cable. The signal from the field 
sensor is transformed to an optical signal inside the probe and transferred to 
the readout device via an optical cable. 
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3.1.8 Readout device 

In the readout device a linearization correction is first carried out for the de-
tected signals coming from the probe sensors provided with diode detectors. 
After linearization the signals of different field sensors are summed to achieve 
an isotropic response. The orthogonal field components are summed quadrati-
cally, i.e., the field strengths squared or power densities are summed. The sum 
of the signal is normally time-varying and it is then processed with circuits of 
different time constants to have results averaged over certain time periods. In 
the readout devices provided with an analog display the typical display units 
were mW/cm2, W/m2, V2/m2 or A2/m2. The reading was proportional to the 
field strength squared or power density. Typically the displayed result was 
time-averaged over one second. Modern devices provided with numerical dis-
plays offer a wider variety of display units including V/m, A/m and percent of 
the action levels, and several averaging time periods. They enable also saving 
of the measurement results in the memory of the device. Readout devices are 
shielded against EM interference so that the measured EM field is coupled 
only to the probe and not to the devices. 

3.1.9 Broadband instruments using optical field probes 

Broadband field strength instruments using optical field probes have been 
developed to measure the frequency and the phase of the field strength which 
is not possible with conventional broadband instruments consisting of broad-
band field probes using diodes or thermocouples for detection of the signals 
and resistive transmission lines for the transfer of the signals to the readout 
device. In the optical probes the measured RF signal modulates the amplitude 
of an optical carrier. The modulated optical carrier is transferred via a fibre-
optic link to a receiver. The EMF to be measured is not perturbed by non-
conducting optical fibres and does not couple to them as to the resistive 
transmission lines. 

In active optical probes the RF output signal of a field sensor (dipole or loop) 
modulates directly a laser diode or a light emitting diode (LED) 
[Neelakanta&Degroff 1989]. The probe contains field sensors, amplifiers, laser 
or light sources, power source (batteries) and control circuits. Thus, the di-
mensions of an active probe are typically several centimetres. An active probe 
contains also metallic parts which may perturb the measured field. Active opti-
cal probes are commercially available also for assessment of the human expo-
sure to EMF.  

Kühn et al. [2016] developed recently miniature active optical electric and 
magnetic field probes for near-field measurements in the frequency range 
from 10 MHz to 6 GHz. The probes were connected via optical fibres to a re-
mote unit. Active components of the probes were powered by photo-voltaic 
elements mounted in the probes. The elements received the optical energy 
over optical fibres from the power laser of the remote unit. The amplified RF 
output voltage of a miniaturize electric or magnetic field transducer modulates 
the optical output of a vertical cavity surface emitting laser and the modulated 
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optical signal is transmitted to the remote unit. The developed probes caused 
minimal perturbations to the measured field due to their small dimensions (a 
few millimetres) and non-metallic parts. The developed system using active 
optical probes is suitable for electromagnetic compatibility (EMC) measure-
ments carried out in a laboratory. 

In passive optical probes an electro-optical crystal acts as an external optical 
modulator and transforms the electric field strength to an optical signal [Wyss 
& Sheeran 1985]. The use of an electro-optical crystal is based on the change of 
the refractive index of the crystal when exposed to an electric field. The change 
is directly proportional to the electric field strength, a phenomenon known as 
Pockel’s effect. 

The first passive probes consisted of bulk crystals but probes of a smaller size 
and better sensitivity were developed based on integrated optical modules. 
Kuwabara et al. [1992] improved the sensitivity by using a Mach-Zehnder in-
terferometer integrated in the probe. A Mach-Zehnder interferometer struc-
ture was infused into an electro-optic substrate, typically lithium niobate 
(LiNbO3). The interferometer first branched the laser beam and then com-
bined it. The electric field applied differentially to the branches of the interfer-
ometer changed the speed of the light in the branches resulting in the ampli-
tude modulation of the laser beam. The laser beam was transmitted through 
the interferometer and, therefore, two fibres, input and output fibres were 
needed. The frequency response of the probe was flat from 100 Hz to 300 MHz 
with a sensitivity of 0.22 mV/m. The smaller size decreased further the per-
turbation of the measured field by the probe. Due to the integrated structure 
the interface to the fibre-optic link was easier to implement.  

Suzuki et al. [2005] developed a magnetic field probe based on a CdTe elec-
tro-optic crystal. The crystal was mounted between the electrodes of a magnet-
ic field loop. An electric field is induced between the electrodes according to 
Faraday’s law when a time-varying magnetic field is applied to the loop. They 
demonstrated that the new probe had a wider frequency range than previous 
probes which were based on the use of LiNbO3 electro-optical crystal. This is 
due to the higher resonance frequency of the probe using CdTe crystal because 
CdTe has a lower dielectric constant than LiNbO3. The probe can be used for 
magnetic near field measurements up to 15 GHz.  

Kuo & Kuo [2008] improved the sensitivity of the magnetic field sensor by 
using Fabry-Perot resonance. They also used a reflection type interferometer 
provided with an angled mirrored surface. The structure of the reflection type 
interferometer was more practical than the transmission type Mach-Zehnder 
interferometer because only a single input/output fibre was required and that 
the field sensor could be mounted near the tip of the probe.  

Isotropic passive optical E-field probes consisting of three orthogonal reflec-
tion type sensors have been developed for EMC measurements in the frequen-
cy range from 100 kHz to 10 GHz and are also commercially available [Toba et 
al. 2014], [Loader et al. 2014]. Passive optical sensors contain no metallic parts 
and do not perturbate the field. However, they may be instable because the 
polarization state of the birefringent crystal can depend on the temperature 
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and they may be susceptible to EM interferences due to the low output voltage 
of the photo detector [Loader et al. 2014]. 

Holloway et al. [2014] demonstrated a new method for broadband electric 
field strength measurements. It was based on the interaction of an RF electric 
field with alkale atoms excited to Rydberg states in room temperature. A glass 
cell was filled with an atomic vapour consisting of rubidium atoms. A beam of 
a coupling laser (around 480 nm) was applied to the cell to excite the atoms to 
a sufficiently high energy level (the Rydberg state) so that even an RF photon 
can change the atom to a different state. A beam of a pump laser (around 780 
nm) was applied from the opposite direction to the cell. The spectrum of the 
beam of the pump laser was measured after the beam was propagated through 
the cell. The RF electric field was applied to the cell so that its direction was 
perpendicular to the laser beams. The measured spectrum had only one peak 
without the electric field but it splitted to two peaks when the electric field was 
applied. The frequency difference between the peaks was directly proportional 
to the applied electric field strength. Thus, the atomic vapour cell was acting as 
an RF-to-optical transducer converting an RF electric field strength to an opti-
cal frequency difference. A glass vapour cell was a small, non-metallic, self 
calibrating electric field probe which needed a coupling and pump laser. The 
frequency range extended from 1 to 500 GHz, and the sensitivity was better 
than 0.01 mV/m. This is so far the only probe which has been published and 
shown to measure electric field strength in the millimetre wave range above 
100 GHz. However, the probe has been tested only in laboratory conditions 
and may be sensitive to the temperature. The glass cell may also perturb the 
electric field which causes uncertainty in the measurement of the electric field. 
Thus, more research is needed before the method can be used for practical 
electric field measurements.  

To summarise, several active optical field probes have been developed for 
EMF measurements. The probes enable the transfer of the signal via non-
perturbing optical fibre to a receiver which can be a readout device, oscillo-
scope or a spectrum analyser. The field does not couple to the optical fibres as 
to the resistive transmission lines of the conventional broadband instruments 
which limits the use of the conventional instruments below 1 MHz. Both am-
plitudes and phases can be measured with optical probes. Most active probes 
have batteries inside which requires outer dimensions of several centimetres. 
It limits their use in the near field applications where high resolution is need-
ed. Recently, miniature active probes have been developed which are powered 
with photo-voltaic elements. Passive optical probes are non-perturbing but 
they may still be instable and they are expensive which limits their use in actu-
al conditions. Optical probes are used with optical cables, remote units and 
receivers while conventional broadband instruments are more compact which 
makes them more convenient to use in actual conditions. 
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3.2 Selective instruments  

3.2.1 Structure of selective instruments 

A selective instrument consists of a calibrated measurement antenna and a 
frequency or code selective receiver (spectrum analyser). The RF signal from 
the antenna is transferred to the receiver via an RF cable and the signal is de-
tected and processed in the receiver. Typically the antenna has only one axis 
and, therefore, only one field component can be measured at a time and three 
orthogonal measurements are needed if the polarization of the field is not 
known. In contrast to the broadband instruments, selective instruments give 
information also on the frequencies and also a narrow band of the spectrum 
can be selected for the measurement. Selective instruments are much more 
complicated to use due to numerous settings which significantly affect the 
measurement result. The measuring person has to be trained to know the sig-
nalling characteristics of the EMF sources and the meaning of the different 
settings of the instruments to carry out reliable and meaningful measure-
ments. 

3.2.2 Measurement antennas  

Linear or aperture antennas can be used in the selective instruments. The an-
tennas are matched to be used in 50 Ω measurement systems. Dipoles, mono-
poles, loops, logperiodic, conical and bi-conical antennas are linear antennas 
which are used in the frequency range from 100 kHz to 20 GHz while pyrami-
dal standard-gain horns, ridged-guide horns and parabolic reflectors are aper-
ture antennas which are used mainly in the microwave range. Dipoles, loops 
and standard-gain horns are typically narrowband antennas whereas log-
periodic and ridged-guide horns are broadband antennas.  

Antennas used in selective instruments have to be calibrated to obtain relia-
ble measurement results. For linear antennas a frequency-dependent antenna 
factor AF is determined as the ratio of the incident field strength to the output 
voltage of the antenna when the axis of the antenna is aligned with the polari-
zation of the field [NCRP 1993]. For aperture antennas the gain G is normally 
determined in the calibration and the effective aperture Aeff of the antenna can 
be calculated from 

 

 
4

2GAeff     (3.6) 

 
where  is the wavelength. The measured power density S is calculated from 
S=P/Aeff where P is the received power. The corresponding rms electric field 
strength is  where  is the free space wave impedance. 

Most antennas used in the selective instruments measure only one field 
component and therefore, a special techniques may be used to change the ori-
entation of the antenna to measure the three orthogonal field components if 
the polarization of the field is not known [Müllner et al. 2000]. All compo-
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nents cannot be measured at the same time which may cause measurement 
errors in case of rapidly varying fields. Some measurement antennas are pro-
vided with three orthogonal antenna elements and a multiplexer which enable 
the reading of the output signal of each element at a time [Narda Safety Test 
Solutions 2016a]. Due to multiplexing the antenna is however blind most of 
the time. This is not a problem when measuring continuous fields but can lead 
to large measurement errors in the fields consisting of short pulses, such as the 
fields emitted by antennas of pulsed radars. 

The measurement antennas are relatively large and therefore, their spatial 
resolution is insufficient for measurements in highly non-uniform fields. Some 
antennas, such as standard-gain horns, are directional with a relatively narrow 
main beam. This may lead to large measurement error if there is even small 
misalignment between the antenna and the direction of propagation of the 
wave. Because of the above-mentioned features selective instruments are best 
suited for measurements of uniform linearly polarized fields. 

3.2.3 Signal transmission 

The RF voltage induced in the antenna is transferred from the antenna to the 
receiver via a shielded RF cable. To decrease the coupling of the field to the 
cable, ferrite tubes are mounted around the cable. An additional cable is used 
for the control of the multiplexer in three-axis antennas. The attenuation of 
the signal has to be accurately known as a function of frequency. The charac-
teristics of the RF cable are measured during the calibration of the selective 
instrument. 

3.2.4 Receivers 

The receiver of the selective instrument is frequency or code selective. Most 
receivers are frequency selective, that is, they are spectrum analysers which 
separate the signal components according to their frequencies. Code selective 
receivers are used for analysing the signals of modern telecommunications 
systems, such as WCDMA (Wideband Code Division Multiple Access) and LTE 
(Long Term Evolution) systems [Narda Safety Test Solutions 2016a, Rohde & 
Schwarz 2016]. The field strength caused by the WCDMA or LTE base station 
varies with the transmit power which depends on the traffic of the station. A 
code selective instrument is needed to separate the constant signals which do 
not depend on the traffic and which can be used to extrapolate the measured 
field strength, i.e., to scale the measured field strength to the field strength 
corresponding the maximum transmit power. A frequency and code selective 
radiation meter is shown in Fig. 3.8. 
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Figure 3.8. Photograph of a frequency and code selective radiation meter. 

Spectrum analysers are swept-tuned, vector signal, FFT (Fast Fourier Trans-
form) or real-time spectral analysers. The swept-tuned analysers are superhet-
erodyne receivers where the spectrum is swept over a fixed bandbass filter. 
Most swept-tuned spectrum analysers have several mixing steps for the final 
intermediate frequency (IF). The IF signal is converted to a video signal by 
using an envelope detector. The phase information is lost and so, the swept-
tuned analysers can measure only the amplitude. Several different detectors 
can be used in the modern digital displays, such as maximum and minimum 
peak, sample, average and rms detectors. The measurement result is signifi-
cantly affected by the resolution bandwidth, sweep time, span and the detector 
selected by the user.  

Fast changing signals may not be properly detected or they may be even lost 
when measuring them with swept-tuned spectrum analysers. The vector signal 
analysers (VSA) can digitize the signal information over the whole passband 
width and process it into frequency domain using FFT algoritms [Agilent 
Technologies 2016]. These analysers give also phase information of the signal. 
Frequency-hopping signals are not captured, however, by VSAs but real-time 
spectrum analysers are needed to measure them [Delisle 2014]. They can also 
give real-time in-phase and quadrature data on the modern digitally modulat-
ed signals. 

3.3 Calibration of field measuring instruments 

Broadband and selective field measuring instruments have to be calibrated to 
carry out reliable measurements. The calibration can be performed by using a 
standard field method or standard probe method. In the standard field method 
an accurately known electric or magnetic field strength is generated in air by 
using a guided wave or free-space method where the field strength can be cal-
culated with parameters of the system and the measured RF power, voltage or 
current which is fed into the calibration system [IEEE 2003]. The probe to be 
calibrated is then positioned in the known field and the reading of the instru-
ment is compared with the field strength determined by the calibration sys-
tem. In the standard probe method a uniform and stable field is generated and 
the field strength is measured with a stable standard probe which has been 
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calibrated by using the standard field method. The probe to be calibrated is 
positioned at the same point and the reading of the instrument is compared 
with the field strength measured with the standard probe.  

 

3.3.1 Methods at low frequencies (≤ 100 kHz) 

At low frequencies typically up to 100 kHz, parallel plates are used for the gen-
eration of a standard electric field [IEC 2013]. The electric field strength E at 
the midpoint between the plates is calculated from 
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where V is the voltage between the plates and d is the separation distance of 
the plates. Helmholtz coils are used for the generation of standard low-
frequency magnetic fields [IEC 2013]. They are parallel identical circular coils 
positioned on a common axis. The separation distance of the coils is equal to 
the radius of the coils. The magnetic flux density B on the axis at the midpoint 
between the coils can be calculated from 
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where μ0 is the permeability of free space, N is the number of the turns in a 
coil, Ihc is the current and Rhc is the radius of the coils. 

3.3.2 Guided-wave methods 

Plane-wave like standard electric and magnetic fields are generated from 100 
kHz to 1 GHz by using TEM (Transverse ElectroMagnetic) transmission cells 
[Crawford 1974]. They are large coaxial lines with a wide and thin horizontal 
centre conductor (septum) surrounded by a rectangular outer conductor. The 
side view and the cross section of a TEM transmission cell is shown in Fig. 3.9. 
The electric field strength E at the midpoint between the septum and the upper 
or lower conductor plate is calculated from 
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where P is the power flowing through the cell, Zc is the characteristic imped-
ance of the cell and d is the separation distance of the lower or upper plate 
from the septum. The characteristic impedance Zc is near to 50 Ω to match the 
TEM transmission cell with a 50 Ω measurement system. Because the cell is 
operating in the TEM mode the magnetic field strength is calculated from 
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where Z0 is the free space wave impedance (=377 Ω). Thus, E and H can be 
determined from the measured power P and the dimension d of the cell. 
 

 

Figure 3.9. Schematic view of a TEM transmission cell. 

In principle, the TEM transmission cell can be used up to the cut-off frequency 
of the first higher-order mode, the TE10 mode. Its cutoff frequency fco is calcu-
lated from 
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where c0 the velocity of the EM wave in air and w is the inner width of the 
TEM cell. There may exist resonances below this cutoff frequency due to the 
TE01 mode which can have even a lower cutoff frequency than the TE10 mode 
depending on the geometry of the cell. These resonances can be revealed by 
measuring the reflection coefficient of the input of the cell when the output of 
the cell is terminated to a 50 Ω load. The cell shall not be used at the resonance 
frequencies because the field distribution differs from the plane-wave field 
distribution.  

The fields are more uniform in the horizontal direction than in the vertical 
direction in the cross section of the cell. The non-uniformity decreases in the 
vertical direction as the ratio of the width to the height of the cell increases. 
The standing wave due to mismatches causes variation of the fields in the lon-
gitudinal direction of the cell. Therefore, it is useful to map the fields inside the 
TEM transmission cell to decrease the calibration uncertainty. Jokela and Pu-
ranen [1983] measured the standing wave patterns to improve the accuracy of 
the calibration in TEM transmission cells. To extend the frequency range of 
calibration of the small electric field probes to higher frequencies microTEM 
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cells were developed in metrology laboratories [Münter et al. 1997]. These 
probes were then used to determine the electric field strength in GTEM cells 
which offered large volume for EMC tests up to 2.5 GHz [Roberto et al. 1991]. 

The dimensions of the TEM transmission cells are too small for the calibra-
tion of normal field probes above 1 GHz. Rectangular waveguides operating in 
the fundamental TE10 mode can be used for calibration of small electric field 
probes in the frequency range from 500 MHz to 2.5 GHz. The electric field 
strength E in the centre of the standard rectangular waveguide can be calculat-
ed from (modified from the equation (A.14) of [IEEE 2013b]) 
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where a is the inner width of the waveguide which is twice the inner height of 
the waveguide. P is the power flowing through the waveguide, Z0 is the free 
space wave impedance and λ0 is the wavelength in free space. Below 500 MHz 
waveguides are too large to handle and above 2.5 GHz they become too small 
even for miniature field probes. Guided-wave systems are effective in generat-
ing high field strengths with a moderate input power. Due to shielded struc-
ture they cause no electromagnetic interferences in the environment and no 
exposure to the personnel using the systems. 

3.3.3 Free-space methods 

Free-space methods have to be used at higher frequencies when the field 
probes are too large to be calibrated in guided-wave systems. A typical free-
space system consists of a calibrated antenna radiating into a shielded anecho-
ic chamber. The field probe to be calibrated is positioned in the main beam of 
the radiating antenna. The power density in the calibration point is calculated 
from  

 

 24 r
PGS     (3.13) 

 
where P is the power fed into the antenna, G is gain of the antenna and r is the 
distance of the field probe from the aperture of the antenna. If the calibration 
point is in the far field of the antenna the far-field gain of the antenna is used 
in equation (3.8), otherwise a reduced gain based on measurements or calcula-
tions has to be applied [IEEE 2003], [IEEE 2013b]. The rms electric field 
strength E can be calculated from  where Z0 is the free space wave 
impedance. Typically standard-gain horns are used as radiating antennas be-
cause their gain is high and accurately determined. In addition, their side lobes 
are low and do not significantly increase the uncertainty of the electric field 
strength in the anechoic chamber due to the reflections from the side walls. 
However, the frequency range of the standard-gain horns is relatively narrow 
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and therefore, several horns are needed or broadband ridged-guide horns may 
be used. 

The calibration configurations applied in the guided-wave systems differ 
from those applied in the free-space systems. In the guided-wave systems typi-
cally only the field probe is exposed to the EMF while in the free-space systems 
the whole field measuring instrument is placed in the EMF. In the free-space 
systems the EMF can couple also to the leads and to the field monitor or re-
ceiver. In addition, the leads and the monitor or the receiver can cause reflec-
tions and perturbations. Therefore, calibrations carried out in the free-space 
systems may give more variable results than calibrations performed in the 
guided-wave systems.  

3.3.4 Reverberation chambers 

Reverberation chambers are shielded rooms provided with metallic walls and 
rotating metallic paddles or stirrers of an arbitrary shape [Holloway et al. 
2012]. These chambers are used for a large variety of applications: radiation 
emission and immunity tests, antenna tests, exposure of animals in biological 
studies etc. Reverberation chambers can also be used for calibration of EMF 
probes and sensors. They produce a natural multipath environment where the 
incident EMF is diffuse, i.e., it comes from several directions while the inci-
dent EMF generated by the free-space method in an anechoic chamber is 
specular, i.e., it comes only from one direction. The EMF is focused in a certain 
volume, the quiet zone, in an anechoic chamber while it is uniformly distribut-
ed in a reverberation chamber. Thus, a significantly higher field strength is 
generated in an anechoic chamber than in a reverberation chamber with the 
same RF power and the same volume of the chamber. 

Aminzadeh et al. [2016] compared the on-body calibrations of personal ex-
posimeters in an anechoic chamber with the calibrations in a reverberation 
chamber. They concluded that the calibrations carried out in the diffuse EMF 
of a reverberation chamber are more suitable for personal exposimeters used 
for the assessment of the exposure in actual indoor conditions than the cali-
brations carried out in the specular EMF of an anechoic chamber. Field 
strength measurements for verifying the compliance with exposure standards 
are carried out mostly in the vicinity of the EMF source where the incident 
EMF is specular. Hence, the anechoic chambers are more suitable for the cali-
bration of broadband and selective narrowband instruments than the rever-
beration chambers. In addition, higher field strengths are generated in the 
anechoic chamber than in the reverberation chamber with the same RF power. 

3.4 Uncertainty of field strength measurements 

The estimation of the uncertainty is an inevitable part of field strength meas-
urements to gain acceptable results for the evaluation of the compliance with 
the action levels. Typically the uncertainty of field strength measurements is 
relatively large. According to technical EMF standards the target expanded 
measurement uncertainty (k=2) should be less than ±30 % [CENELEC 
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2008a], [IEEE 2010]. If the uncertainty is larger than the target uncertainty 
the difference is added to the measurement result and the sum is compared 
with the AL. The estimation of the uncertainty is especially important when 
the measurement results are close to the ALs.  

The framework for the estimation of the measurement uncertainty is set by 
the Guide to the Expression of Uncertainty in Measurement (GUM) [JCGM 
2008]. The uncertainty can be evaluated by the statistical analysis of series of 
observations (type A) and by other means (type B). Type B evaluation may be 
based on previous measurement data, manufacturer’s specifications, calibra-
tion certificates, reference data taken from the handbooks or experience with 
the behaviour and properties of measuring instruments. Because of the small 
number of observations in field strength measurements the type B evaluation 
is typically applied for the uncertainty estimation. Each measurement situa-
tion has its own uncertainty factors and requires a separate uncertainty esti-
mation.Thus, it is not possible to give a general estimation of the uncertainty 
which would be representative for all field strength measurements. 

The estimation of the uncertainty is challenging due to a large number of un-
certainty factors and due to the difficulties in quantifying the contribution of 
some factors. Guidance for the estimation has been given in technical EMF 
standards [CENELEC 2008b], [IEC 2011] which are provided with templates 
for estimating the expanded uncertainty (k=2) of field strength measurements 
using a broadband instrument or a selective narrowband instrument. The un-
certainty factors are listed in the templates with their probability distribution 
types. The numerical values for the uncertainty factors can be taken from the 
specifications of the instruments and from the calibration certificates or they 
can be estimated from the measurement situations. The uncertainty factors 
can be divided in the following groups [IEC 2011]: 

 measurement equipment 
 measurement methodology 
 EMF source and environment. 

The uncertainty factors of each group are discussed in the following sections. 

3.4.1 Measurement equipment 

The uncertainty factors associated with measurement equipment are as fol-
lows: 

 calibration 
 frequency response 
 isotropy deviation 
 linearity deviation 
 modulation response  
 temperature response 
 humidity response. 

The numerical values for the calibration uncertainty are given in the calibra-
tion certificates. Meaningful field strength measurements are not possible 
without a proper calibration of the measurement equipment. Thus, the uncer-
tainty of the calibration is an important factor of the measurement uncertain-
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ty. In case of broadband instruments the calibration uncertainty is estimated 
for the probes whereas in case of selective instruments it is estimated separate-
ly for the spectrum analyser, cable loss and antenna factor. 

The uncertainty of the field strength generated by the calibration systems 
depends on the following factors: 

 uncertainties of the power, voltage or current delivered to the system 
 uncertainties of the geometrical dimensions of a guided-wave system  
 uncertainty of the positioning of the probe due to non-uniformity of the 

generated field  
 reflections from the walls of the anechoic chamber in a free-space sys-

tem 
 scattering from the cable and display device in a free-space system.  

Uncertainty factors of different calibration systems are comprehensively pre-
sented in the Annex A of the IEEE Standard 1309 - 2013 [IEEE 2013b]. The 
typical expanded uncertainty for the generated standard field is ±0.75 dB us-
ing a TEM cell in the frequency range from 9 kHz to 200 MHz and ±0.96 dB 
using standard gain horns or open-ended waveguides in anechoic chambers in 
the frequency range 1 – 40 GHz. Typical expanded uncertainties of the mag-
netic field strength generated with a low-frequency calibration system is ±1.2% 
(±0.1 dB) from 10 Hz to 20 kHz and ±2.2% (±0.19 dB) from 20 kHz to 
100 kHz. 

The estimated uncertainties of calibration systems have been evaluated by 
carrying out comparison calibration campaigns between laboratories [Witters 
and Puranen 1990], [Vreede et al. 1995], [Weyand et al. 2001], [Pythoud 
2005], [Drazil 2011], [Eiø 2013]. The calibration campaigns indicated that the 
differences in the measurement results between different laboratories were in 
general within the estimated uncertainties of the field strength generated by 
the calibration systems. The deviations larger than the estimated uncertainties 
were caused mostly by the instabilities of the transfer standards used in the 
comparisons. 

The numerical values for the frequency response, isotropy and linearity devi-
ation, temperature and humidity response are given by the manufacturer in 
the operating manual or data sheet of the instrument. The frequency response 
of the probe of a broadband instrument may differ more than ±1 dB from the 
flat response. The uncertainty due to the frequency response can be reduced by 
calibrating the probe or antenna at several frequencies and by applying the 
calibration factors interpolated between the calibration frequencies. The fre-
quency response of shaped broadband probes follows the frequency depend-
ence of the ALs of the exposure standards and the deviation from the ALs can 
be determined by calibrating the probes. In selective instruments the antenna 
factor depends on the frequency and has to be determined at several frequen-
cies to reduce the uncertainty. The uncertainty due to the mismatches between 
the antenna, cable and analyser has to be taken also into account. 

A nominally isotropic probe of a broadband instrument is provided typically 
with three orthogonal field sensors. However, the response of the probe may 
vary for different orientations of the probe with respect of the electric or mag-
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netic field up to ±1.5 dB. It was shown in [P1] that the probes with asymmetri-
cally placed field sensors exhibit a larger isotropy deviation than the probes 
with symmetrically placed field sensors due to the mutual coupling of the field 
sensors. The uncertainty due to the isotropy deviation can be reduced by rotat-
ing the probe and recording the average of the readings.  

Selective instruments are provided with one-axis or three-axis antennas. The 
one-axis antenna is not isotropic and, thus, if the field is not linearly polarized 
the field strength have to be measured in three orthogonal orientations of the 
antenna and the square root of the sum of the squares of the readings have to 
be taken to obtain the total field strength. The orthogonal field components are 
not measured simultaneously which may cause measurement uncertainty if 
there are significant temporal variations in the field. A three-axis antenna is 
apparently isotropic in CW fields. It is controlled with a multiplexer which 
couples sequentially the outputs of the antenna elements to the input of the 
spectrum analyser. Thus, the three-axis antenna is not active most of the time 
and therefore, pulsed fields with a pulse duration of tens of microseconds or 
less have to be measured using the antenna elements separately to avoid the 
loss of measurement signals. 

The response of the probe of a broadband instrument should be linear with 
respect to the field strength squared. However, the linearity deviation depends 
on the field strength level and on the detector type. Thermocouple detectors 
are more linear than diode dectors. The linearity deviation of the probes pro-
vided with diode detectors is typically ±0.5 dB but it may increase to ±3 dB at 
the low end and to ±1 dB at the high end of the measurement range. The 
probes provided with thermocouple detectors exhibit a linearity deviation of 
±1 dB at low levels and ±0.3 dB at high levels. In a selective instrument the 
antenna is passive and the measured signal is detected in the spectrum analys-
er which determines the linearity deviation.  

The modulation response depends on the detector type used in the probes of 
the broadband instruments. The output voltage of a thermocouple detector is 
proportional to the average power level coupled to the detector and does not 
depend on the waveform of the signal. Hence, the probes provided with ther-
mocouple detectors give true rms field strength readings. The response of 
probes provided with diode detectors depends on the characteristics of the 
detector circuit. It was shown in [P1] that the polarity of the diode detector 
affects the linearity deviation in case of an asymmetrical waveform. The devia-
tion can be reduced by using two field sensors provided with diode detectors of 
an opposite polarity to measure the same field component. The literature re-
view in Section 3.1.5 revealed that the response of the probes provided with 
diode detectors to digitally modulated fields can differ up to ±2 dB from the 
response to sinusoidal field at the same rms field strength level. To reduce the 
uncertainty due to the modulation response the probes provided with diode 
detectors have to be calibrated for each modulated signal type or probes pro-
vided with thermocouple detectors have to be used. The uncertainty due to the 
modulation response is smaller for a selective instrument where the signal 
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received by the antenna is detected and processed in a spectrum analyser or 
receiver specifically designed for analysing the modulated signals.  

The response of a broadband field probe can depend on the temperature and 
the humidity. The probe is calibrated in a room temperature around 20 °C. 
The response in other temperatures can be calculated using the coefficient for 
the change of the response with the temperature given in the data sheet of the 
manufacturer. If the response is not corrected then the uncertainty given in 
the data sheet has to be applied. The humidity does not affect the response of 
the instrument when used in the humidity range given in the data sheet. Kor-
pinen et al. [2013] studied the influence of the relative humidity on the electric 
field strength measurements at extremely low frequencies and concluded that 
reliable electric field strength measurements are possible only at the relative 
humidity levels less than 70%.  

In addition to the uncertainty factors described above the following factors 
can affect the measurement uncertainty: 

 coupling of the field to the leads 
 coupling of the field to the display unit 
 capacitive coupling into the probe 
 static charge fields 
 out of band responses 
 zero drift. 

The effects of these factors should be avoided by using proper measuring in-
struments and measurement methodologies. Otherwise, the measurement 
uncertainty can be large or even unpredictable.  

3.4.2 Measurement methodology 

In addition to the uncertainties associated with the calibration and the prop-
perties of the measuring instruments the methodology used in the measure-
ments affects the measurement uncertainty. To gain reliable and repeatable 
results the measurement procedures presented in technical EMF standards 
have to be applied. The following uncertainty factors may be included in the 
measurement methodology [IEC 2011]: 

 scattering of the field from the body of the measuring person 
 positioning of the probe/antenna in a non-uniform field with a high 

field gradient 
 mutual coupling between the probe/antenna and the object 
 meter reading error in case of fluctuating signals. 

The field scattering from the body of the measuring person can change the 
measured field strength significantly, from - 6 dB to +4 dB [IEC 2011], when 
the person stands facing the antenna in the main beam and points the 
probe/antenna towards the EMF source. The uncertainty due to the scattering 
from the body can be avoided by holding the probe/antenna in the main beam 
and standing outside the main beam or by mounting the probe/antenna on a 
non-conducting tripod.  

The field in the vicinity of the EMF source has a high field gradient, for ex-
ample when assessing exposure of the operator of a high-frequency heater 
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(Fig. 2.3). For the probe dimension of 10 cm the estimated standard uncertain-
ty is ±0.5 dB due to the positioning of the probe at the minimum distance of 
20 cm from the EMF source [IEC 2011].  

The mutual coupling between the probe and a nearby object can affect the 
impedance of the field sensors resulting in an erroneous measurement result. 
The standard uncertainty of the field strength measurement is estimated to be 
±0.5 dB when the probe with a diameter of 10 cm is at a distance of 20 cm 
from the object [IEC 2011].  

In actual conditions the measured field strength is fluctuating and recording 
an instantaneous reading of the measuring instrument can cause a significant 
uncertainty in the measurement result. The uncertainty can be reduced by 
using the maximum hold or the averaging mode of the instrument.   

3.4.3 EMF source and environment 

The EMF source and the measurement environment may have also an influ-
ence on the measurement uncertainty due to the following factors [IEC 2011]: 

 variation of the voltage, current or power of the EMF source 
 reflections from the moving objects near the EMF source 
 scattering from the ground and nearby objects. 

The short-term and long-term variations of the parameters of the EMF source 
due to the changing loads affect the measured field strengths and therefore, 
the field strength should be monitored over a sufficiently long time period. In 
general, it is not possible but the parameters of the EMF source can be record-
ed at the moment of the measurements. The measurement results can then be 
scaled to the nominal or maximum values of the source parameters. In case of 
base stations the field strength varies as a function of traffic and therefore, the 
field strength has to be measured using special code selective receivers which 
can extract the signals transmitted with a constant power. The reflections from 
the moving or stationary objects near the EMF source and the scattering from 
the ground and the objects in the vicinity of the measuring person may cause 
significant variations in the field. The variations have to be taken into account 
during measurements and their effects on the measurement uncertainty shall 
be estimated. 

3.4.4 Examples of uncertainty budgets 

Uncertainty budgets are presented for two measurement situations: 
 measurement of the electric and magnetic field strength at 27 MHz in 

the vicinity of a high-frequency (HF) plastic welder and its operator 
(see Fig. 2.3) using a broadband instrument  

 measurement of the electric field strength caused by a nearby base sta-
tion in the frequency range from 1800 MHz to 1900 MHz using a se-
lective narrowband instrument.  

The field strengths are measured in the vicinity of the HF plastic welder at a 
distance of 20 cm from the electrode and the operator by a measuring person 
holding the probe in her/his hand. A broadband instrument Narda NBM-550 
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is used provided with a broadband isotropic electric field probe EF 0392 (Fig. 
3.1) or a broadband isotropic magnetic field probe HF 3061. The uncertainty 
budget is presented in Table 3.2 for the electric field strength measurement 
and in Table 3.3 for the magnetic field strength measurement. The numerical 
values for the calibration uncertainty of the probes are taken from the calibra-
tion certificates and for other uncertainty factors of the instrument and data 
sheet of the instrument [Narda Safety Test Solutions 2016c]. Other uncertain-
ty factors are estimated or taken from [IEC 2011]. 

Table 3.2. Uncertainty budget for the measurement of the electric field strength at 27 MHz in the 
vicinity of an HF plastic welder and its operator. 

Source of 
uncertainty 

Reference Specified 
uncertainty 

Distribution 
type 

Division 
factor 

Standard 
uncertainty 

Measurement 
equipment 

     

Calibration of 
the probe 

Calibration 
report 

0.5 Normal 1.96 0.26 

Isotropy devia-
tion of the 
probe 

Data sheet 1.0 Rectangular 1.73 0.58 

Linearity de-
viation of the 
probe 

Data sheet 0.5 Rectangular 1.73 0.29 

Modulation 
response 

Estimated 0.5 Rectangular 1.73 0.29 

Temperature 
response of 
the probe 

Data sheet 0.1 Rectangular 1.73 0.06 

Methodology      
Meter reading 
error of fluctu-
ating signals 

Estimated 0.5 Triangular 2.45 0.20 

Field scatter-
ing from the 
body of the 
measuring 
person 

Estimated 0.5 Rectangular 1.73 0.29 

Probe position 
in high field 
gradients 

[IEC 2011]  Rectangular 1.73 0.50 

Mutual cou-
pling between 
the probe and 
the electrode 
of the HF 
plastic welder 

[IEC 2011]  Rectangular 1.73 0.50 

Source and 
environment 

     

Variation in the 
power of the 
HF plastic 
welder 

Estimated 0.5 Rectangular 1.73 0.29 

Field reflec-
tions from the 
body of the 
operator 

[IEC 2011] 1.2 Rectangular 1.73 0.69 

Combined standard uncertainty [dB] 1.33 
Expanded uncertainty [dB] (k=1.96) 2.6 
 

Tables 3.2 and 3.3 reveal that the most significant uncertainty factor is the 
field reflections from the body of the operator. Other significant factors are the 
isotropy deviation of the probe, the position of the probe in a high field gradi-
ent and the coupling of the probe to the electrode of the HF plastic welder. The 
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estimated expanded uncertainty is ±2.6 dB for the measured electric field 
strength and ±3.0 dB for the measured magnetic field strength.  

It was shown in [P1] that the isotropy deviation of the probe can be signifi-
cantly reduced with a symmetrical configuration of the probe. The structure 
has also a well-defined electrical centre which decreases the uncertainty due to 
the position of the probe in a high field gradient. The expanded uncertainty 
due to measurement equipment can be reduced to ±2.0 dB by a proper probe 
design and calibration. The uncertainty factors caused by the measurement 
methodology, the EMF source and the environment are hard to reduce in the 
vicinity of an HF plastic welder because the fields have to be measured when 
the operator is using the welder. Therefore, it is useful to complement the field 
strength measurements with the measurements of currents induced in the 
ankles and wrists which improves the assessment of the local exposure in the 
body as shown in [P4]. 
 

Table 3.3. Uncertainty budget for the measurement of the magnetic field strength at 27 MHz in 
the vicinity of an HF plastic welder and its operator. 

Source of 
uncertainty 

Reference Specified 
uncertainty 

Distribution 
type 

Division 
factor 

Standard 
uncertainty 

Measurement 
equipment 

     

Calibration of 
the probe 

Calibration 
report 

0.6 Normal 1.96 0.31 

Isotropy devia-
tion of the 
probe 

Data sheet 1.0 Rectangular 1.73 0.58 

Linearity de-
viation of the 
probe 

Data sheet 0.5 Rectangular 1.73 0.29 

Modulation 
response 

Estimated 0.5 Rectangular 1.73 0.29 

Temperature 
response of 
the probe 

Data sheet 0.1 Rectangular 1.73 0.06 

Methodology      
Meter reading 
error of fluctu-
ating signals 

Estimated 0.5 Triangular 2.45 0.20 

Field scatter-
ing from the 
body of the 
measuring 
person 

[IEC 2011] 0.5 Rectangular 1.73 0.29 

Probe position 
in high field 
gradients 

[IEC 2011]  Rectangular 1.73 0.50 

Mutual cou-
pling between 
the probe and 
the electrode 
of the HF 
plastic welder 

[IEC 2011]  Rectangular 1.73 0.50 

Source and 
environment 

     

Variation in the 
power of the 
HF plastic 
welder 

Estimated 0.5 Rectangular 1.73 0.29 

Field reflec-
tions from the 
body of the 
operator 

[IEC 2011] 1.8 Rectangular 1.73 1.04 

Combined standard uncertainty [dB] 1.55 
Expanded uncertainty [dB] (k=1.96) 3.0 
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The electric field strength caused by a base station is measured in the frequen-
cy range from 1800 MHz to 1900 MHz using Narda SRM-3006 basic unit with 
a 1.5 m RF cable and three-axis antenna 3501/03 [Narda Safety Test Solutions 
2016a]. The antenna is mounted on a wooden tripod and there are no scatter-
ing objects close to the antenna. The uncertainty budget is presented in Table 
3.4 for the electric field strength measurement. The uncertainty for the com-
bined system consisting the antenna, cable and analyser including calibration 
is taken from the data sheet. Other uncertainty factors are estimated or taken 
from [IEC 2011]. The expanded uncertainty of the measurement is estimated 
to be ±3.0 dB. The antenna is assumed to be mounted in a wooden tripod and 
the nearest persons are assumed to stay at distances greater than 4 metres 
from the antenna. 

Table 3.4. Uncertainty budget for the measurement of the electric field strength caused by a 
base station in the frequency range from 1800 MHz to 1900 MHz. 

Source of 
uncertainty 

Reference Specified 
uncertainty 

Distribution 
type 

Division 
factor 

Standard 
uncertainty 

Measurement 
equipment 

     

Combined 
uncertainty of 
the antenna, 
cable and 
analyser 

Data sheet 2.6 Normal 1.96 1.32 

Methodology      
Meter reading 
error of fluctu-
ating signals 

Estimated 0.5 Triangular 2.45 0.20 

Source and 
environment 

     

Variation in the 
power of the 
base station 

Estimated 0.5 Rectangular 1.73 0.29 

Scattering 
from the near-
by objects and 
the ground 

[IEC 2011] 1.0 Rectangular 1.73 0.58 

Combined standard uncertainty [dB] 1.5 
Expanded uncertainty [dB] (k=1.96) 3.0 

 
To summarise, the uncertainty of field strength measurements depends on the 
measurement equipment, methodology, EMF source and environment. The 
measurement uncertainty has to be estimated for each measurement situation. 
The expanded uncertainty caused by measurement equipment can be reduced 
to ±2.0 dB by a proper probe design and calibration. The measurement meth-
odology, characteristics of the EMF source and the environmental factors can 
increase significantly the measurement uncertainty. The target expanded un-
certainty of ±30% given in the technical EMF standards may be achieved in 
well-controlled conditions by using a proper measurement equipment with a 
valid calibration and applying an appropriate measurement methodology.  
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4. Instruments for measurement of in-
duced and contact currents 

Induced body currents are measured in the frequency range from 10 MHz to 
110 MHz to confirm that the action level for the limb current is not exceeded. 
The AL is set for the prevention from excess heating of tissues in body parts 
with a small cross section, such as in ankles or wrists in non-uniform fields. In 
practice, the body currents induced by electric fields can be measured. Mag-
netic fields induce circulating currents in the body with an increasing magni-
tude towards the surface of the body. The currents induced by magnetic fields 
do not exit the body in the same way as the currents induced by electric fields. 
However, measurements of induced body currents are a complementary 
method to measurements of the electric and magnetic field strengths for the 
assessment of the exposure to non-uniform near fields below 110 MHz.  

Contact current measurements are needed up to 110 MHz to verify that the 
ALs for the contact current are not exceeded. These ALs protect against burns 
and tingling sensations caused by touching of metallic objects recharged in 
EMFs.  

Current transformers can be used for induced body current and contact cur-
rent measurements while parallel plate meters can be used only for induced 
foot current measurements and contact current meters only for contact cur-
rent measurements. To obtain reliable current measurements the instruments 
have to be calibrated and their properties have to be known. 

4.1 Parallel plate meters 

A parallel plate meter is the simplest way to measure RF currents flowing from 
the feet to the ground. A photograph of the meter is shown in Fig. 4.1. The me-
ter consists of two parallel square metallic plates separated by an insulating 
layer made of a low-loss dielectric material [P3], [Gandhi et al. 1985], [Jokela 
& Puranen 1999]. The area of the plates, about 30 cm x 30 cm, is slightly larger 
than the area of both feet. A low-ohmic resistor is connected between the 
plates. The RF current induced in the body by the EMF flows from the feet to 
the top plate and then via the resistor and the bottom plate to the ground.  

The RF voltage over the resistor is measured with an RF volt meter using a 
diode detector. The RF current can also be determined by using a direct read-
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ing RF thermocouple ammeter connected between the plates. The ammeter is 
a passive component and a true rms detector but has a narrow dynamic range 
and can burn easily. The RF currents determined by using this detector were 
shown to be in good agreement with the RF currents measured with the above-
mentioned RF volt meter below 30 MHz but not at higher frequencies [Black-
well 1990]. The RF current can also be measured by using a small current 
transformer placed around the conductor connected between the plates. For 
determination of the RF current, this method requires an oscilloscope or a 
spectrum analyser which are not convenient to use in actual exposure condi-
tions. In addition, EMFs can cause interferences in the functioning of these 
instruments.  

 

 

Figure 4.1. Photograph of a parallel-plate meter for foot current measurements. 

A prototype parallel-plate meter GC-2 developed by the University of Utah was 
used for measurements of induced foot currents in the near fields of high-
power medium-frequency (MF) and high-frequency (HF) broadcast antennas 
[P3]. It consisted of two aluminium plates (285 mm x 285 mm x 1 mm) with 
an insulation layer of 5 mm thickness between them. The RF voltage over a 
low-ohmic resistor (6 Ω) connected between the plates was measured with an 
RF volt meter provided with a diode detector. The objective of the RF current 
measurements was to study a suitable combination of the foot current and 
field strength measurements for the exposure assessment in the MF and HF 
range and the validity of the empirical foot current formula derived by Gandhi 
et al. [1985] 
 
 fEhKIsc

2
0    (4.1) 
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where Isc is the total short-circuit current flowing from the feet of a standing 
subject to the ground, K0 = 0.108 nA/(m2HzVm-1) is the current factor, h is the 
height of the subject (m), f is the frequency of electric field (Hz) and E is the 
electric field strength (V/m). The subject (height of 1.8 m) was standing bare-
footed on the meter and an aluminium plate (75 cm x 120 cm) was placed be-
tween the meter and the ground to improve the contact to the ground.  

The MF range measurements were carried out at 963 kHz in the vicinity of a 
radiating vertical monopole antenna. The electric field was nearly uniform and 
vertically polarized. The electric field strength was measured at the heights of 
1 m and 2 m from the ground with a passive dipole-diode detector meter hav-
ing a total length of the dipole wings of 30 cm. The foot current and electric 
field strength were measured at 16 spots at distances from 10 m to 100 m from 
the antenna. The measured and theoretical electric field strengths are shown 
in Fig. 4 of [P3]. The effective electric field strength shown in Fig. 4 was calcu-
lated from (4.1) using the foot currents measured at distances from 10 m to 
100 m from the antenna. The measured foot currents are shown in Fig. 5 of 
[P3]. The current factors were calculated from the measured foot currents and 
electric field strengths measured at the height of 1 m. The average and the 
standard deviation of the calculated current factors were 0.11 nA/(m2HzVm-1) 
and 0.018 nA/(m2HzVm-1), respectively. Thus, the average was in excellent 
agreement with the empirical current factor 0.108 nA/(m2HzVm-1).  

The HF range measurements were carried out at 21.55 MHz near an antenna 
consisting of an array of horizontal dipoles backed by a reflecting mesh. Both 
vertical and horizontal components of the electric field were measured with 
the dipole meter at the heights of 1 m and 2m from the ground. The foot cur-
rent and electric field strength were measured at 12 spots at distances from 
11 m to 157 m from the antenna.Figure 7a and b of [P3] shows the measured 
vertical component of the electric field strength and the measured total electric 
field strength at the heights of 1 m and 2 m, respectively. The horizontal com-
ponents were twice the vertical components. The effective electric field 
strength shown in Figs. 7a and b of [P3] was calculated from (4.1) using the 
foot currents measured at distances from 10 m to 150 m from the antenna. The 
measured foot currents are shown in Fig. 5 of [P3]. Figures 7a and b of [P3] 
reveal that the measured foot currents correlated better with the measured 
vertical components of the electric field strength than with the measured total 
electric field strength. Thus, the foot currents are induced mainly by the verti-
cal component of the electric field. The current factors were calculated from 
the measured foot currents and the vertical components of the electric field 
strength measured at the height of 1 m.The average and the standard deviation 
of the calculated current factors were 0.114 nA/(m2HzVm-1) and 0.019 
nA/(m2HzVm-1), respectively. So, the average was at 21.55 MHz in good 
agreement with the empirical current factor. Foot current measurements 
showed that the parallel-plate meter gives reliable results in the MF and HF 
range when the subject stands barefooted on the meter which is in a good con-
tact with the ground. 
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An analytical formula, the equation (11) in [P3], was derived for the current 
factor K0 by using approximations which are valid below 1 MHz. It was based 
on a grounded homogeneous prolate semispheroidal model of the human body 
exposed to a uniform electric field. The formula predicted that the current fac-
tor varies between 0.072 to 0.086 nA/(m2HzVm-1) when the axial ratio (R= 
length/width) of the spheroid varies from 15 to 10 which are the realistic max-
imum and minimum values, respectively. The current factor predicted for an 
average human (R = 12.5) is 0.078 nA/(m2HzVm-1) which is about 28% lower 
than the empirical current factor 0.108 nA/(m2HzVm-1) derived by Gandhi et 
al. [1985] and about 13% lower than the current factor presented by Deno 
[1977] at 60 Hz and Blackwell et al. [1991]. The lower current factors predicted 
by the analytical formula can be explained by the fact that the surface area is 
smaller for a smooth prolate spheroid than for a realistic human body. 

The effects of the body and the impedance of the foot contact was studied in 
[P3] by using a simplified circuit model of the human body exposed to an elec-
tric field below 20 MHz. Calculations with the simplified model indicated that 
the body impedance does not significantly affect the measured foot currents 
below 10 MHz. The capacitive reactance from the foot to the ground (shoes) 
decreases the foot current approximately to one half of the barefoot current. 
Above 20 MHz an increasing part of the current flows through the capacitance 
formed by the plates but this is partly compensated by the inductance which is 
in the series with the resistor. 

The parallel-plate meter has several limitations when used for measurements 
of induced body currents. It is suitable only for foot current measurements. 
The parallel-plate meter measures foot currents correctly only in the grounded 
conditions. Wilen et al. [2001] compared several parallel-plate meters and 
other meters used for the measurements of induced body currents and noticed 
that when the person was isolated from the ground or wearing shoes, the par-
allel-plate meters showed only 0.4 - 0.8 of the actual current. The metallic 
plates can change the incident fields and the currents induced in the feet. The 
meter actually measures the current flowing from the plate to the ground 
which is not necessarily equal to the current flowing through the ankle [Black-
well 1990]. In addition, currents can be induced in the parallel-plate meter by 
the external field even without a person standing on it. Perhaps due to these 
shortcomings the parallel-plate meter models tested by Wilen et al. [2001] are 
no more commercially available. 

4.2 Contact current meters 

A contact current is generated when a person exposed to an EMF is simultane-
ously in a contact with a surface and a metallic object which have different 
potentials. The contact current flows from the object to a finger or hand, 
through the body to the surface where the person is standing. It depends on 
the contact voltage and the human body impedance. The properties of the hu-
man body, the type of the contact (finger or grasping), the path of the current, 
the moisture of the skin, the clothing, especially protective shoes and gloves, 
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and the environment affect the human body impedance which depends also on 
the contact voltage. At 50 Hz the human body impedance decreases as the con-
tact voltage increases.  

The contact current can be measured by touching with a hand-held contact 
current meter the metallic object. The current flows through a low-ohmic re-
sistor to the hand of the measuring person [MPB 2016]. In this case the meas-
ured contact current depends on the properties of the measuring person. To 
avoid hazardous currents in the measuring person a contact current meter can 
be provided with an electrical circuit corresponding the impedance of the hu-
man body. In this case the contact current flows through the electrical circuit 
to the ground without exposing the measuring person, and it does not depend 
on the properties of the person. Different equivalent networks for the human 
body impedance have been developed by Kanai et al. [1984] and Chatterjee et 
al. [1986] in the frequency range from 10 kHz to 10 MHz, by Stuchly et al. 
[1991] up to 30 MHz and de Santis et al. [2011] up to 110 MHz. A commercial 
contact current meter Narda model 8870 [Narda 2016b] has an internal elec-
trical circuit simulating a human body standing barefooted on the ground and 
having a grasping contact with a metallic object. A point contact current can be 
measured by inserting a point contact simulator which is provided with an 
equivalent circuit for a finger. 

4.3 Current transformers 

Current transformers have been used for noninvasive measurements of cur-
rents induced on the cables and conductors to study electromagnetic interfer-
ences. The same technology can also be applied for assessment of the human 
exposure to EMF. Currents induced in a certain body part, such as an ankle or 
a wrist, can be measured noninvasively by placing a current transformer 
around it. Contact currents can also be measured by placing a current trans-
former around a wrist or a finger.  

The operation principle of a current transformer is depicted in Fig. 4.2 [P4]. 
The body part, such as a limb, acts as a primary circuit and the winding around 
the core of the transformer as a secondary circuit. The current Ia flowing 
through the aperture of the transformer generates on the surface of the metal-
lic shield a magnetic field strength Hs which is equal to the surface current 
density js. The circumferential slit on the metallic shield wall facing the aper-
ture enables the surface current to flow along the inner surface of the shield 
transferring the surface magnetic field inside the shield. This magnetic field 
then induces current in the winding around the core. The metallic shield pre-
vents from the coupling of the external electric field to the core and winding of 
the transformer.  
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Figure 4.2. Schematic view of a current transformer, modified from Fig. 2 of  [P4] . 

The sensitivity of the current transformer is given by the transfer impedance Zt 
which is the ratio of the output voltage Vout of the transformer to the current Ia 
flowing through the aperture: 
 

 
a

out
t I

VZ     (4.2) 

 
Commercial current transformers used for measurements of induced body 
currents are typically provided with a ferrite core. The ferrite core increases 
the sensitivity of the transformer, especially at low frequencies. The nominal 
transfer impedance is from 1 to 5 Ω in the frequency range from 100 kHz to 
about 100 MHz when the output is loaded with a 50 Ω resistor. Clamp-on cur-
rent transformers or current probes are splitted into two halves and hinged 
which helps in placing them around an ankle or a wrist [P5], [Blackwell 1990]. 
The aperture diameters up to approximately 12 cm enable current measure-
ments also in the arm and neck. 

The output voltage of the current transformer can be measured by using a 
voltmeter, an oscilloscope or a spectrum analyser. The voltmeter can be direct-
ly attached to the output connector of the current probe as shown in Fig. 4.3. 
This makes the instrument more practical in actual conditions. The RF voltage 
is transformed to DC voltage by using a diode as a peak detector. Transmission 
line transformers can be used at the input of the volt meter to increase the sen-
sitivity [Blackwell et al. 1991]. The detected DC voltage can also be transferred 
from the transformer to a readout device with a fibre-optic link [ETS Lindgren 
2009]. This commercial induced body current meter model HI-3702 is provid-
ed with a toroidal ferrite-core transformer which has an aperture of 105.4 mm, 
a weight of 1.7 kg and a frequency range from 9 kHz to 70 MHz (±2.0 dB). The 
measurement range is from 1 mA to 1 A with a deviation of ± 0.5 dB from a 
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linear response. Current transformers provided with voltage meters are suita-
ble for measurement of sinusoidal and single-frequency currents. To study the 
waveform or the spectrum of non-sinusoidal or multi-frequency currents, the 
output of the transformer has to be connected via a coaxial cable to an oscillo-
scope or a spectrum analyser [P5]. 

 

 

Figure 4.3. Photograph of a current probe Tegam model 94606-1 with an RF voltmeter directly 
attached to the output connector of the transformer. 

Ferrite-core transformers with a sufficiently large aperture would have been 
too heavy and therefore, a large air-core current probe was developed for body 
current measurements [P4]. It was made of a circular aluminium tube with a 
thickness of 25 mm and an inner diameter of 400 mm (see Fig. 2 of [P4]). The 
tube prevented from coupling of the electric field to the winding inside the 
tube but the circumferential slit made on the tube enabled coupling of the 
magnetic field generated by the current flowing through the aperture. The 
winding consisted of a non-resistive conductor with 25 equally spaced loops 
with a diameter of 17 mm. Resistors were added to some loops to suppress the 
possible resonances near 100 MHz. The measured transfer impedance was 
0.18 Ω at 27 MHz and it varied less than 3 dB in the frequency range from 
5 MHz to 50 MHz.  

A large air-core current probe, a parallel-plate meter and a commercial fer-
rite-core clamp-on current probe were used to measure the currents induced 
in the human body exposed to a non-uniform EMF [P4]. Measurements were 
carried out for a male volunteer (1.78 m, 76 kg) standing barefooted on a per-
fectly conducting floor near an experimental RF dielectric heater operating at 
27 MHz as shown in Fig. 1 of [P4]. Ankle currents measured with the parallel-
plate meter were in good agreement with those measured with the large air-



Instruments for measurement of induced and contact currents 

102 

core current probe. These measurements confirmed that the parallel-plate 
meter measures reliably the ankle current in the grounded conditions. Neck 
currents measured with the air-core current probe were also in good agree-
ment with those measured with the ferrite-core current probe except for the 
lowest measured current with a larger difference due to the low sensitivity of 
the air-core current probe.  

The electric field strength, induced body current and SAR were computed 
with a commercial software XFDTD 5.1 (Remcom Inc.) by using numerical 
models of the dielectric heater and heterogeneous and homogeneous human 
models [P4]. The main grid consisted of voxels with dimensions of 50 x 50 x 
50 mm3 while the voxel dimensions of the finer sub grid were 10 x 10 x 10 
mm3. The human (1.74 m, 72 kg) and the RF dielectric heater were modelled 
using the sub grid. The resolution was sufficient to compute local SAR aver-
aged over 10 g. The unperturbed electric field strengths measured at a distance 
of 0.3 m from the electrode were in excellent agreement with computed elec-
tric field strengths as shown in Fig. 5 of [P4].  

The measured vertical body currents are compared with the computed verti-
cal body currents in Fig. 6 of [P4] which shows good agreement though the 
computations gave slightly lower foot currents. The computed currents were 
higher than the measured currents at the height of the electrode at distances of 
0.3 m and 0.6 m because the hands of the numerical model (Fig. 1 of [P4]) 
were closer to the electrode than the hands of the volunteer in the measure-
ment configuration. The computed vertical and horizontal current densities 
averaged over the cross section of the heterogeneous human model are pre-
sented in Fig. 8a and b of [P4]. The figures reveal that the vertical current den-
sity was greater than the horizontal current density by a factor of 3 at distances 
of 0.5 m and 1.0 m from the electrode. The horizontal current density was sig-
nificantly greater only at a distance of 0.3 m at the height of the electrode. This 
peak was caused by the induced longitudinal current in the forearms and 
wrists. Fig. 8a and b of [P4] show that the local peaks of the current densities 
were in the ankles, knees, wrists and neck, i.e., in the body parts with a small 
cross-sectional area. Except for the capacitive coupling to the electrode at a 
distance of 0.3 m, the distributions of the computed horizontal current density 
indicated no concentration of the current in the superficial layers of the body.  

The SAR distribution computed at a distance of 0.3 m from the electrode is 
shown in the medial coronal plane of the heterogeneous human model in Fig. 7 
of [P4]. The highest SARs were induced in the ankles and knees in this plane. 
However, higher SARs were induced in the wrists which were closer to the 
electrode. The comparison of Fig. 7 with Fig. 5 of [P4] reveals that the SAR 
distribution does not depend significantly on the distribution of the external 
electric field strength. On the contrary, the SAR distribution (Fig. 7 of [P4]) 
depends more strongly on the current density distribution (Fig. 9a and b of 
[P4]) and on the current distribution (Fig. 6 of [P4]).  

Computations showed that in a non-uniform electric field the AL for the elec-
tric field (61 V/m) can be locally exceeded without exceeding the ELV. The AL 
for the ankle current (100 mA) is exceeded before the ELV for the local SAR 
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(20 W/kg) or for the whole-body-averaged SAR (0.4 W/kg) is exceeded. Com-
putations revealed also that the vertical current density was significantly 
greater than the horizontal current density and that the induced current did 
not concentrate in the superficial tissue layers. These findings support the 
method to measure induced longitudinal currents in the body to obtain a more 
realistic assessment of local exposure.  

Hagmann and Babij [1993] claimed that commercial transformers change 
the properties of the circuit around which they are placed due to the ferromag-
netic material used in the core of the transformers. Therefore, they developed 
an air-core current transformer for measurements of currents induced in the 
limbs. The transformer consisted of a coil of 200 turns made of a resistive line 
mounted inside a circular tube with a diameter of 260 mm and a thickness of 
19 mm. The measured transfer impedance was 0.019 Ω and thus, their current 
transformer was far less sensitive than the commercial ferrite-core transform-
ers. To prove their claims Hagmann and Babij calculated and measured the 
changes in the input impedance of vertical cylindrical monopoles with and 
without a current transformer placed around them. They found that the 
change in the impedance, particularly in the reactance, increased as the 
amount of the area occupied by the monopole in the aperture of the ferrite-
core transformer increased. No significant change was noticed in the resistive 
part. The developed air-core transformer changed neither the resistance nor 
the reactance of the monopole. However, Hagmann and Babij presented no 
calculations or measurements for possible changes in the impedance of human 
limbs when ferrite-core transformers are placed around them. The impedance 
of the human limbs is significantly higher than the impedance of a monopole 
antenna. 

Carobbi and Millanta [2010] presented a physical model for an insertion im-
pedance of ferrite-core current transformers and they verified it with vector 
impedance meter measurements in the frequency range from 400 kHz to 
100 MHz. The impedance inserted in the primary circuit (the conductor under 
measurement) is caused by the current flowing in the winding of the current 
transformer via mutual inductance and by the ferromagnetic core material of 
the current transformer. Carobbi and Millanta mentioned that ‘considerable 
inaccuracies’ can be caused by the loading effect of current transformers but 
they presented no estimation of the possible errors on the measured currents. 
They applied the physical model to low-impedance circuits, especially to 50 Ω 
calibration jigs. Thus, their results may not be applicable to measurements of 
currents induced in the human body due to a higher impedance. 

No convincing evidence exists on the possible loading effect of ferrite-core 
transformers when measuring currents induced in the human body. However, 
there are very few measurements on this subject. Neck currents measured with 
a ferrite-core transformer were 6% and 25% higher than the currents with an 
air-core transformer [P4]. However, the discrepancies may have been caused 
by the nonlinearity of the detector of the air-core current probe at low cur-
rents. Simba et al. [2012] measured induced ankle currents using a commer-
cial ferrite-core current probe (HI-3702, ETS Lindgren) from their developed 
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human equivalent antennas and compared the results with the results ob-
tained from FDTD computations with realistic numerical models of the human 
body. The measured ankle currents differed less than 10% from the computed 
currents except for the current measured around 90 MHz which was beyond 
the specified frequency range of the current probe (9 kHz – 70 MHz). Thus, 
according to the study of Simba et al. the ferrite-core current transformer did 
not significantly change the ankle current below 100 MHz. 

4.4 Calibration of instruments for current measurements 

4.4.1 Parallel plate meters 

The first experimental instruments for measurement of foot currents consisted 
of parallel plates connected with a low-ohmic resistor. The foot current was 
determined by dividing the measured voltage across the resistor with the 
measured impedance of the instrument [Hill & Walsh 1985], [Gandhi et al. 
1986]. The first instruments provided with an RF detection circuit and a 
readout device was developed in the University of Utah [Gandhi et al. 1986]. 
Tofani et al. [1995] calibrated the meter by injecting a known RF current from 
a signal generator to the parallel-plate meter and by measuring the RF voltage 
with a spectrum analyser in the frequency range from 85 MHz to 110 MHz. 
Copper plates were used to connect the parallel plate meter to the signal gen-
erator and analyser. No calibration methods have been presented in the tech-
nical EMF standards for parallel plate meters. 

A calibration system based on a 50 Ω transmission line is shown in Fig. 3 of 
[P4]. It consists of a calibration jig, attenuators, RF power meters, a signal 
generator and an RF power amplifier. The parallel plate meter is mounted in 
the calibration jig. The RF current from the centre conductor of the input con-
nector flows via a wide brass strip to the upper plate, through a low-ohmic 
resistor of the meter to the lower plate which is connected with a wide brass 
strip to the centre conductor of the output connector of the jig. The 50 mm 
Styrofoam layer between the lower plate and the ground plate reduces the ca-
pacitive current. The input and the reflected power are measured with a bidi-
rectional RF power meter to check the matching of the calibration jig with the 
parallel-plate meter mounted. The output power measured with an RF power 
meter is used to calculate the RF current by applying the equation (1) of [P4]. 
Measured input, reflected and output powers showed that the VSWR at the 
input of the jig was less than 1.2 and the power loss in the calibration jig was 
negligible below 50 MHz. 

4.4.2 Contact current meters 

No standardized method has been presented for the calibration of contact cur-
rent meters. The hand-held meters are provided with an internal low-ohmic 
resistor (R) and therefore, an adapter with a resistor of (50 –R) Ω connected to 
the centre conductor has to be inserted to the input or output connector of the 
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meter to match it to a 50 Ω coaxial line [MPB 2016]. The current I can be cal-
culated from 

 

  
cZ
PI     (4.3) 

 
where P is the measured power and Zc = 50 Ω is the the characteristic imped-
ance of the coaxial line.  

4.4.3 Current transformers 

The clamp-on current transformers can be calibrated as common current 
transformers by using a special calibration fixture which can be connected to a 
50 Ω coaxial line [IEEE 2010]. A calibration fixture constructed for the cali-
bration of the current probe Tegam model 94606-1 is shown in Fig. 4.4. The 
fixture has a sufficient space around the centre conductor and a partly open 
outer conductor to place the current transformer to the fixture. The output 
power of the fixture is measured and the current flowing in the centre conduc-
tor is calculated from (4.3) where P is the measured power and Zc is the char-
acteristic impedance of the calibration fixture which is assumed to be 50 Ω.  

 

 
Figure 4.4. Photograph of a calibration fixture for the current probe Tegam model 94606-1. 

 
The coaxial line formed by the calibration fixture is not a perfect 50 Ω trans-
mission line due to a partly open structure. Therefore, reflections occur at the 
input and output connectors of the fixture. However, the length of the fixture, 
i.e., the distance between the connectors ( 0.05 m), is much shorter than the 
wavelength at the highest frequency 110 MHz (2.73 m) and thus, Zc does not 
significantly differ from 50 Ω [Ruddle 2005]. Commercial calibration fixtures 
have voltage standing wave ratios (VSWRs) up to 1.4 in their operating fre-
quency ranges when unloaded. The VSWR of the calibration fixture decreases 
when a current transformer is inserted in the fixture. Special calibration fix-
tures have been developed with their centre conductor and the inner diameter 
of the current transformer forming a 50 Ω coaxial line and, thus, providing a 
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perfect matching to a 50 Ω system [Hagmann & Babij 1993], [NPL 2016]. 
These fixtures are suitable only for a certain model of a current transformer 
having the same inner diameter and the same axial length.  

4.5 Uncertainty of induced body current and contact current 
measurements 

The uncertainty of measurements of induced body currents and contact cur-
rents depends on the properties of the current measuring instrument, its cali-
bration and environmental factors. The properties of the human body and pos-
sible protective gloves and shoes affect significantly the measured currents. 
Current measurements carried out for different persons give then varying re-
sults although the environmental conditions are the same. Therefore, it is not 
possible to estimate the overall uncertainty of induced body current and con-
tact current measurements. However, the uncertainty associated with the 
properties of the current measuring instruments can be estimated. 

The uncertainty budget for the measurement of the current induced in the 
ankle of the operator of an HF plastic welder at 27 MHz (Fig. 2.3) is presented 
Table 4.1. The current is measured by using a commercial ferrite-core current 
probe (ETS Lindgren HI-3702). The numerical values for the uncertainties due 
to the frequency response and the linearity deviation are taken from the probe 
manual [ETS Lindgren 2009]. Other uncertainty factors are estimated. The 
expanded uncertainty is estimated to be ±2.4 dB. According to the typical fre-
quency response curve presented in the manual the deviation from the flat 
frequency response is less than 0.2 dB in the frequency range from 50 kHz to 
30 MHz. Therefore, a proper calibration reduces significantly the uncertainty. 
The standard uncertainty of the calibration with the calibration fixture shown 
in Fig. 4.4 has been estimated to be ±0.25 dB [P5]. The expanded uncertainty 
of the ankle current measurement is reduced to ± 1 dB by applying this calibra-
tion uncertainty. 

Table 4.1. Uncertainty of the measurement of the ankle current at 27 MHz with a commercial 
meter in the vicinity of an HF plastic welder (Fig. 2.3). 

Uncertainty 
factor 

Reference Specified 
uncertainty 
dB 

Distribution Division 
factor 

Standard 
uncertainty 
dB 

Frequency 
response 

Manual 2.0 Rectangular 1.73 1.15 

Linearity devia-
tion 

Manual 0.5 Rectangular 1.73 0.29 

Modulation 
response 

Estimated 0.5 Rectangular 1.73 0.29 

Temperature 
response 

Estimated 0.1 Rectangular 1.73 0.06 

Meter reading 
error of fluctuat-
ing signals 

Estimated 0.5 Triangular 2.45 0.20 

Combined standard uncertainty [dB] 1.24 
Expanded uncertainty [dB] (k=1.96) 2.4 

 
The uncertainty of contact current measurements can be estimated using the 
specifications of the instruments. The accuracy of a commercial contact cur-
rent meter Narda model 8870 [Narda Safety Test Solutions 2016b] was esti-
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mated to be ±1.5 dB in the frequency range from 3 kHz to 30 MHz by the 
manufacturer. Another commercial contact current meter [MPB 2016] has 
been specified to operate in the frequency range from 40 Hz to 110 MHz with 
±1.5 dB variation in the frequency response and ±1.0 dB variation in the line-
arity. The expanded uncertainty of the contact current measurement using this 
instrument is estimated to be ±2.2 dB by using the above-mentioned numeri-
cal values for the frequency response and linearity deviation and the numerical 
values presented in Table 4.1 for other uncertainty factors. The expanded un-
certainty of the contact current measurements presented in [P5] was estimated 
to be ±10% (approximately ±1 dB). Contact currents were measured using the 
current probe Tegam model 94606-1 (Fig. 4.3) which was calibrated with the 
calibration fixture shown in Fig. 4.4. Thus, the uncertainty of the contact cur-
rent measurements are significantly reduced by a proper calibration of the 
instruments. 

To summarise, induced body currents can be measured with current trans-
formers or current clamps which can be calibrated by using special calibration 
fixtures. The expanded uncertainty of the measurement of induced currents is 
estimated to be ±1 dB with a calibrated current clamp. Contact current meas-
urements can be carried out by using current transformers or hand-held me-
ters. However, there are only a few body and contact current instruments 
commercially available. In addition, there is no standardized method for the 
calibration of hand-held contact current meters. Thus, the measurement tech-
niques should be further developed for the induced body currents and contact 
currents. 
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5. Summary of the Publications 

P1: Puranen L, Jokela K. Simultaneous measurements of RF elec-
tric and magnetic near fields – Theoretical considerations 

The aim of the study was to design a broadband probe for simultaneous meas-
urements of electric and magnetic fields in near-field conditions in the fre-
quency range from 10 MHz to 300 MHz. The probe consisted of six dipoles 
and six loops mounted on all six sides of a small cube thus having double 
number of sensors which is required for an isotropic probe. The doubling of 
the sensors still provided a well-defined electrical centre due to the symmetry, 
an improved isotropic and linear response of the probe and a reduced coupling 
of the electric field to the magnetic field probe. 

P2: Puranen L, Jokela K. Radiation hazard assessment of pulsed 
microwave radars 

The objective of this study was to develop measurement methods to verify the 
compliance with relevant exposure limits applied for pulsed microwave radia-
tion. The review of specific biological effects of pulsed microwave radiation 
revealed that the microwave auditory phenomenon is the only known effect in 
realistic exposure conditions. The threshold for this effect depends on the peak 
power density or energy density rather than the average power density. Thus, 
some exposure standards also limit the peak power density in addition to the 
conventional average power density. A hand-held battery-operated meter was 
developed and tested for practical compliance measurements in real exposure 
conditions near scanning radar antennas. Simplified equations were also de-
rived to estimate the on-axis power densities of radar antennas as a function of 
distance from the antenna aperture.  

P3: Jokela K, Puranen L, Gandhi OP. Radio frequency currents in-
duced in the human body for medium-frequency/high-frequency 
broadcast antennas 

Radio-frequency currents induced in the human body exposed to uniform elec-
tromagnetic fields generated by medium-frequency and high-frequency broad-
cast antennas were studied theoretically and experimentally. An analytical 
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formula was derived to calculate the foot current in grounded conditions by 
using a grounded homogeneous prolate semispheroidal model of the human 
body. The formula agreed within 30% with the formula experimentally derived 
by Gandhi. Comparison of measured foot current with measured vertical and 
horizontal electric field components revealed that the foot current is induced 
by the vertical electric field. Measurements showed that the parallel-plate me-
ter measures correctly the foot current only when the subject is standing bare-
footed on the meter and the meter is in a perfect contact with the ground. Oth-
erwise, the capacitive reactance between the feet and the ground decreases the 
current flowing through the meter to one half of the bare-foot value. 

P4: Kännälä S, Puranen L, Sihvonen A-P, Jokela K. Measured and 
computed body currents in front of an experimental RF dielectric 
heater 

Human exposure to non-uniform electromagnetic field of an experimental 
dielectric heater operating at 27.12 MHz was assessed with measurements and 
computations. The electric field was measured with a dipole probe and the 
magnetic field with an isotropic magnetic field probe. Various instruments 
were used for the measurement of induced body currents. The specific absorp-
tion rates and induced body currents were computed with the finite-difference 
time-domain method by using homogeneous and heterogeneous numerical 
human models. The measured body current distribution was in good agree-
ment with the computed body current distribution. The computations indicat-
ed that the exposure limit value as a local SAR is not exceeded if the current 
induced in the limb is below the action level even though the maximum of the 
external electric field clearly exceeds the action level. Thus, limb current 
measurements can be used as a complementary way to verify the compliance 
with exposure standards. 

P5: Alanko T, Puranen L, Hietanen M. Assessment of exposure to 
intermediate frequency electric fields and contact currents from a 
plasma ball. 

The objective of this study was to assess the exposure to electric field and con-
tact currents from a plasma ball used as a toy. The broadband electric fields 
and contact currents in the intermediate frequencies were measured for the 
plasma ball. The measured field strength and contact current were compared 
with the exposure standards published by ICNIRP in 1998 and 2010. Due to 
the multiple frequency components the comparison was carried out using mul-
tiple frequency rule (without phases) for the electric field and the contact cur-
rent. In addition, the weighted peak approach (with phases) was applied for 
contact current to achieve more realistic results. The comparison revealed that 
the ICNIRP 2010 action levels for the general public were exceeded at distanc-
es shorter than 1.2 m from the plasma ball. The measured contact currents 
clearly exceeded the action levels for the general public. 
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P6: Puranen L, Toivo T, Toivonen T, Pitkäaho R, Turunen A, Sihvo-
nen A-P; Jokela K, Heikkinen P, Kumlin T, Juutilainen J. Space ef-
ficient system for whole-body exposure of unrestrained rats to 900 
MHz electromagnetic fields. 

A space-efficient setup was designed, implemented and analysed in this study 
for the whole-body exposure of large number of rats to radiofrequency (RF) 
electromagnetic fields at 900 MHz. The setup was used for two years in a co-
carcinogenesis study and part of it for five weeks in a central nervous system 
(CNS) study. Up to 216 rats could be placed in separate cages in nine different 
exposure chambers on three racks requiring only 9 m2 of floor area (24 rats 
per m2). The chambers were radial transmission lines, where the rats could 
freely move in their cages where food and drinking water was provided ad libi-
tum except during the RF exposure periods. Dosimetrical analysis was based 
on FDTD computations using numerical heterogeneous rat models and a nu-
merical model of the exposure chamber. Computations were validated with 
calorimetrical measurements carried out with homogeneous rat phantoms. 
The estimated whole-body-averaged specific absorption rates (SARwba) of rats 
were 0 (sham), 0.4 and 1.3 W/kg in the cocarcinogenesis study and 0 (sham), 
0.27 and 2.7 W/kg in the CNS study with an estimated uncertainty of 3 dB 
(k=2). The instantaneous and lifetime variations of the SARwba due to the 
movement of rats were estimated to be 2.3 and 1.3 dB (k=1), respectively. 
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6. Conclusions 

Measurements are still needed for a rapid assessment of human exposure to 
EMF in actual conditions and for the validation of the computation methods 
used for EMF exposure assessment of the animals in biological studies. This 
thesis addresses the following points of the measurement techniques for as-
sessment of the exposure to EMF: characterization of a broadband electric and 
magnetic field probe [P1], measurement of peak power density of pulsed mi-
crowave radiation [P2], measurement of induced body current [P3], [P4] and 
broadband low-frequency contact current [P5], development of an exposure 
setup for a large number of rats and calorimetric measurements for the valida-
tion of the computation method used for the EMF exposure assessment of the 
rats in the setup [P6]. 

A symmetric structure of a broadband field probe was shown to be optimal 
for good isotropy in the measurement of the unperturbed electric and magnet-
ic field strength in air [P1]. The symmetric structure provided also a well-
defined electrical centre of the probe. Three identical orthogonal field sensors 
in a symmetric configuration are needed at minimum for an isotropic electric 
or magnetic field probe. It was shown in [P1] that a double number of the sen-
sors in the combined electric and magnetic field probe offered some ad-
vantages in spite of a more complicated structure of the probe. The effect of 
the coupling of the electric field to the magnetic field sensor was significantly 
decreased at higher frequencies by using pairs of parallel loops where detec-
tors with opposite polarities were placed on the opposite sides of the loops. In 
addition, it was also shown in [P1] that the nonlinearity due to the diode detec-
tors was reduced when they were mounted in collinear dipole and parallel loop 
sensors with opposite polarities.  

Electric field strength or power density measurements for fields with a low 
duty factor, for example for the fields from scanning radar antennas, set spe-
cial requirements for the instruments because both the rms and peak electric 
field strength or the average and peak power density have to be measured. The 
average power density can be measured with broadband probes provided with 
thermocouple detectors. The peak power density is not possible to measure 
with broadband probes provided with diode detectors because the detected 
pulse is significantly distorted when transferred via a resistive transmission 
line to the readout device. A calibrated antenna connected to a spectrum ana-
lyser is suitable but not convenient to use in actual field conditions for peak 
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power density measurements. The development of a hand-held battery-
operated instrument was described in [P2]. The instrument was shown to be 
reliable in actual conditions and it has been successfully used for more than 20 
years for radiation safety measurements of pulsed radars. The development of 
a corresponding hand-held instrument has not so far been published or re-
ported. 

Measurements of currents induced in the limbs offer a complementary 
method to the field strength measurements to evaluate the compliance with 
the action levels at frequencies up to 110 MHz. As shown in [P3] the foot cur-
rents can be predicted from the measured unperturbed field strengths in uni-
form EMFs and current measurements are not necessary. In contrast, the limb 
currents cannot be predicted with simple calculations in non-uniform reactive 
near fields but more sophisticated numerical techniques are needed. However, 
modelling and computation is a laborious and time consuming way to verify 
the compliance. The exposure assessment based on the measurement of the 
electric and magnetic field strength exhibits large uncertainties because the 
fields are non-uniform and may be perturbed by the human body. Field 
strength measurements can result in a too conservative exposure assessment 
while measurements of limb currents give more realistic results on the local 
exposure as demonstrated in [P4]. Parallel-plate meters are suitable only for 
the measurement of foot currents in grounded conditions [P3] while current 
transformers can be used also in isolated conditions and for the measurement 
of currents induced in the wrist, forearm and arm. Current transformers with 
sufficiently large aperture are suitable also for measurement of currents in-
duced in the waist as shown in [P4].  

Contact currents are measured by using hand-held meters or current trans-
formers [P5] to verify the compliance with the action levels which are set for 
the prevention of stimulation effects and local burns below 110 MHz. Contact 
currents may consist of many frequency components which all have to be tak-
en into account when assessing the total exposure. Summing of the ratios of 
the measured components to the corresponding action level at each frequency 
(the multiple frequency rule, MFR) may result in a too conservative exposure 
assessment. The weighted peak method (WPM) originally developed for the 
assessment of exposure to broadband low-frequency electric and magnetic 
fields was for the first time applied for a broadband low-frequency contact 
current in [P5]. The use of the WPM was shown to result in a more realistic 
exposure assessment than the use of the MFR also for contact currents. 

A reliable exposure assessment is needed also in the biological exposure 
studies where animals are exposed to EMF. The design of the exposure setup is 
challenging because a large number of animals has to be exposed to accurate-
ly-known EMF. The exposure room may set special requirements as described 
in [P6] where it was shown that a setup could be developed for the exposure of 
a large number of rats to mobile phone fields at 900 MHz in a small room. Due 
to the small size and heterogeneous structure of the animals the exposure is 
determined by computing with numerical models of the animals and the expo-
sure system. The computation method has to be validated by measuring SAR 
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in homogeneous phantoms simulating approximately the size and shape of the 
animals and comparing the results obtained from computations with numeri-
cal phantom models with the measurement results. Due to the closed structure 
of the exposure system SAR was measured by using a calorimetric method 
[P6]. The computation method is valid if the difference between the measured 
and computed SAR is within the estimated uncertainties of the measurement 
and computation method as shown in [P6]. The developed exposure setup was 
successfully used for rat experiments in two biological studies which were pub-
lished in peer-review journals. 
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