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Executive Summary
LEXNET aims at reducing the total human exposure to radio-frequency
electromagnetic fields used for cellular and wireless local area networks in the
frequency range of 700 MHz to 6 GHz without compromising the user’s perceived
quality. A key task in the project is the definition of the global exposure index which
will take into account downlink as well as uplink exposure. The present deliverable
D2.1 will serve as basis for the definition of the global exposure index by providing an
overview of current exposure metrics.
Deliverable 2.1 discusses current metrics as well as the methods used for the
assessment of exposure to radio-frequency electromagnetic fields. In addition, this
deliverable highlights differences in regulation across several European countries.
We divided the current exposure metrics into four categories: (1) incident field metrics
(such as electric field, magnetic field and power density), (2) exposure ratios (which
are a measure for the proportion of the exposure of a single wireless communication
technology into the total exposure), (3) absorption metrics (specific absorption rate),
and (4) dose metrics (this metric takes the time into account by multiplying the
absorption or incident field metric with time).
Different methods exist to assess the exposure depending on the aim of the
assessment. In general, compliance testing aims at worst-case exposure
assessment, while epidemiological studies focus at realistic exposure assessment.
Finally, this deliverable also discusses the different devices currently used to
measure the exposure: broadband probes, spectrum analyzer combined with tri-axial
probe, and dosimeters (used for personal exposure assessment).
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1 INTRODUCTION
This report gives an overview of current metrics for evaluating radio-frequency (RF)
electromagnetic field (EMF) exposure in the frequency range of 700 MHz to 6 GHz.
In this frequency range, several quantities are used to express exposure: incident
field levels (E and H), incident power density (S) and specific absorption rate in the
human body (SAR) are the most common quantities. International guidelines issued
by the international commission on non-ionizing radiation protection (ICNIRP) and the
federal communications commission (FCC) limit the levels of these quantities to
protect people against adverse health effects from exposure to EMF. Basic measures
to protect people from exposure to EMF are independently defined for the base
station (BS) and for the personal mobile devices. On the one hand, we have
compliance testing for base station (BS) when put into service, which means a lot of
measurements in the vicinity of base station locations. On the other hand, we have
compliance testing for personal devices, which leads to defining maximum
transmitting power of the device. In neither case realistic exposure is assessed.
Recently, new quantities are defined in scientific literature, such as dose and
exposure ratios, to determine realistic exposure of people to RF EMF. The nature of
electromagnetic fields (frequency, intensity, duration of exposure) offers a large
variety of quantities which can be used as exposure metrics [1]. Moreover, a wide
range of exposure conditions can exist: individual or multiple source exposure, nearor far-field exposure, short- or long-term exposure, etc. So far, multiple methods to
assess the exposure are present in the epidemiological literature.
First, we will discuss the most often used quantities and mention their usage. Next,
we will give an overview of the current methods for assessing these metrics. Finally,
we will discuss differences in metrics encountered in science, guidelines, standards
and regulations across Europe.
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2 POWER DENSITY, ELECTRIC FIELD AND MAGNETIC FIELD
The exposure to incident radio-frequency electromagnetic fields is assessed in terms
of power density, electric field and / or magnetic field. These quantities are easy to
measure as opposed to the induced fields in a human body.

2.1 Definition
In the far-field of a source, the power density, electric field and the magnetic field are
related through the characteristic impedance in free space:
=

rms

=

(1)

with Z the characteristic impedance in free space, Erms the root-mean-squared
(RMS) electric field and Hrms the RMS magnetic field.

2.2 Methods of assessment
When assessing the exposure the aim can be twofold: (1) to test if the field strengths
comply with exposure limits, and (2) to assess the typical exposure of a person which
is mainly of interest for epidemiological studies.
The assessment also depends on the measurement position with respect to the
antenna(s), scatterers and absorbers. In the far field of an antenna, scatterers and
absorbers, it is sufficient to measure the incident electric field or the power density.
However, in the near field of an antenna the magnetic field also has to be measured
because there the electric and magnetic field are not related by the free-space
impedance.
The exposure to incident electromagnetic fields (in the further text “incident
exposure”) is mainly assessed by measurements. Broadband and frequencyselective measurement equipment is typically used for in-situ measurements. In
epidemiological studies incident exposure is mainly assessed by personal exposure
meters (PEM). (PEMs are usually denoted as "dosimeters" and in the following text
both terms will be used interchangeably.) Numerical investigation of the incident
exposure is limited. 3D ray-tracing tools are used to predict the exposure in a certain
area during the network design stage. In the near field of antennas, such as base
station antennas, 3D electromagnetic solvers are employed to investigate the
incident exposure. Simulations provide detailed information of the field distribution
around and inside the body, but numerical tools have the drawback of always being
an approximation of the real world and often require long runtimes and large amount
of processing power.
2.2.1 Broadband vs narrowband
Radio-frequency electromagnetic fields span a wide range of frequencies. Cellular
and local area networks typically operate in the frequency range from 700 MHz to
6 GHz. Every communication technology operates in its designated frequency band.
When measuring the exposure, we distinguish between broadband and narrowband
measurements. Broadband measurements span several GHz at once and are
performed using a field meter and a broadband probe. A single exposure value is
obtained for the whole frequency range. Narrowband measurements are bandselective or frequency-selective measurements using a combination of an antenna
(e.g., conical dipole or tri-axial isotropic antenna) and spectrum analyzer. In case of
Version: V4.0
Dissemination level: PU
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narrowband measurements, an exposure value is obtained for each of the
considered frequency bands. Frequency-selective measurements allow identifying
the importance of a communication technology in the total exposure.
In epidemiological studies personal exposure meters are used. PEMs are also
narrowband devices that measure the exposure in multiple bands at the same time.
Commercially available PEMs are the EME Spy 120/121/140 (Satimo, Brest, France
[2,3]) and the ESM 140 (Maschek Elektronik, Bad Wörishofen, Germany [4]). These
devices are worn by a person to assess the personal exposure to RF EMF. Personal
exposure meters are easy to handle but require a measurement protocol [5,6], have
a limited dynamic range with a maximum value of typically 5 V/m, and suffer from a
large number of measurements below the detection limit (non-detects) of the device.
To handle these large number of non-detects in data analysis, Roösli [7] et al
propose the robust regression on order statistics (robust ROS) to determine summary
statistics.
2.2.2 Temporal variations
Temporal variations and measurement procedures for temporal exposure
assessment due to RF signals are investigated in [8–12]. In [11], the daily distribution
of the RF field strength is determined for FM Broadcasting (FM), Television (TV),
Global System for Mobile Communications (GSM900 at 900 MHz and GSM1800 at
1800 MHz), Universal Mobile Telecommunications Systems (UMTS) and High Speed
Downlink Packet Access (HSDPA) services. The proposed method assigns to the
different signals a conservative extrapolation factor to determine the maximum real
exposure during a day using a statistical method developed on different
measurements performed over 24h. Erlang data, representing average mobile phone
traffic intensity during a period of time, is related to RF exposure using temporal
measurements during a week in [9]. Diurnal variations of fields of mobile
telecommunication and broadcasting systems are studied in [12].
2.2.3 Averaging
The incident exposure varies in time and space. Different methods exist to assess
average exposure as well as peak exposure values. In addition, a weighted-average
field level is appropriate for optimization purposes.
2.2.3.1 Spatial averaging
The peak-spatial exposure can be assessed by sweeping an area or by taking the
maximum value in a given area (raster). In the sweeping method, a small area
(volume) is scanned for maxima, with the antenna being moved in every direction
and polarization, and connected to a spectrum analyzer on maximum-hold [13–16]. In
the raster method, a number of spot measurements are performed in a given raster
(area), after which the maximum field value is retained [14].
To assess the whole-body exposure according to CENELEC standard EN 50492 [8],
a field-averaging protocol is required. The isotropic field values shall be determined
at N measurement points. For measurements in special environments, e.g. in
kindergartens or bedrooms, additional measurements may be performed at
alternative locations in an adequate manner. Three measurement points are
recommended, but depending on the location (relative to the measurement point)
and the accuracy required, the number of measurement points to average may be
increased to six. The uncertainty of the estimation of the mean value with three

Version: V4.0
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measurement points is about 3 dB, uncertainty with six measurement points is about
2 dB.
IEC 62232 [17] defines measurement grids for reference spatial-average
measurements and alternative spatial-average measurements. The grids are shown
in Figure 1.

Figure 1: Measurements grids for spatial averaging in IEC 62232.

The Portuguese monIT Project developed a practical method to assess compliance
with exposure to the E-field thresholds in the presence of multiple radiation sources.
A spatial analysis grid is defined according to the position of the sources, as seen in
Figure 2 [18].

(a)

(b)

Figure 2: Examples of analysis grid for (a) non-line of sight (NLOS) and (b) line of sight (LOS)
(extracted from [18])

2.2.3.2 Time averaging
ICNIRP specifies a time-averaging period of 6 minutes for the squared RMS field
levels (E2rms , H2rms , and B2rms ) and the power density (S) [19]. FCC specifies a 6
minutes averaging period for occupational exposure and 30 minutes (or no averaging
time if this would prove impractical) for general population exposure for the squared

Version: V4.0
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RMS electric field (Erms ) or the power density (S) [20]. However, in practice, the
averaging time is shortened to less than one minute [21].
2.2.4 Weighted field level
Plets et al. [22] defined an exposure metric for minimizing the exposure in indoor
office environments. The exposure metric EM equals the average of the median
electric-field strength (E50 ) and the 95%-percentile value (E95 ) of the field strengths in
the building:
M

=

+
+

(1)

with w1 and w2 weighting factors for the 50%-percentile value E50 and the 95%percentile E95 , respectively. E50 accounts for the median exposure on the building
floor, and E95 accounts for the maximal exposure values. They assume an equal
impact of E50 and E95 on the metric by setting both weighting factors equal to 0.5.

2.3 Implementation
regulations

in

science,

guidelines,

standards

and

2.3.1 In science
2.3.1.1 Compliance testing versus assessment of realistic exposure
In compliance testing the aim is to evaluate the maximum possible exposure and
compare it with reference levels. This assumes transmitters operating at maximum
power, the traffic load of BSs is at maximum and the measurements are focused on
peak field values, which often lead to overestimation. Also, in compliance testing
expanded uncertainty with a confidence interval of 95 % must be added to
measurement results.
Realistic exposure can be measured by different means: spot measurements with
spectrum analyzer [13,16,23–25] or personal exposure measurement campaigns
[6,26–37].
2.3.1.2 Exposure prediction models
Exposure measurements can be combined with theoretical prediction models for
optimization and validation of the exposure. These theoretical models rely heavily on
base station parameters and use personal exposure meter [38–41] or spectrum
analyzer measurements [42,43]. These models assist in interpolating dosimeter
[44,45] or broadband measurements [46] at randomly, uniformly or sequentially
chosen locations.
2.3.2 In regulations
In [47], Stam distinguishes three approaches for the EMF policies within the member
states of the European Union: (1) the Recommendation transposed in binding
national legislation, (2) the limits based on the Recommendation or ICNIRP are not
binding, and (3) stricter limits then the Recommendation or ICNIRP.
In France, public exposure to EMFs is regulated by the decree n°2002-775 of 3 May
2002, which adopts the European Council recommendation on the limitation of public
exposure to EMFs based on ICNIRP guidelines. Nevertheless some cities like Paris
have adopted specific charters on base stations deployment defining average EMF
exposure levels of Parisians.
Version: V4.0
Dissemination level: PU
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In Belgium, every region (the Flemish region, the Walloon region, and the BrusselsCapital region) defined its own exposure limits, which are amongst the most
restrictive requirements throughout the world. But, there are many exceptions [48]. In
the Flemish region, the exposure limit at 900 MHz equals 3 V/m per antenna at
residences and 20.6 V/m for cumulative exposure since January 2011 [49]. In the
Brussels-Capital region, an exposure limit of 3 V/m at 900 MHz was proposed in
2007 [50] for all locations. In April 2014 this limit was increased to 6 V/m at the
reference frequency of 900 MHz [51]. The limit accounts for the total exposure
radiated by almost all transmitting antennas with a large number of exclusions. The
limit became valid in September 2009 [52]. In residences in the Walloon region, an
exposure limit of 3 V/m per operator and per antenna is valid since April 2009 [53]. In
contrary to the Brussels-Capital region, there is no limit for the total exposure
(radiated by all antennas) measured at an arbitrary location.
Portugal adopted the European Council Union recommendation relatively to the
limitation of public exposure to EMFs [54] based on ICNIRP’s guidelines. The
Portuguese regulations are mandatory according to Law No. 151-A/2000 of 20 July
2000 [55].
Serbia regulates this area by the “Law on Non-Ionizing Radiation Protection” (Official
Gazette of the Republic of Serbia No. 36/2009) and several Regulations under this
low. “Regulation on limits of exposure to non-ionizing radiation” (Official Gazette of
the Republic of Serbia No. 104/2009) defines basic restrictions and reference levels
described by the same functions but more strict than ICNIRP. According to this
regulation, reference level at 900 MHz equals to 16.5 V/m for residential areas,
schools, homes, preschools, maternity wards, hospitals, tourist facilities and
playgrounds. By the “Regulation of non-ionizing radiation sources of interest, the
types of source, the method and time of their testing” (Official Gazette of the Republic
of Serbia No. 104/2009) requirements for measurement in the vicinity of base
stations is defined. This law and related regulations were adopted in 2009.
In Spain, public exposure to EMFs is regulated by Royal Decree 1066/2001 of 28
September 2001 [56], which adopts the criteria established in the European Council
Recommendation of 12 July 1999 on the limitation of exposure of the general public
to electromagnetic fields. Additionally, the Spanish regulation provides guidelines for
the periodic technical assessment and monitoring of the exposure levels by both
operators and public authorities.
In Montenegro the “Low on Non-Ionizing Protection” has been adopted. However, it
will be applied as from 1st July 2015. In the meantime, special working groups have
been working on necessary bylaws that will among other things precisely define the
limits for EMF levels taking into account sources per frequency ranges, still not for
SAR. At the moment, old ex-Yugoslavia standards, more strict than the EU ones, are
applied. These standards give just limits for the cumulative EMF levels without
making any difference with respect to the sources of EMF or the operational
frequency ranges. The measurements procedures for EMF levels are based upon
ECC Recommendation (02)04 (“Measuring non-ionising electromagnetic radiation“).
Exposure limits for the remaining European countries as well as countries outside the
European Union are thoroughly discussed in [47].
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Table 1: Radio-frequency exposure limits at 900 MHz within the member states Belgium,
France, Montenegro, Portugal, Serbia, and Spain of the European union.

Country / Region

Limit on the RMS E-field strength (V/m)

Belgium
Flemish Region

3 V/m (per antenna in residences)
20.6 V/m (cumulative exposure, outdoor)

Brussels-Capital
region
Walloon region

6 V/m (cumulative exposure)
3 V/m (per operator and per antenna in
residences)

France

41.25 V/m

Montenegro

27.45 V/m (cumulative exposure)

Portugal

41.25 V/m

Serbia

16.5 V/m

Spain

41.25 V/m

Version: V4.0
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3 EXPOSURE RATIOS
In case of multiple-source exposure, other metrics can be defined, based on the
contribution of each source to the total exposure. Guidelines and standards, such as
ICNIRP [19] and CENELEC [57], defined ratios to evaluate compliance in case of
simultaneous exposure to fields of different frequencies.
Other definitions of exposure ratios are found in scientific literature. The authors in
[25], or in [58], provide exposure ratio metrics, like the average contribution (AC), and
the maximal contribution (MC) of different sources to the total exposure value. For
instance, for power density, the AC and the MC contributions of each signal to the
or
:
total exposure, are defined as follows, for =
=

! 100 [%]

(8)

where u( ) is a function of S for a RF signal (e.g., GSM, LTE, …), i.e., Ssignal , and Stot
is the total exposure due to all RF signals at the measured point.

Version: V4.0
Dissemination level: PU

14

Document ID: D2.1 Current metrics for EMF exposure evaluation
FP7 Contract n°318273

4 SPECIFIC ABSORPTION RATE (SAR)
The specific absorption rate (SAR) is a measure for the induced electromagnetic
fields inside the human body. The SAR is defined as:
*(+) =

,(+) rms (+)
-(+)

(2)

with σ the conductivity (S/m) and ρ the mass density (kg/m3).

4.1 Whole-body averaged SAR (wbaSAR)
The whole-body averaged SAR is the basis for the ICNIRP reference levels on the
exposure. Hazardous exposures may occur above a whole-body averaged SAR
value of 4 W/kg, as averaged over the entire mass of the body.
4.1.1 Methods for assessment
The whole-body averaged SAR can be assessed in closed environments (i.e., rooms)
by measuring the reverberation time with and without people inside the room. From
the difference in reverberation time, the whole-body SAR can be calculated [59]. This
measurement methodology is based on room electromagnetics theory [60].
Measuring the induced fields is impossible in a living human. Therefore we have to
turn to numerical analysis for characterizing the whole-body SAR in a human.
Characterizing the SAR in the human body requires realistic models of humans. A
number of realistic heterogeneous body models are currently used for
electromagnetic field simulations, consisting of large datasets obtained from
Magnetic Resonance Imaging (MRI), Computer Tomography (CT), and anatomical
images. Data is represented by voxel images of thin slices of the body, and each
voxel corresponds to a particular type of the body tissue. An example of
heterogeneous body models are those from a Virtual Family [61]. The various tissue
electric parameters can be obtained (i.e., for required frequency band) from the 4Cole-Cole Model described in [62]. Several human models are developed especially
during the last decade. The Virtual Family [61] and Virtual Class Room [61] are a
family of magnetic resonance imaging (MRI) models. There are also the Japanese
models (male and female model [63]), Korean models [64,65], Chinese adult models
(male and female models [66]), Norman and Naomi models [67,68], Zubal adult
model and Visible human model [69,70].
4.1.2 Averaging
The wbaSAR is averaged spatially over the mass of the body (M) and, hence, equals
the ratio of the total absorbed power in the body and the mass of the body – this
mass averaging is also used for calculating the peak-spatial SAR (IEEE-C95.3). The
wbaSAR is given by:
./

*=〈

*〉2 =

1

3

8

*(+)45 =

1

3 ,(+)

8

rms (+)

46 =

7abs

(3)

with M the total mass of the human body model, 6 the total volume of the tissues of
the human body model, and * the region of the body.
For comparison with ICNIRP guidelines the wbaSAR is averaged over a 6 minute
period.
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4.1.3 Implementation in science, guidelines, standards and regulations
Science distinguishes between compliance testing and realistic or typical exposure.
Compliance testing in terms of whole-body SAR is solely performed using numerical
techniques, such as 3D electromagnetic solvers. For example the whole-body SAR
induced in mast workers exposed in front of the base station antenna. Recently,
Bamba et al [59] developed a methodology to assess experimentally the whole-body
SAR in a closed environment (indoor) based on the room electromagnetics theory.
ICNIRP [19] and FCC guidelines specify a limit on the whole-body SAR of 0.4 W/kg
for occupational exposure and of 0.08 W/kg for general public exposure.

4.2 Peak-spatial averaged SAR
Exposure guidelines not only limit whole-body absorption but also localized
absorption. Compliance to these guidelines requires compliance to both limits and
basic restrictions.
4.2.1 Methods for assessment
Evaluating the compliance of RF mobile devices can only be performed in certified
laboratories equipped with a dosimetric measurement setup. This dosimetric setup
consists of a dosimetric probe (calibrated for measuring electric fields in tissuesimulating liquid), a phantom filled with tissue-simulating liquid and a robot for moving
the probe in the tissue. During compliance testing the RF mobile devices are driven
in a test mode and radiate at maximum power.
Certification of mobile devices requires measurements, but numerical methods, such
as the popular finite-difference time-domain technique, are used to investigate and
characterize the localized SAR in (realistic) human body models under different
exposure conditions.
4.2.2 Averaging
Guidelines on EMF exposure define the duration of averaging and the averaging
* is averaged over a 6 minute period and over any 10 g of
mass. In Europe, the
contiguous tissue according to the ICNIRP guidelines [19]. Standards [71,72]
describe the procedures for compliance testing and calculating the localized SAR
(e.g., how to build a ten gram cube of tissue).
4.2.3 Implementation in science, guidelines, standards and regulations
The European Commission adopted the limits proposed in the ICNIRP guidelines.
ICNIRP distinguished between the head and trunk region and the limbs. In the head
and the trunk of the body – where the most vital organs reside – the basic restriction
on the peak SAR in 10 g of tissue is 2 W/kg. In the limbs, the basic restriction is
4 W/kg. These values apply to general public exposure. For occupational exposure,
the limits are 5 times larger, i.e. 10 W/kg in the head and trunk, and 20 W/kg in the
limbs.

4.3 Organ-specific averaged SAR (osaSAR)

The organ-specific averaged SAR (9:/ *) is defined as the mass average of the
SAR in a certain organ or tissue in the (human) body and is used to study the
localization of absorption of electromagnetic fields in the body.
4.3.1 Methods for assessment
The organ-specific SAR can only be assessed by numerical simulations.
Version: V4.0
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4.3.2 Averaging
The osaSAR is averaged spatially over the mass of a certain organ or tissue in the
body (Morgan ). The osaSAR is given by [73]:
9:/

*=

1

organ

3

organ

*(+)45 =

1

organ

3 ,(+)

organ

rms (+)

46 =

7abs

organ

(4)

4.3.3 Implementation in science, guidelines, standards and regulations
The organ-specific SAR only recently gained interest from the scientific community.
Hence, only a limited number of publications are available in literature. Studies
investigating the organ-specific SAR were conducted for near-field exposure
conditions [74–77], exposure from base-station antennas [78,79], single-incident
plane wave exposure [80] and realistic exposure in multi-path environments
[73,81,82].

4.4 SAROTA
The recent trend towards assessment of real exposure induced by devices motivates
the need for a comparative metric evaluating both exposure and radiating
performances of the device. Indeed, while maximum SAR is relevant for compliance
assessment, the real SAR is closely related to the radiated power of the device which
is controlled by the connected base station.
The base station controls the power emitted by the mobile to ensure a satisfying
signal-to-noise ratio (called the Ec/N0_target) and a good received power (Ec). The
mobile emitted power is monitored using an algorithm called the power control. In
this case, the gain and the radiation pattern become very important as this can affect
the power received at the base station level.
The idea behind this approach is to avoid comparing mobiles considering the
maximum SAR but to introduce the gain as an important parameter that should be
taken into account to efficiently and fairly compare devices in terms of real exposure.
In this scope, a new metric named SARota is being prepared by France Telecom. It is
defined as:
* >? DE
>?
*;<= (W/kg) =
(W/kg)
(5)
G (θ,φ)
The methodology was applied and tested for comparing two different mobile phones
and it shows that the mobile compensate lower gains by a higher transmitted power
(see figure below) as soon as the power does not reach the maximum. Figure 3
shows that, depending on the mobile phone gain, the variation of the mobile phone
SAR with the radiated power can be completely different. On the figure on the left,
when the gain of Mobile 1 is less than the gain of Mobile 2, whatever the radiated
power, the SAR of Mobile 1 is always higher than the SAR of Mobile 2 and inversely
when the gain of Mobile 1 is greater than the gain of Mobile 2.
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Figure 3: SAR evolution as a function of the radiated power for two different mobiles phones
(Mobile 1 and 2) with different maximum average SAR values over 10g of tissues
(SARmaxmobile1 > SARmaxmobile2) in two cases: the gain of mobile 1 (G1) is less than the gain of
mobile 2 (figure on the left) and G1 is greater than G2 (figure on the right)

Furthermore, authors in [83] discuss the designing conditions to achieve optimum
SAR and OTA performances, and present some preliminary results. A similar
approach is followed in [84], taking into account the effect of the user’s hand.

4.5 SAR/kbps
The SAR/kBps, [85], can be calculated (e.g., for the maximum data throughput rates
of the system) in order to normalize the subsequently determined SAR results
obtained for the individual communication systems as proposed by Federal Office of
Public Health (FOPH) in Switzerland.
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5 DOSE
A recent trend in EMF exposure assessment is to take into account the exposure
time (t), using as the metric, the actual absorbed dose.

5.1 Dose based on SAR : Dose = SAR * t
Multiplying wbaSAR or psaSAR (W/kg) with the exposure time, Texp (:), results in an
actual absorbed dose (J/kg). This has been done by Aerts et al. [86] and Lauer et al.
[87]. Using dose as exposure metric has the advantage that (whole-body) exposure
to downlink and uplink sources can be added and compared for various scenarios.
5.1.1 Methods for assessment
The SAR values are simulated [87], or calculated from power measurements
performed with a mobile device (performed using specific tools or applications on the
mobile), as in [88], and using additional formulae found in [89].
The whole-body averaged dose, Dwba , can be split in two contributions: the dose due
to uplink exposure (DUL ) and the dose due to downlink exposure (DDL ).
The SARwba due to downlink exposure (e.g., from a base station or transmitter
antenna) can be calculated as follows:
DL
*wba

(W/m2 )
(W/kg) =
×
1 (W/m2 )
inc

DL
*wba,
norm (W/kg),

(6)

with Sinc the incoming power density (which can be calculated from the received
DL
power of e.g., a mobile device), and SARwba, norm the normalized (to a power density
of 1 W/m2) SARwba due to exposure to the specific downlink signal.
The downlink dose, DDL , is then

RDL (J/kg) =

DL
*wba
× Sexp ,

(7)

with Texp the total exposure time to the downlink signal.
The SARwba due to uplink exposure (e.g., from a mobile phone) can be calculated as
follows:
UL
*wba
(W/kg) =

S (W)
×
1 (W)

UL
*wba,
norm (W/kg),

(8)

UL

with TX the power emitted by the source, and SARwba, norm the normalized (to an
output power of 1 W) SARwba due to exposure to the source’s uplink signal.
The uplink dose, DUL , is then
with Tuse

UL
RUL (J/kg) = *wba
× Suse,
the total time of the uplink activity of the device.

(9)

Finally, the total whole-body averaged dose is RZ[ = R>? + R\? .

In case of localized exposure (e.g., to the uplink radiation of a device), the dose, Dloc ,
can be calculated as follows:
Rloc = Suse ×
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with pUL,max the maximum power emitted by the mobile (approximately 2 W for
GSM900, 1 W for GSM1800, and 0.2 W for UMTS [89], pUL is the power emitted by
the mobile, and Tuse the total use time of the device. SARpsa for a specific mobile
device can be found on http://www.sardatabase.com/.
5.1.2 Averaging
When opting for power measurements, at various measurement locations, the
transmitted and received powers are monitored with a tool or application on the
mobile device, and captured when stabilized. These measurements are repeated
along four orthogonal orientations at every measurement location, and the average of
the four orientations is retained. This is done in order to account for the influence of
the mobile antenna directivity [88].
In order to calculate the average dose during a certain exposure scenario, the
transmitted powers (TX, and PUL ) and received power densities (Sinc ) , or simulated
SAR values, are further spatially and temporally averaged.

5.2 Dose = E * t
In the context of navy crew exposure to radars and high-frequency antennas, [90]
define two other doses, namely the annual exposure dose, Dann (Vh/m) and the
annual exposure dose (ICNIRP), Dann, ICNIRP (h).
The first is defined as:

Rann (Vh/m) =

× 365 × 24 (h) × dtransmit × dmission ,

(11)
with Espatial the spatially averaged E-field strength over a number of spot
measurements. ttransmit is the average transmission time of the equipment (e.g., if the
antenna would transmit 15 minutes per hour, then ttransmit = 0.25), and tmission is the
average mission time of the exposed crew member (e.g., if the mission lasts
9 months per year, then tmission = 0.75).
spatial

The second is defined as
Rann, ICNIRP (h) =

spatial
ref

! × 365 × 24 (h) × dtransmit × dmission ,

(12)

with Eref the ICNIRP reference level for the specific frequency of the corresponding
antenna equipment.
The doses depend on the used equipment and the total time of the crew’s mission.
This approach is based on the LF exposure assessment in [91], and similar
approaches can be found in [92] (for a 27 MHz source) and [93], a validation study of
the INTERPHONE study, in which a “cumulative power” (in mWs) of a phone call is
introduced.
5.2.1 Methods for assessment
For each equipment, electric-field spot measurements are performed on different
parts of the boat (e.g., afterdeck) and (spatially or linearly) averaged per part.
5.2.2 Averaging
Linear averaging of the measured electric-field values:
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1
(V/m) = e
n
with n the number of spot measurements.

(13)

linear

Spatial averaging of the measured electric-field values:

spatial

1
(V/m) = f e
n

2

(14)

with n the number of spot measurements.
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6 CONCLUSIONS
This deliverable presented current exposure metrics used in compliance testing and
realistic exposure assessment for frequencies ranging from 700 MHz to 6 GHz. This
deliverable D2.1 will serve as basis for the definition of the global wireless exposure
index. We focused on the definition and the methodology to assess current metrics
for different wireless communication technologies and which are found in guidelines,
standards and scientific literature. Finally, we mentioned briefly the regulations valid
in different countries and regions within the European Union.

Version: V4.0
Dissemination level: PU

22

Document ID: D2.1 Current metrics for EMF exposure evaluation
FP7 Contract n°318273

REFERENCES
[1]
[2]
[3]
[4]
[5]
[6]

[7]

[8]

[9]
[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

EMF-NET, Deliverable D38: Recommendations on exposure assessment for
epidemiological studies, 2008.
“Satimo EME Spy 120/121, http://www.satimo.com/content/products/eme-spy121100.”
“Satimo EME Spy 140, http://www.satimo.com/content/products/eme-spy-140.”
“Maschek ESM-140, http://www.maschek.de/pdf/ESM-140-de.pdf.”
S. Mann, “Assessing personal exposures to environmental radiofrequency
electromagnetic fields,” Comptes rendus physique, vol. 11, 2010, pp. 541–55.
M. Röösli, P. Frei, J. Bolte, G. Neubauer, E. Cardis, M. Feychting, P. Gajsek, S.
Heinrich, W. Joseph, S. Mann, L. Martens, E. Mohler, R. Parslow, A. Poulsen,
K. Radon, J. Schüz, G. Thuróczy, J. Viel, and M. Vrijheid, “Conduct of a
personal radiofrequency electromagnetic field measurement study: proposed
study protocol,” Environmental health, vol. 9, 2010, p. 23.
M. Röösli, P. Frei, E. Mohler, C. Braun-Fahrländer, A. Bürgi, J. Fröhlich, G.
Neubauer, G. Theis, and M. Egger, “Statistical analysis of personal
radiofrequency electromagnetic field measurements with nondetects.,”
Bioelectromagnetics, vol. 29, Sep. 2008, pp. 471–8.
CENELEC, Basic standard for the in-situ measurement of electromagnetic field
strength related to human exposure in the vicinity of base stations, CENELEC,
2008.
W. Joseph and L. Verloock, “Influence of mobile phone traffic on general public
base station exposure,” Health Physics, vol. 99, 2010, pp. 631–38.
W. Joseph, L. Verloock, E. Tanghe, and L. Martens, “In-situ measurement
procedures for temporal RF electromagnetic field exposure of the general
public,” Health Phys, vol. 96, 2009, pp. 529–42.
Z. Mahfouz, A. Gati, D. Lautru, M.-F. Wong, J. Wiart, and V. Hanna, “Influence
of Traffic Variations on Exposure to Wireless Signals in Realistic Environments,”
Bioelectromagnetics, vol. 33, 2012, pp. 288–97.
A. Manassas, A. Boursianis, T. Samaras, and J. Sahalos, “Continuous
electromagnetic radiation monitoring in the environment: analysis of the results
in Greece,” Radiat Prot Dosimetry, vol. 151, 2012, pp. 437–42.
C. Bornkessel, M. Schubert, M. Wuschek, and P. Schmidt, “Determination of the
general public exposure around GSM and UMTS base stations,” Rad, vol. 124,
2007, pp. 40–7.
M. Riederer, “EMF exposure due to GSM base stations: measurements and
limits,” IEEE international symposium on electromagnetic compatibility, 2003,
pp. 402–5.
H. Ryser, “Measuring Campaign for the Assessment of the Non-Ionising
Radiation near GSM Base Stations,” International Zurich Symposium on EMC,
2003.
M. Schubert, C. Bornkessel, M. Wuschek, and P. Schmidt, “Exposure of the
general public to digital broadcast transmitters compared to analogue ones,”
Radiat Prot Dosim, vol. 124, 2007, pp. 53–7.
International Electrotechnical Commission (IEC), Determination of RF field
strength and SAR in the vicinity of radiocommunication base stations for the
purpose of evaluating human exposure (IEC 62232:2011), IEC, 2011.
C. Oliveira, G. Carpinteiro, D. Sebastião, L. Correia, and in Madeira Portugal
Apr. 2006.C C. Fernandes, “A Procedure for Measurement of Electromagnetic

Version: V4.0
Dissemination level: PU

23

Document ID: D2.1 Current metrics for EMF exposure evaluation
FP7 Contract n°318273

[19]

[20]

[21]

[22]
[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

Radiation in the Presence of Multiple Base Stations,” Proc. of EHE’06 –
International Conference on EMFs, Health and Environment, Madeira, Portugal:
2006.
International Commission on Non-Ionizing Radiation Protection (ICNIRP),
“Guidelines for limiting exposure to time-varying electric, magnetic, and
electromagnetic fields (up to 300 GHz),” Health Phys., vol. 4, 1998, pp. 494–
522.
Federal Communications Commission (FCC), Evaluating Compliance with FCC
Guidelines for Human Exposure to Radio-Frequency Electromagnetic Fields,
Supplement C to OET Bulletin 65, Washington DC: FCC, 2001.
N. Neskovic, M. Koprivica, A. Neskovic, and G. Paunovic, “Improving the
efficiency of measurement procedures for assessing human exposure in the
vicinity of mobile phone (GSM/DCS/UMTS) base stations,” Radiat Prot Dosim,
vol. 149, 2012, pp. 238–44.
D. Plets, W. Joseph, K. Vanhecke, and L. Martens, “Exposure Optimization in
Indoor Wireless Networks by Heuristic Network Planning,” PIER, 2013.
S. Henderson and M. Bangay, “Survey of RF exposure levels from mobile
telephone base stations in Australia,” Bioelectromagnetics, vol. 27, 2006, pp.
73–6.
W. Joseph, L. Verloock, F. Goeminne, G. Vermeeren, and L. Martens, “In situ
lte exposure of the general public: characterization and extrapolation,”
Bioelectromagnetics, vol. 33, 2012, pp. 466–75.
W. Joseph, L. Verloock, F. Goeminne, G. Vermeeren, and L. Martens,
“Assessment of general public exposure to LTE and RF sources present in an
urban environment,” Bioelectromagnetics, vol. 31, 2010, pp. 576–9.
J. Bolte and T. Eikelboom, “Personal radiofrequency electromagnetic field
measurements in the netherlands: exposure level and variability for everyday
activities, times of day and types of area,” Environment international, vol. 48C,
2012, pp. 133–42.
P. Frei, E. Mohler, G. Neubauer, G. Theis, A. Bürgi, J. Fröhlich, C. BraunFahrländer, J. Bolte, M. Egger, and R. M., “Temporal and spatial variability of
personal exposure to radio frequency electromagnetic fields,” Environmental
research, vol. 109, 2009, pp. 779–85.
W. Joseph, P. Frei, M. Röösli, G. Thuróczy, P. Gajsek, T. Trcek, J. Bolte, G.
Vermeeren, E. Mohler, P. Juhász, V. Finta, and L. Martens, “Comparison of
personal radio frequency electromagnetic field exposure in different urban areas
across Europe,” Environmental research, vol. 110, 2010, pp. 658–63.
W. Joseph, P. Frei, M. Röösli, G. Vermeeren, J. Bolte, G. Thuróczy, G. P, T. T,
E. Mohler, P. Juhász, V. Finta, and L. Martens, “Between-country comparison of
whole-body sar from personal exposure data in urban areas,”
Bioelectromagnetics, vol. 33, 2012, pp. 682–94.
W. Joseph, G. Vermeeren, L. Verloock, M. Heredia, and L. Martens,
“Characterization of personal RF electromagnetic field exposure and actual
absorption for the general public,” Health Phys., vol. 95, 2008, pp. 317–30.
P. Juhász, J. Bakos, N. Nagy, G. Jánossy, V. Finta, and T. G, “RF personal
exposimetry on employees of elementary schools, kindergartens and day
nurseries as a proxy for child exposures,” Progress in biophysics and molecular
biology, vol. 107, 2011, pp. 449–55.
S. Thomas, A. Kühnlein, S. Heinrich, G. Praml, D. Nowak, R. Von Kries, and K.
Radon, “Personal exposure to mobile phone frequencies and well-being in

Version: V4.0
Dissemination level: PU

24

Document ID: D2.1 Current metrics for EMF exposure evaluation
FP7 Contract n°318273

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

adults: a cross-sectional study based on dosimetry,” Bioelectromagnetics, vol.
29, 2008, pp. 463–70.
S. Thomas, A. Kühnlein, S. Heinrich, G. Praml, R. Von Kries, and K. Radon,
“Exposure to mobile telecommunication networks assessed using personal
dosimetry and well-being in children and adolescents: the German mobileestudy,” Environmental health, vol. 7, 2008, p. 54.
G. Thuróczy, F. Molnár, G. Jánossy, N. Nagy, G. Kubinyi, J. Bakos, and J.
Szabó, “Personal RF exposimetry in urban area,” Annals of telecommunications
- annales des télécommunications, vol. 63, 2008, pp. 87–96.
J. Viel, E. Cardis, M. Moissonnier, and R. 2009 De Seze, “Radiofrequency
exposure in the French general population: band, time, location and activity
variability,” Environment, vol. 35, 2009, pp. 1150–4.
J. Viel, S. Clerc, C. Barrera, R. Rymzhanova, M. Moissonnier, M. Hours, and E.
Cardis, “Residential exposure to radiofrequency fields from mobile phone base
stations, and broadcast transmitters: a population-based survey with personal
meter,” Occupational and environmental medicine, vol. 66, 2009, pp. 550–6.
J.-F. Viel, M. Tiv, M. Moissonnier, E. Cardis, and M. Hours, “Variability of
radiofrequency exposure across days of the week: a population-based study,”
Environmental research, vol. 111, 2011, pp. 510–3.
A. Bürgi, P. Frei, G. Theis, E. Mohler, C. Braun-Fahrländer, J. Fröhlich, G.
Neubauer, M. Egger, and R. M, “A model for radiofrequency electromagnetic
field predictions at outdoor and indoor locations in the context of
epidemiological research,” Bioelectromagnetics, vol. 31, 2010, pp. 226–36.
J. Breckenkamp, H.-P. Neitzke, C. Bornkessel, and G. Berg-Beckhoff,
“Applicability of an exposure model for the determination of emissions from
mobile phone base stations,” Radiation protection dosimetry, vol. 131, 2008, pp.
474–81.
P. Frei, E. Mohler, A. Bürgi, J. Fröhlich, G. Neubauer, C. Braun-Fahrländer, M.
Röösli, and the Qualifex Team, “A prediction model for personal radio frequency
electromagnetic field exposure,” The science of the total environment, vol. 408,
2009, pp. 102–8.
Y. Isselmou, H. Wackernagel, W. Tabbara, and W. J, “Geostatistical estimation
of electromagnetic exposure,” Quantitative geology and geostatistics, vol. 15,
2008, pp. 59–70.
P. Elliott, M. Toledano, J. Bennett, L. Beale, K. De Hoogh, N. Best, and D.
Briggs, “Mobile phone base stations and early childhood cancers: case-control
study,” British medical journal, vol. 340, 2010, p. c3077.
H.-P. Neitzke, J. Osterhoff, K. Peklo, and H. Voigt, “Determination of exposure
due to mobile phone base stations in an epidemiological study,” Radiation
protection dosimetry, vol. 124, 2007, pp. 35–9.
S. Aerts, D. Deschrijver, W. Joseph, L. Verloock, F. Goeminne, L. Martens, and
T. Dhaene, “Exposure assessment of mobile phone base station radiation in an
outdoor
environment
using
sequential
surrogate
modeling,”
Bioelectromagnetics, vol. submitted, 2012.
M. Azpurua, K. Ramos, and K. Dos Ramos, “A comparison of spatial
interpolation methods for estimation of average electromagnetic field
magnitude,” Progress in electromagnetics research, vol. 14, 2010, pp. 135–45.
J. Paniagua, M. Rufo, A. Jimenez, and A. Antolin, “The spatial statistics
formalism applied to mapping electromagnetic radiation in urban areas,”
Environmental monitoring and assessment, vol. 185, 2013, pp. 311–22.

Version: V4.0
Dissemination level: PU

25

Document ID: D2.1 Current metrics for EMF exposure evaluation
FP7 Contract n°318273

[47] R. Stam, “Comparison of international policies on electromagnetic fields (power
frequency and radiofrequency fields),” RIVM, vol. 118, 2011, pp. 1–13.
[48] FOD Volksgezondheid, Veiligheid van de Voedselketen en Leefmilieu,
“Elektromagnetische velden en gezondheid: uw wegwijzer in het
elektromagnetische
landschap,
online,
http://www.belgium.be/nl/publicaties/publ_elektromagnetische_velden_gezondh
eid.jsp.”
[49] Vlaamse Overheid, “19 november 2010 – Besluit van de Vlaamse Regering tot
wijziging van het besluit van de Vlaamse Regering van 1 juni 1995 houdende
algemene en sectorale bepalingen inzake milieuhygiëne wat betreft de
normering van vast en tijdelijk opgestelde zendantennes voor
elektromagnetische golven tussen 10 MHz en 10 GHz,” Belgisch Staatsblad,
vol. 2011-01-13, 2011.
[50] Ministerie van het Brusselse Hoofdstedelijke Gewest, “Brusselse Ordonnantie
van 1 maart 2007 betreffende de bescherming van het leefmilieu tegen de
eventuele schadelijke effecten en hinder van niet-ioniserende stralingen,”
Belgisch staatsblad, vol. 2007-03-14, Mar. 2007.
[51] Ministerie van het Brussels Hoofdstedelijke Gewest, “Ordonnantie tot wijziging
van de ordonnantie van 1 maart 2007 betreffende de bescherming van het
leefmilieu tegen de eventuele schadelijke effecten en hinder van nietioniserende stralingen en tot wijziging van de ordonnantie van 5 juni 1997
betreffende de milieuvergunningen,” Belgisch Staatsblad, vol. 2014-04-30,
2014, pp. 35651–3.
[52] Ministerie van het Brussels Hoofdstedelijke Gewest, “Besluit van de Brusselse
Hoofdstedelijke
Regering
betreffende
bepaalde
antennes
die
elektromagnetische golven uitzenden,” Belgisch Staatsblad, vol. 2009-11-18,
Nov. 2009.
[53] Waalse Overheidsdienst, “3 april 2009 – Decreet betreffende de bescherming
tegen de eventuele schadelijke effecten en de hinder van niet-ioniserende
straling die door stationaire zendantennes gegenereerd worden,” Belgisch
Staatsblad, vol. 2009-05-06, 2009.
[54] Official Journal of the European Communities L 199/59, “Council
Recommendation of 12 July 1999 on the limitation of exposure of the general
public to electromagnetic fields (0 Hz to 300 GHz),” Official Journal of the
European Communities L 199/59, Brussels, Belgium: Council of the European
Union, 1999.
[55] Ministério do Equipamento Social, “Decreto-Lei n.o 151-A/2000 de 20 de Julho,”
Diário da República, 2000, p. 3476–(4) – 3476–(10).
[56] Ministerio de la Presidencia, “Real Decreto 1066/2001 de 28 de septiembre,”
Boletín Oficial del Estado, 2001, pp. 36217–27.
[57] Basic standard to demonstrate the compliance of fixed equipment for radio
transmission (110 MHz–40 GHz) intended for use in wireless
telecommunication networks with the basic restrictions or the reference levels
related to general public exposure to radio frequency electromagnetic fields,
when put into service (EN 50400:2006), CENELEC, 2006.
[58] W. Joseph, L. Verloock, F. Goeminne, G. Vermeeren, and L. Martens,
“Assessment of RF exposures from emerging wireless communication
technologies in different environments,” Health Physics, vol. 102, 2012, pp.
161–72.

Version: V4.0
Dissemination level: PU

26

Document ID: D2.1 Current metrics for EMF exposure evaluation
FP7 Contract n°318273

[59] A. Bamba, W. Joseph, J.B. Andersen, T. E, G. Vermeeren, D. Plets, J.Ø.
Nielsen, and L. Martens, “Experimental Assessment of Specific Absorption Rate
Using Room Electromagnetics,” IEEE Trans. Electromagn. Compat., vol.
Accepted, 2012.
[60] J.B. Andersen, J.O. Nielsen, G.F. Pedersen, G. Bauch, and M. Herdin, “Room
electromagnetics,” IEEE Antennas Propag. Mag., vol. 49, Apr. 2007, pp. 27–33.
[61] A. Christ, W. Kainz, E.G. Hahn, K. Honegger, M. Zefferer, E. Neufeld, W.
Rascher, R. Janka, W. Bautz, J. Chen, B. Kiefer, P. Schmitt, H.-P. Hollenbach,
J. Shen, M. Oberle, D. Szczerba, A. Kam, J.W. Guag, and N. Kuster, “The
Virtual Family–development of surface-based anatomical models of two adults
and two children for dosimetric simulations.,” Physics in medicine and biology,
vol. 55, Jan. 2010, pp. 23–38.
[62] C. Gabriel, Compilation of Dielectric Properties of Body Tissues at RF and
Microwave Frequencies, San Antonio, TX, USA: Brooks Air Force Technical
Report, AL/OE-TR-1996-0037, 1996.
[63] T. Nagaoka, S. Watanabe, K. Sakurai, E. Kunieda, M. Taki, and Y. Yamanaka,
“Development of realistic high-resolution whole-body voxel models of Japanese
adult males and females of average hight and weight, and application of models
to radio-frequency electromagnetic-field dosimetry.,” Phys. Med. Biol., vol. 49,
2004, pp. 1–15.
[64] C.H. Kim, S.H. Choi, J.H. Jeong, C. Lee, and M.S. Chung, “HDRK-man : a
whole body voxel model based on high resolution color slice images of a
Korean adult male cadaver,” Phys. Med. Biol., vol. 53, 2008, pp. 4093–106.
[65] A. Lee, W.Y. Choi, M.S. Chung, H.D. Choi, and J.I. Choi, “Development of
Korean male body model for computational dosimetry,” ETRI J, vol. 28, 2006,
pp. 107–10.
[66] T. Wu, “Chinese Adult Anatomical Models and the Application in Evaluation of
RF Exposures,” Phys. Med. Biol., vol. 56, 2011, pp. 2075–89.
[67] P. Dimbylow, “Development of the female voxel phantom, NAOMI, and its
application to calculations of induced current densities and electric fields from
applied low frequency magnetic and electric fields,” Phys. Med. Biol., vol. 50,
2005, pp. 1047–70.
[68] P.J. Dimbylow, “The development of realistic voxel phantoms for
electromagnetic field dosimetry,” Proc Int. Workshop on Voxel Phantom
Development (National Radiological Protection Board Report), 1996, pp. 1–7.
[69] M.J.
Ackerman,
“Accessing
the
visible
human
project,”
http://www.nlm.nih.gov/research/visible/visible_human.html.
[70] I.G. Zubal, C.R. Harrell, E.O. Smith, Z. Rattner, G. Gindi, and B.P. Hoffer,
“Computerized 3-dimensional segmented Human anatomy,” Phys. Med. Biol.,
vol. 21, 1994, pp. 299–302.
[71] International Electrotechnical Commission (IEC), IEC 62209 Part 2, Human
exposure to radio frequency fields from hand-held and body-mounted wireless
communication devices - Human models, instrumentation, and procedures Part 2: Procedure to determine the specific absorption rate (SAR) for wireless
communication devices used in close proximity to the human body (frequency
range of 30 MHz to 6 GHz), Geneva, Switzerland: IEC, 2009.
[72] International Electrotechnical Commission (IEC), IEC 62209 Part 1, Human
exposure to radio frequency fields from hand-held and body-mounted wireless
communication devices - Human models, instrumentation, and procedures Part 1: Procedure to determine the specific absorption rate (SAR) for hand-held
Version: V4.0
Dissemination level: PU

27

Document ID: D2.1 Current metrics for EMF exposure evaluation
FP7 Contract n°318273

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

devices used in close proximity to the ear (Frequency range of 300 MHz to 3
GHz), Geneva, Switzerland: IEC, 2005.
A. Thielens, G. Vermeeren, W. Joseph, and L. Martens, “Stochastic Method for
the Determination of Organ-Specific Averaged SAR in Realistic Environments at
950 MHz,” Bioelectromagnetics, 2013.
A. Christ, M. Gosselin, M. Christopoulou, S. Kühn, and N. Kuster, “Agedependent tissue-specific exposure of cell phone users,” Phys. Med. Biol., vol.
55, 2010, pp. 1767–83.
P. Crespo-Valero, M. Christopoulou, M. Zefferer, A. Christ, P. Achermann, K.
Nikita, and N. Kuster, “Novel methodology to characterize electromagnetic
exposure of the brain,” Phys Med Biol, vol. 56, 2011, pp. 383–96.
R. Huber, J. Schuderer, T. Graf, K. Jütz, A. Borbély, N. Kuster, and P.
Achermann, “Radio frequency electromagnetic field exposure in humans:
estimation of SAR distribution in the brain, effects on sleep and heart rate,”
Bioelectromagnetics, vol. 24, 2003, pp. 262–76.
S. Regel, G. Tinguely, J. Schuderer, M. Adam, N. Kuster, H.-P. Landolt, and P.
Achermann, “Pulsed radio-frequency electromagnetic fields: dose-dependent
effects on sleep, the sleep EEG and cognitive performance,” J Sleep Res, vol.
16, 2007, pp. 253–8.
P. Bernardi, M. Cavagnaro, S. Pisa, and E. Piuzzi, “Human exposure to radio
base-station antennas in urban environment,” IEEE Trans Microw Theory Tech,
vol. 48, 2000, pp. 1996–2002.
A. Thielens, G. Vermeeren, D. Kurup, W. Joseph, and L. Martens, “Organ
specific averaged SAR near multiple-frequency base station antennas,” 34th
Meeting of the bioelectromagnetics society, Brisbane, Australia: 2012.
A. Thielens, G. Vermeeren, W. Joseph, and L. Martens, “Influence of the
incident angle of single plane-waves on the organ specific SAR at 950 MHz,”
34th Meeting of the bioelectromagnetics society, Brisbane, Australia: 2012.
A. Thielens, G. Vermeeren, W. Joseph, and L. Martens, “Organ specific
averaged SAR for the central nervous system,” 7th ICNIRP international NonIonizing Radiation Workshop, Edinburgh, UK: 2012.
A. Thielens, G. Vermeeren, W. Joseph, and L. Martens, “Organ specific
averaged SAR in a realistic environment at 950 MHz,” 33th Meeting of the
bioelectromagnetics society, Halifax, Canada: 2011.
E. Ofli, M. Douglas, F. Bomholt, and N. Kuster, “Designing mobile transmitters
in view of SAR, HAC and OTA constraints,” Proc. of APEMC’2010 – Asia Pacific
Int. Symp. on Electromagnetic Compatibility, Beijing, China: 2010.
C. Li, E. Ofli, N. Chavannes, and N. Kuster, “SAR and efficiency performance of
mobile phone antenna with different user hand positions,” Proc. of APSURSI ’09
- Antennas and Propagation Society International Symposium, Charleston,
SC,USA: 2009.
S. Kühn and N. Kuster, Development of Procedures for the EMF Exposure
Evaluation of Wireless Devices in Home and Office Environments Supplement
1: Close-to-Body and Base Station Wireless Data Communication Devices,
Zurich, Switzerland: IT’IS Foundation, ETH Zurich, 2006.
S. Aerts, D. Plets, L. Verloock, W. Joseph, and L. Martens, “Assessment and
comparison of RF exposure dose in UMTS femtocell and macrocell scenario,”
2013.
O. Lauer, P. Frei, M. Gosselin, W. Joseph, M. Röösli, and J. Fröhlich,
“Combining near- and farfield exposure for an organ-specific and whole-body

Version: V4.0
Dissemination level: PU

28

Document ID: D2.1 Current metrics for EMF exposure evaluation
FP7 Contract n°318273

[88]

[89]

[90]

[91]

[92]

[93]

RF-EMF proxy for epidemiological research: a reference case,”
Bioelectromagnetics, 2013.
A. Boursianis, P. Vanias, and T. Samaras, “Measurements for assessing the
exposure from 3G femtocells,” Radiation protection dosimetry, vol. 150, 2012,
pp. 158–67.
A. Gati, E. Conil, M.-F. Wong, and J. Wiart, “Duality between uplink local and
downlink whole-body exposures in operating networks,” IEEE transactions on
electromagnetic compatibility, vol. 52, 2010, pp. 829–36.
V. Baste, K. Mild, and B. Moen, “Radiofrequency exposure on fast patrol boats
in the royal Norwegian navy - an approach to a dose assessment,”
Bioelectromagnetics, vol. 31, 2010, pp. 350–60.
A. Bortkiewicz, E. Gadzicka, and M. Zmyslony, “Heart rate variability in workers
exposed to medium-frequency electromagnetic fields,” Journal of the autonomic
nervous system, vol. 59, 1996, pp. 91–7.
J. Wilén, R. Hörnsten, M. Sandström, P. Bjerle, U. Wiklund, O. Stensson, E.
Lyskov, and K. Mild, “Electromagnetic field exposure and health among RF
plastic sealer operators,” Bioelectromagnetics, vol. 25, 2004, pp. 5–15.
G. Berg, J. Schüz, F. Samkange-Zeeb, and M. Blettner, “Assessment of
radiofrequency exposure from cellular telephone daily use in an epidemiological
study: German validation study of the international case-control study of
cancers of the brain – INTERPHONE-study,” Journal of exposure analysis and
environmental epidemiology, vol. 15, 2005, pp. 217–24.

Version: V4.0
Dissemination level: PU

29

Document ID: D2.1 Current metrics for EMF exposure evaluation
FP7 Contract n°318273

APPENDIX 1: INTERNAL REVIEW
Reviewer 2: Aleksandar Nešković,
Mladen Koprivica

Reviewer 1: Milos Tesanovic
Answer

Comments

Type*

Answer

Comments

Type*

1. Is the deliverable in accordance with
(i)

the Description
of Work?

(ii) the international
State of the
Art?

Yes
No

M
m
a

Yes
No

M
m
a

Yes
No

M
m
a

Yes
No

M
m
a

M
m
a

Yes
No

M
m
a

M
m
a

Yes
No

M
m
a

M
m
a

Yes
No

M
m
a

2. Is the quality of the deliverable in a status
(i)

that allows to
send it to EC?

Yes
No

(ii) that needs
improvement of
the writing by
the editor of the
deliverable?

Yes
No

(iii) that needs
further work by
the partners
responsible for
the deliverable?

Yes
No

Please see my comments
above.

* Type of comments: M = Major comment; m = minor comment; a = advice

Version: V4.0
Dissemination level: PU

30

