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Abstract—This paper discusses the suitability of different
standardized approaches for product compliance assessments of
low power radio base stations with respect to general public
whole-body radiofrequency exposure limits. Using numerical
simulations, two standardized procedures based on spatially
averaged field strengths, for comparison against the reference
levels, and based on SAR assessments, for comparison against the
basic restrictions, are evaluated in the frequency range 300 MHz
– 5000 MHz. It is shown that the currently standardized wholebody SAR measurement procedure is overly conservative for
small phantom-antenna separation distances and may lead to
unphysical results. To avoid these problems, a new distance
dependent correction factor is proposed to account for effects of
tissue layering. Furthermore, a new box-shaped phantom for
child whole-body SAR measurements is proposed which may be
used to obtain more accurate whole-body SAR results compared
with currently standardized procedures. The proposed approach
is shown to produce conservative results with respect to
numerical simulations using the anatomical child phantom
Roberta from the Virtual Classroom set of phantoms.
Index Terms — radio base stations, heterogeneous network,
EMF exposure, whole-body SAR, product compliance assessments.

I.

INTRODUCTION

The traffic in the mobile communication networks is
expected to increase significantly during the years to come with
the continued growth of mobile broadband. To cope with user
expectations of high data rates and traffic capacity, a densified
infrastructure is needed. For scenarios where many users are
located within a small geographical area, deployment of
heterogeneous networks, where the macro layer is
complemented with one or more low power nodes, has been
proposed to meet the traffic and data rate demands.
Before placing radio base station (RBS) products on the
market, manufacturers are responsible to make sure that these
are designed and tested to comply with international safety
guidelines and regulations regarding exposure to
radiofrequency (RF) electromagnetic fields (EMF). The most
widely adopted RF EMF exposure guidelines have been
specified by the International Commission on Non-Ionizing
Radiation Protection (ICNIRP) [1]. Exposure limits are given
both in terms of basic restrictions and reference levels. For
mobile communication frequencies, basic restrictions are given
in terms of localized and whole-body SAR to prevent from
established adverse health effects related to whole-body heat

978-88-907018-3-2/13 ©2013 IEEE

stress and excessive localized tissue heating [1]. The basic
restrictions are given with large safety margins. The reference
levels, derived from the basic restrictions on whole body SAR
for practical exposure assessments, are given in terms of
electric and magnetic field strengths or power density. They are
to be assessed in free space without presence of the exposed
individual. Furthermore, the reference levels are intended to be
spatially averaged values over the entire body of the exposed
individual, but with the important proviso that the basic
restrictions on localized exposure are not exceeded [1]. The
reference levels were derived for maximum coupling
conditions and compliance with the reference levels should
ensure compliance with the basic restrictions [1].
For the European market, product compliance
assessments1 may be performed according to the specifications
in the CENELEC standard EN 50383 [2]. This standard
specifies assessment methods for field strengths and localized
SAR. For assessments against the whole-body exposure limits,
no SAR measurement method is specified. Conservative power
limits are given, however, below which the whole-body
absorption is implicitly compliant. Thus, using ICNIRP’s basic
restrictions, pure SAR based product compliance assessments
are only possible according to EN 50383 if the maximum
transmitted power is equal to or below 1 W [2]. For products
transmitting at higher power levels, methods for comparison
against the reference levels will have to be used.
In the international standard IEC 62232 [3], procedures for
both localized and whole-body SAR measurements are
specified. Whole-body SAR for adults is to be assessed by first
measuring the total absorbed power in a box-shaped phantom
with lateral dimensions of 1540 mm × 339 mm, then
multiplying the obtained result with a factor of 1.8 to consider
effects of tissue layering, and finally normalizing to a mass of
46 kg. The measurement procedure and the dimensions of the
adult box phantom were derived to obtain conservative wholebody SAR results for adults [3], [4]. For whole-body SAR
assessments related to child exposure, an additional
conservative assumption is employed by requiring that the
power absorbed within in the “adult” phantom is divided with a
mass of 12.5 kg, corresponding to the 3rd percentile body
weight data for a 4-year old girl [3].
1

Product compliance assessments are normally conducted for free
space conditions without ambient sources or scatterers present [2].
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For product compliance assessments it is important to
distinguish between occupational and general public exposure.
Not only are the exposure limits different [1], but also the
applicable exposure configurations may differ. For
occupational exposure, the whole-body SAR assessments are to
be conducted with an adult phantom, while for general public
exposure two different configurations are possible depending
on the product type. For products that may be placed arbitrarily
in homes, offices, and other places, the whole-body SAR
assessments are conducted assuming child exposure. Other
products, however, might be installed in a way that will prevent
children from entering the immediate vicinity of the
transmitting antenna(s). Here, it is relevant to conduct the
whole-body SAR assessments assuming adult exposure.
When assessing whole-body absorption for EMF
compliance assessments of products emitting more than 1 W of
power, both standards discussed above are likely to produce
more or less conservative results. The purpose with this paper
is to evaluate the suitability and accuracy of different EMF
exposure assessments methods, applicable to medium range 2
RBS products and for comparison against the whole-body
exposure limits, in order to facilitate the deployment of
heterogeneous networks.
II.

METHOD

The following exposure assessment methods are included
in the evaluation:
• Measurements of whole-body SAR according to the
specifications in IEC 62232 [3].
• Measurements of whole-body SAR, in large according to
the specifications in IEC 62232, but using a smaller boxshaped phantom to better mimic child exposure. The dimensions of this phantom (960 mm × 233 mm × 59 mm)
were derived to produce conservative whole-body SAR
results for children at the age of 4 and older following the
approach in [4]. The mass of this phantom, referred to as
the child box phantom, is 13.1 kg.
• Electric and magnetic field strengths averaged over an
area of 600 mm × 400 mm according to EN 50383 [2].
The antenna type used for the analysis was a single patch
element commonly used with low-power RBS products. A
sketch of the antenna element is given in Fig. 1a together with
its dimensions at 900 MHz. For the other frequencies
considered, the antenna dimensions were scaled accordingly.
The different exposure assessment methods were evaluated
using numerical simulations with the commercial
electromagnetic solver CST Microwave Studio based on the
Finite Integration Technique (FIT). At least 10 mesh lines per
medium wavelength were used throughout the calculation
domain. Around all metal edges, the mesh density was refined
with a factor of twelve.
As a reference, numerical whole-body SAR simulations
were conducted for the anatomical phantom Roberta
corresponding to a five year old girl [6], [7]. This phantom
2

Medium area RBS are transmitting with a maximum output power
of 10 W (including tolerance of +2 dB) [5].

consists of 66 different tissue types with dispersive dielectric
properties [8].

Figure 1. (a) Patch antenna element used for the analysis.
(b) Adult (IEC) box-shaped phantom with patch antenna.

Although the focus of this paper is on exposure assessments
with respect to the whole-body exposure limits, practical
compliance assessments also require that the limits on localized
exposure are considered. The resulting compliance distance is
determined as the maximum distance obtained from the
localized and whole-body exposure assessments. For
comparison purposes, simulations of peak 10g averaged SAR,
determined using the adult box phantom [3], were also
conducted.
III.

RESULTS & D ISCUSSION

A. Whole-body SAR measurement procedures applicable to
children
In this section, simulated whole-body SAR results
corresponding to the IEC 62232 procedure for child exposure
are compared with results obtained using the smaller child
box phantom. From a practical point of view, it is of interest to
reduce the number of physical phantoms needed to conduct
SAR measurements. Results are therefore also given for the
case when the absorbed power is assessed using the adult box
phantom but within a sub-volume corresponding to the child
box volume. Also results for the anatomical phantom Roberta
are included for comparison.
In Fig. 2, results obtained at 450 MHz are given in terms of
the transmitted power required to obtain an exposure equal the
ICNIRP exposure limits as function of separation distance
between the antenna and the assessment point.
As shown in Fig. 2, the methods produce conservative
results with respect to the whole-body SAR obtained using the
Roberta phantom. As expected, the accuracy in measured
whole-body SAR is improved, especially for larger phantomantenna separations, by introducing the smaller child box
phantom. Shown in Fig. 2 is also the theoretical limit in
transmitted power which can lead to a whole-body SAR value
equal to the ICNIRP basic restriction for a body with a mass
of 13.1 kg. This limit corresponds to the case that all power
transmitted is being absorbed by the body. From the figure it
is evident that currently standardized SAR measurement
methods are overly conservative for small phantom-antenna
separation distances and may lead to unphysical results.
The corresponding results obtained at 900 MHz,
2100 MHz, and 3500 MHz are provided in Fig. 3 – Fig. 5.

1763

7th European Conference on Antennas and Propagation (EUCAP 2013) - Convened Sessions

Figure 2. Comparison between different approaches for measuring
child whole-body SAR (f = 450 MHz).

Figure 3. Comparison between different approaches for measuring
child whole-body SAR (f = 900 MHz).

Figure 5. Comparison between different approaches for measuring
child whole-body SAR (f = 3500 MHz).

Also for these frequencies, the currently standardized
procedure produces overly conservative results. The
explanation for this behavior lies in the usage of the
previously mentioned correction factor of 1.8 to account for
effects of tissue layering. This correction originates from the
SAR estimation work by Gosselin et al. [5], which resulted in
estimation formulae valid for antenna-phantom separation
distances larger than 200 mm. Using the same correction all
the way down to 0 mm separation distance, as specified in IEC
62232, produces overly conservative results as the effects of
tissue layering in this region is small. In fact, for localized
SAR measurements, EN 50383[2] and IEC 62232 [3] specifies
a distance dependent correction factor to account for tissue
layering, which reaches its maximum value at a phantomantenna separation distance of 400 mm. For practical
purposes, any correction shall be easy to apply while
producing reasonable results. As a trade-off between
simplicity and accuracy, the following correction factor is
proposed to account for effects of tissue layering
1 0.8 /400
400 mm
,
(1)
1.8
400 mm
where is the phantom-antenna separation distance in mm.
The effect of using this correction factor is illustrated in the
following subsections.

Figure 4. Comparison between different approaches for measuring
child whole-body SAR (f = 2100 MHz).

The difference between the ‘child phantom’ and the ‘child
volume in IEC phantom’ results is mainly a consequence of
different contributions to the total absorbed power entering
through the phantom side walls. For practical SAR
measurements it is desirable to be able to assess both adult and
child exposure using the same physical phantom. This will
introduce a bias as shown above. The level of this bias has
been assessed from the simulation results by determining the
ratio between the whole-body SAR in the child phantom and
the whole-body SAR in the child volume of the adult phantom,
see Fig 6. As expected, the difference is negligible for small
phantom-antenna separation distances and gradually increasing
as the phantom moves away towards the far-field region. In
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Table 1, the corresponding results are given for normally
incident plane waves of different polarizations.

Figure 7. Comparison between general public whole-body SAR
measurements results for adult and child exposure.
Figure 6. Bias introduced by assessing child whole-body SAR from
the absorbed power within ‘child volume’ of the adult phantom for
the patch antenna excitation.

results were obtained using the child phantom and the
correction factor in (1). To illustrate the approximate level of
conservativeness, results obtained using the anatomical
phantom Roberta were also included.

TABLE I.

RATIO BETWEEN WHOLE-BODY SAR IN THE CHILD PHANTOM
AND WHOLE-BODY SAR IN THE CHILD VOLUME OF THE ADULT PHANTOM FOR
NORMALLY INCIDENT PLANE-WAVES.
Freq.
(MHz)

Child phantom
/
wb

V-pol. (

inc

ej )

Child volume in IEC phantom
wb

X-pol. (

inc

300

2.4

1.7

450

2.3

1.6

900

1.5

1.4

1800

1.3

1.3

2100

1.3

1.3

2600

1.2

1.2

3500

1.2

1.2

5000

1.2

1.2

√

ej )

B. Comparison between general public whole-body SAR
measurements results for adult and child exposure
As mentioned above, some RBS products are installed in a
way which prevents children from gaining access to the
immediate vicinity of the transmitting antenna(s). The use of
an adult phantom will lead to a shorter compliance distance as
illustrated in Fig. 7. The whole-body SAR values were in this
case determined using the correction factor in (1), and as a
consequence, the overly conservative results for small
phantom-antenna separation distances are avoided.
C. Comparison between SAR and field-based general public
exposure assessment methods
In Fig. 8, a comparison between SAR and field-based
general public exposure assessment methods is made for the
frequencies 450 MHz and 900 MHz. The whole-body SAR

Figure 8. Comparison between SAR and field based general public
exposure assessment methods (f = 450 MHz & f = 900 MHz).

For the lowest frequency, a quite significant difference is
observed between the averaged field method [2] and the
whole-body SAR approach. This difference is reduced as the
frequency is increased as a consequence of the frequency
dependent reference levels between 400 MHz – 2000 MHz
[1]. For both frequencies, the proposed child whole-body SAR
measurement approach produces conservative results with
respect to the results obtained for the anatomical phantom.
As shown in Fig. 8, for low power levels the resulting
compliance distance is determined by the requirements on
localized exposure. For power levels above the theoretical
whole-body
exclusion
limit,
whole-body
exposure
requirements determine the compliance distance at these
frequencies if the average field strength assessment method is
used.
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The corresponding results for frequencies between
1800 MHz and 5000 MHz are shown in Fig. 9 and Fig. 10.

IV.

CONCLUSIONS

In this paper, numerical simulations have been used to
evaluate the accuracy and suitability of different methods for
product compliance assessments of low power radio base
stations with respect to whole-body RF EMF exposure limits in
the frequency range 300 MHz to 5000 MHz. It has been shown
that the currently standardized whole-body SAR measurement
procedure is overly conservative for small phantom-antenna
separation distances and may lead to unphysical results. To
avoid these problems, a new distance dependent correction
factor has been proposed to account for effects of tissue
layering.
Furthermore, a new phantom for child whole-body SAR
measurements has been proposed which may be used to obtain
more accurate whole-body SAR results compared with
currently standardized procedures. The proposed approach has
been shown to produce conservative results with respect to
numerical simulations using an anatomical child phantom.
A comparison between the proposed whole-body SAR
measurement approach and the field averaging method in EN
50383 [2] has been made illustrating the suitability of the
techniques for different exposure configurations.

Figure 9. Comparison between SAR and field-based general public
exposure assessment methods (f = 1800 MHz & f = 2600 MHz).
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