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Comparison of Safety Distances Based on the
Electromagnetic Field and Based on the SAR

for Occupational Exposure of a 900-MHz
Base Station Antenna
Wout Joseph and Luc Martens, Member, IEEE

Abstract—A comparison between the safety distances of a base
station antenna using electromagnetic field and the specific ab-
sorption rate (SAR) assessment is made. The input power in the
antenna is determined such that the electromagnetic fields and the
SAR equal the reference levels and the basic restrictions, respec-
tively, at a certain distance. Up to about 10 W the localized SAR
delivers the largest safety distances when the electric field averaged
in a volume is considered. This means that from 10 W and up the
SAR does not need to be determined to obtain the largest safety
distances. Safety distances based on the SAR will be smaller than
those obtained from the electromagnetic fields when the maximum
field value in a plane is considered.

Index Terms—Base station antenna, electromagnetic field, mea-
surement, occupational exposure, rectangular box phantom, safety
distance, specific absorption rate (SAR), time-domain filtering.

I. INTRODUCTION

TO DETERMINE the safety distances for electromagnetic
occupational exposure of a base station antenna, two routes

can be followed. The electromagnetic fields around the base sta-
tion antenna can be determined and compared to the reference
levels [1], and, on the other hand, the Specific Absorption Rate
(SAR [W/kg]) can be determined and compared to the basic
restrictions [1]. The objective of this paper is the comparison
of both routes for a typical base station antenna using simu-
lations and measurements. SAR assessment is expensive and
very time-consuming; hence, it is our objective to determine
the power of the base station antenna for which electromagnetic
field assessment will deliver the most restrictive safety distance
and thus when it is no longer necessary to determine the SAR.
A method to compare both routes will be developed using a
theoretical study and simulations. The theoretical study will be
experimentally validated. To this end, a measurement system
is required that will enable accurate field determination and an
accurate SAR evaluation close to a base station antenna. Then
we will be able to compare the fields and SAR with their cor-
responding reference levels and basic restrictions, respectively,
and be able to make a comparison of their safety distances in
the near field of the antenna. It is thus important to be able
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to perform accurate electromagnetic field measurements close
to the source. Both the electric and magnetic field have to be
determined when performing measurements in the near field of
the base station [1], [2]. The measurements described here are
planar near-field measurements performed in an indoor open
site surrounded by absorbers to minimize interference. We use
the method developed in [3] to obtain accurate results.

To compare the safety distances based on the electromagnetic
fields and on the SAR, the SAR (localized and whole-body)
has to be assessed. Both an experimental setup and numerical
modelling will be used for the SAR assessment. For the SAR
evaluation, a homogeneous rectangular box phantom proposed
by CENELEC [2] will be used. The reasoning for this type of
phantom will be explained in Section II-A2. When the phantom
used for the SAR assessment is positioned close to the base
station antenna, part of the power will be reflected back into
the antenna, depending on the distance of the phantom from the
antenna. This effect will be discussed in Section III-B3.

In Section II, the developed method to compare the safety
distances based on the electromagnetic fields and SAR is de-
scribed and applied to a real case. The experimental validation
of the electromagnetic field assessment and SAR assessment is
discussed in Section III. Finally, the conclusions are presented
in Section IV.

II. THEORETICAL STUDY

In this section, we compare theoretically the safety distances
based on the electromagnetic fields with the safety distances of
the SAR. The method we use for the comparison will also be
explained. The safety distances are investigated before the actual
placement of the base station antenna in the field. Therefore an
investigation in free space is performed.

A. Method

We investigate a Kathrein 736863 GSM base station antenna
in free space at 947.5 MHz. At this frequency, the antenna radi-
ates maximally. Fig. 1 shows the antenna—a typical base station
antenna—and the coordinate system we used. We determine the
safety distance in front of the antenna because this distance
will be largest in comparison to the other safety distances (up,
down, side, rear) for this case. This safety distance, noted as
DX

front (X = E, the electric field, or H , the magnetic field) for
the electromagnetic fields and noted as DSAR

front for the SAR, de-
fines the distance outside which the field and the SAR levels do
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Fig. 1. Configuration, layout, and dimensions of the base station and rectan-
gular box phantom.

not exceed the reference value and the basic restriction, respec-
tively, in front of the antenna. Our objective is to compare both
safety distances and to determine the input power of the base
station for which electromagnetic field assessment will deliver
the highest safety distances. The method we use consists of the
following steps: the determination of the safety distances of the
electromagnetic fields, the determination of the safety distances
of the SAR, and, finally, a comparison of both safety distances
as a function of the power of the base station.

1) Safety Distances Based on the Electromagnetic Fields:
To determine the compliance boundaries of both the electric and
the magnetic field, spatial averaging is necessary [1], [2]. We
determine the safety distances for three field quantities: the max-
imum field (worst-case situation) values Xmax (X = E or H)
in xy planes in front of the antenna; Xplane, the field value aver-
aged in xy planes with dimensions 70× 40 cm2 [2]; and Xvol,
the field value averaged in a volume of 70× 40× 20cm3 [2].
The dimensions of the volume used for averaging are intended to
obtain spatially averaged values over the trunk of a human body.
The volume is somewhat smaller than the trunk of a human body
to assure that the basic restrictions are not exceeded due to the
averaging. Fig. 2 shows how these values are determined. We
then determine the safety distances DX

front (X = E or H) by
comparing the three obtained field values Xmax,Xplane, and
Xvol (X = E or H) with the reference levels of the electric
and magnetic field for varying input powers. We will follow
the ICNIRP guidelines [1]. The reference levels for the elec-
tric and magnetic field for occupational exposure at 947.5 MHz
(the investigated frequency) are, respectively, 92.34 V/m and
0.25 A/m [1].

2) Safety Distances Based on the SAR: The localized and
the whole-body SAR will be investigated. The SAR can not be

practically determined in a realistic inhomogeneous model of a
human. Assessment of the SAR requires technically advanced
equipment, stable setups, and procedures to reduce the uncer-
tainty of the result. Therefore, homogeneous phantoms repre-
senting the human body have been proposed for experimental
SAR assessment (CENELEC [2], IEEE [4]). The phantom we
use is a rectangular box phantom recommended by CENELEC
standard EN50383 [2] (IEEE standard 1528 [4] also mentions a
flat phantom) with dimensions 80× 50× 20 cm3. The configu-
ration for the SAR assessment is shown in Fig. 1. The size of
the box phantom [2] has been chosen to correspond to the av-
erage trunk of an adult man (the basic restrictions for the limbs
are less restrictive than those for the head and trunk, i.e., for
ICNIRP [1] 2 times less restrictive, for FCC [5] more than 2.5
times less restrictive due to averaging over 10 g in contrast to the
1-g average for head and trunk). CENELEC specifies that the
dielectric properties of the liquid filling the phantom have a rel-
ative permittivity ε = 42.1 and a conductivity σ = 1.01 S/m at
947.5 MHz. The density ρ is 1000 kg/m3. Because sharp edges
can cause field modifications, the edges are rounded with a ra-
dius of 7 cm. But because a homogeneous phantom model may
result in lower SAR values than a heterogeneous and anatom-
ically realistic model [6], [7], the measured SAR is multiplied
by a correction number [2]. This assures a conservative (i.e.,
giving a higher SAR) method for the determination of the SAR.
CENELEC proposes in standard EN50383 [2] an arbitrary cor-
rection factor of 2 for a rectangular box phantom. By deter-
mination of the whole-body SAR in an anatomically realistic
model for plane-wave excitation and comparing it to the whole-
body SAR in homogeneous phantoms, we have determined a
new correction factor in [6]. This correction factor is frequency
and phantom dependent, and for the rectangular box phantom
at 947.5 MHz equal to 3 instead of 2. In the following, we will
thus multiply the obtained SAR values with a correction factor 3
at 947.5 MHz (at other frequencies a different correction factor
must thus be used).

Finally, we determine the safety distances DSAR
front by compar-

ing the SAR values with the basic restrictions for varying input
powers. The ICNIRP basic restriction for occupational exposure
at 947.5 MHz is 10 W/kg for the localized SAR and 0.4 W/kg
for the whole-body SAR [1].

3) Comparison: To compare the safety distances using elec-
tromagnetic fields and using the SAR, we determine ∆[m] for
varying input powers of the base station:

∆ = DX
front − DSAR

front, with X = E or H. (1)

∆ enables us to determine the input power from which the
electromagnetic fields will deliver the largest safety distances
(when ∆ > 0).

B. Simulations

We now will apply the method using FDTD-simulations (with
SEMCAD and [8]) to calculate the electromagnetic fields and
the SAR in front of the K736863 antenna. The size of the FDTD
cell varies from 1 mm to 1 cm away from the antenna. We
used a hard E-field source model applying 1 V/m in the gap of
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Fig. 2. (a) Area over which spatial averaging in a plane is performed with the maximal measured value in the center and (b) area over which spatial averaging in
a volume is performed.

the different dipoles of the base station antenna. Because the
base station antenna is an electric source, the electric field is
dominant [3], [9]. Therefore, we will consider in the following
only the electric field. Simulations and measurements of the
magnetic field are also performed in [3]. We will first compare
the safety distances of the electric fields using averaging in
a volume with the safety distances of the localized SAR for
realistic input powers (up to 30 W, a high input power). This
will lead to the most restrictive condition (averaging in a volume
delivers lower values than averaging in a plane or considering
the maximal field value in a plane) to determine the input power
from which the field values deliver the largest safety distances
[9]. Second, a worst-case situation will be investigated using
the maximum field values, a method which is less realistic than
volume averaging but delivers the highest safety distances for the
electric field. In Section III, we will discuss the safety distances
based on averaging of the field in a plane as well.

First, electromagnetic field simulations are performed from
1 mm to 40 cm from the antenna without the rectangular box
phantom present. Evol is then simulated from 1 mm to 20 cm
(averaging volume of 70× 40× 20 cm3). For each distance from
the antenna, the input power is determined such that Evol is equal
to the reference level. For this power, the distance is equal to
DE

front. In this way, we make a figure of DE
front as a function of

the input power (Fig. 3).
Next, SAR simulations are performed with the rectangular

box phantom positioned 1 mm to 20 cm from the antenna. We
use cubic spline interpolation to determine the SAR values at
intermediate distances. We now can apply the same procedure
for the SAR. For each distance, we calculate the input powers
(considered up to 30 W) such that the whole-body SAR and
localized SAR equal the respective basic restrictions. The local-
ized SAR resulted in the lowest power. For a constant power (up
to 30 W), the localized SAR thus delivers the largest safety dis-
tance and will therefore be considered in the comparison with
safety distances derived from the electric field. Fig. 4 shows
DSAR

front as a function of the input power.
Finally, ∆ is obtained using (1). Fig. 5 shows ∆ as a function

of the input power. ∆ equals zero at 10.2 W (DE
front = DSAR

front).
Using the input power of 10.2 W shown in Figs. 3 or 4 results in
a safety distance of 1.9 cm. Thus from 10.2 W and up (∆ ≥ 0)
the safety distances derived from the assessment of the electric
fields will deliver (for the investigated configuration and for

Fig. 3. DE vol

front as function of the input power to the base station (volume
averaged electric field).

simulations) larger distances than the ones obtained by SAR
assessment. The reference levels for the electromagnetic fields
are defined such that they are stricter than the basic restrictions
[1]. This paper shows that this is true except for very small
distances (about 2 cm or smaller) from the base station antenna.
At such small distances, the phantom is in the reactive field,
which is very different from the radiative field.

We can also determine ∆ by comparing the safety dis-
tance derived from the maximum field value Emax (worst
case) with the safety distance derived from the localized SAR.
We apply the same method as discussed above. Fig. 6 shows
∆ = DEmax

front − DSAR
front as a function of the input power to the

base station using the maximum field values Emax. Fig. 6 shows
that ∆ is always larger than zero for the investigated positions
of the configuration. Thus when considering the maximum field
value in xy planes, the safety distances derived from the assess-
ment of the electric fields are always larger than the ones from
the SAR.

III. EXPERIMENTAL VALIDATION OF SAFETY DISTANCES

We now experimentally validate our findings of Section II. We
apply the experimental procedure to the Kathrein 736863 GSM
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Fig. 4. DSAR
front as function of the input power to the base station.

Fig. 5. ∆ as function of the input power to the base station (∆ = DE vol

front −
DSAR

front).

base station antenna operating at 947.5 MHz. Measurements are
compared with FDTD simulations.

A. Electric Field

1) Configuration: The measurements are performed with a
network analyzer (Rohde & Schwarz ZVR). Thus, we consider
the combination of the base station antenna (see Fig. 1) and
the measurement probe as a two-port network. We use a robot
with an accuracy of 0.025 mm to position the probe. The mea-
surements are performed with a spatial grid of 2 cm, smaller
than λ/10 = 3.2 cm at 947.5 MHz. By rotation of the measure-
ment probe, three orthogonal components of the field at each
position are measured. A selection of measurement probes is
made with a disturbance required to be lower than 5% for near-
field exposure measurements around the base station [10]. For
electric-field measurements, a 2.2-cm dipole with a conductor

Fig. 6. ∆ as function of the input power to the base station comparing DE max

front

and DSAR
front.

thickness of 0.5 mm has been selected. The measurement probe
is calibrated using a three-antenna method [11]–[14]. The an-
tenna factor (AF) of the 2.2-cm dipole is 64.52 dB(1/m). This
value is relatively high (lower sensitivity) due to the small di-
mensions of the measurement probes. These small dimensions
of the antenna are required for a satisfying spatial resolution and
for a disturbance that is lower than 5%.

2) Measurement Method: We have developed an accurate
low-cost method for near-field assessment in [3]. When the
S21-parameters are measured for three orthogonal components,
the total field can be derived. But because of the non-anechoic
property of the measurement site, we have to take into account
residual reflections. To this end, we perform a de-embedding
step [3] using the inverse fast Fourier transform (FFT) and a
time-domain gating technique [15] to eliminate these resid-
ual reflections. The reflections due to the presence of the
robot (covered with absorbing material) are also reduced us-
ing this technique. For each orthogonal component of the field
at each measurement position, we perform a measurement from
300 kHz up to 4 GHz. We use this large frequency range of ∆f =
3.9997 GHz to obtain enough resolution in the time domain
to distinguish the direct and reflected beams. After taking the
inverse FFT, we apply a time-domain gating technique by sup-
pressing the reflections with a tenth-order Butterworth digital
bandpass filter. This type of filter is selected because of its flat
passband and the absence of side lobes. After filtering, we take
the FFT, and the total field is then calculated with the gated
S21-parameter. The measurements are performed from 2 to
40 cm from the antenna. Evol is then determined from 2 to
20 cm (averaging volume of 70× 40× 20 cm3). We use cubic
spline interpolation to determine the field values for spatial steps
smaller than 2 cm.

3) Results: Fig. 7 compares FDTD simulations and mea-
surements of the electric field for the configuration of Fig. 1
(1-W input power) using the technique we developed in [3]. An
excellent agreement between measurements and simulations is
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Fig. 7. Comparison of measurements and simulations of Emax, Eplane, and
Evol at 1-W input power.

TABLE I
RELATIVE DEVIATION OF MEASUREMENTS AND SIMULATIONS OF THE

ELECTRICAL FIELD WITH AND WITHOUT DE-EMBEDDING AT 947.5 MHz

obtained. Table I shows the maximal and average deviations
with and without de-embedding of the quantities of Fig. 7. These
are all very small deviations (after de-embedding) compared to
measurement uncertainties published in the literature [16], [17].
The values of the safety distance Dfront based on the electric
field are shown in Table II for different input powers. 5 W, 10 W,
and 30 W are, respectively, a low, a typical, and a high input
power. Again the deviation between measurements and simula-
tions is small. The deviations for the maximal field values are the
largest but still very small compared to other results described
in the literature [16]–[19]. Deviations between measurements
and simulations are caused by the measurement probe (antenna
calibration, influence of the measurement probe itself), posi-
tional errors, and the imperfect model of the antenna used for
the simulations.

B. SAR Measurements

The localized SAR will be investigated because the localized
SAR delivers larger safety distances than the whole-body SAR
(see Section II-B) [2].

1) Configuration: The measurement configuration is shown
in Fig. 8. The phantom is a rectangular box phantom recom-
mended by CENELEC [2] with dimensions 80× 50× 20 cm3

TABLE II
COMPARISON OF SIMULATIONS AND MEASUREMENTS OF THE SAFETY

DISTANCES Dfront USING THE ELECTRIC FIELD FOR DIFFERENT INPUT

POWERS Pin AT 947.5 MHz

Fig. 8. SAR measurement configuration.

TABLE III
DIELECTRIC PARAMETERS (εr = RELATIVE PERMITTIVITY,

σ = CONDUCTIVITY) OF THE LIQUID THAT SIMULATES HUMAN TISSUES

(see Fig. 1). We position the rectangular box phantom at dis-
tances 1 mm to 20 cm from the K736863 antenna. We use a robot
with an accuracy of 0.025 mm for the positioning of the mea-
surement probe. To minimize the reflections of the environment,
we surround the measurement setup with absorbers. We use a
SAR probe of the type ESD3DV1, delivered and calibrated for
the DASY3 system of Schmid & Partner Engineering AG [20].
The K736863 antenna is driven by a Rohde & Schwarz signal
generator (SMP 22). Cable losses are taken into account for the
input power determination. The thickness of the phantom shell is
10 ± 1 mm. The dielectric properties of the liquid that simulates
the human tissues are shown in Table III. They are measured
using an HP85070A dielectric probe kit with an HP8753D net-
work analyzer. The liquid has a density ρ = 1000 kg/m3.

2) Method: We describe the method to determine the local-
ized SAR in a 10-g cube [1]. A 10-g cube has an edge of 2.15 cm
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Fig. 9. SAR-distribution in xy plane (at 5 mm from inner surface of the phantom) and zoom-in for the determination of the location of the maximal SAR when
the phantom is positioned 1 mm from the antenna.

in the investigated liquid. Using FDTD simulations we get an
indication of the location of the maximal SAR. For each posi-
tion of the antenna between 1 mm and 20 cm of the phantom,
we make an xy SAR-scan at 5 mm from the inner surface of the
phantom. The spatial grid of this first scan is 5 mm. Then we
zoom into the zone of maximal SAR, and we perform a mea-
surement of 2× 2 cm2 with a spatial grid size of 1 mm. This
zoom-in is also made for local maxima with SAR values within
2 dB of the maximum value that are not within the primary
zoom with the maximum peak SAR [21], [22]. Fig. 9 shows
the determination of the location of the maximal SAR when the
antenna is positioned at 1 mm from the phantom. Next, we mea-
sure in a volume of 6.45× 6.45× 2.15 cm3 with the maximal
peak SAR (also for local maximum within 2 dB) in the center of
the xy dimension of this volume, and we search the 10-g cube
in this volume with maximal averaged SAR. In the xy plane, the
spacing between the points is 4.30 mm, while in the z plane it is
0.25 mm. This results in a 10-g cube of 5× 5× 86 measurement
points. This small spacing in the z direction is necessary due to
the fast variation of the SAR in this direction and because more
points are needed for a better extrapolation. The distance of the
probe tip to the sensor is 2.7 mm. Therefore, no measurements
are possible at the inner surface of the phantom, and it is nec-
essary to use an extrapolation routine to extend the measured
SAR distribution to the inner surface of the phantom. We use
an exponential extrapolation least mean square error method for
the extrapolation of the SAR values [23]. It is shown in [21]
and [22] that an exponential decay for the SAR close to the
surface is a good assumption.

3) Reflections Back to the Base Station Antenna: When the
rectangular box phantom is positioned close to the base sta-
tion antenna, part of the power will be reflected back into the

antenna, depending on the distance of the phantom from the
antenna. The radiated power will thus vary due to the change
of the reflection coefficient at the input of the antenna. For the
simulations, we used the FDTD method to calculate the coupled
antenna-phantom problem (radiated power, power absorbed and
reflected by the box phantom, and current distributions on the
antenna elements can be determined with FDTD). For the mea-
surements, we determined S11 using a Rohde & Schwarz ZVR
network analyzer before each SAR measurement at the differ-
ent investigated distances between phantom and base station
antenna. With S11 we can determine the radiated power from
the antenna. Using a PMM8053-EP330 broadband probe with a
frequency range of 100 kHz–3 GHz, we monitor the fields near
several antenna elements. In this way, we can observe if, during
the SAR measurement at a certain distance from the antenna-
phantom, the phantom and the robot used for the scanning of the
SAR disturb the antenna radiation in different ways. The robot
is covered with an absorbing material to minimize reflections.
A negligible variation of the fields of the monitored antenna
elements during the SAR measurements was observed.

The variation of the reflected and radiated power at different
distances antenna-phantom can be observed using the S11 mea-
surement. Fig. 10 shows 1 − |S11|2 as function of the distance
from the source. Without the phantom, 1 − |S11|2 is almost 1.
The antenna is thus well designed. This figure shows that the
radiated and reflected power depend upon the distance antenna-
phantom. Fig. 10 shows that the influence of the reflected power
due to the presence of the phantom is maximal at 5.6 cm. At this
distance the influence is about 8%. The entire antenna and also
the outer dipoles are influenced by the proximity of the phantom
at 5.6 cm, while for smaller distances only the central dipoles
are mainly influenced by the presence of the box phantom. For
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Fig. 10. 1 − |S11|2 as function of the distance from the source at 947.5 MHz.

larger distances (>5.6 cm), the influence of the phantom reduces
again (1 − |S11|2 increases). For distances above about 16 cm
(≈λ/2 at 947.5 MHz), the influence is smaller than about 1%.
Fig. 10 shows that the influence of the proximity of the phantom
on the radiated power at the investigated distances is relatively
small (maximal at 5.6 cm and smaller than 10%). We take this
influence due to the presence of the rectangular box phantom
into account on the input power.

4) Results: The measurements are compared with FDTD
simulations of the K736863 antenna using the configuration
of Fig. 8 with the shell of the phantom included. The measure-
ments and simulations are performed from 1 mm to 20 cm from
the antenna. We use cubic spline interpolation to determine the
SAR values at intermediate points. Fig. 11 shows the measured
and the simulated localized SAR values averaged over 10 g and
normalized for 1-W input power. The error bars are calculated
from the uncertainties of the experimental values [20]. There is
a very good agreement between measurements and simulations.
Table IV compares the localized SAR values (from 11 mm and
up due to the thickness of the phantom shell). The relative de-
viation between measurements and simulations is also shown.
We define the relative deviation as follows:

Relative deviation[%] = 100 ·

∣∣∣∣∣∣
SAR10 g

meas − SAR10 g
sim

min
(
SAR10 g

meas,SAR10 g
sim

)
∣∣∣∣∣∣
.

(2)

This relative deviation is thus the maximum deviation be-
tween measurements and simulations. The deviations mentioned
here are generally within 10% of the FDTD calculated results.
These deviations are smaller than or comparable to those re-
ported in [16] and [24].

The safety distances DSAR
front for different input powers using

the localized SAR are shown in Table V (from 1.1 cm and up due
to the thickness of the phantom shell). Also, the safety distances
for the localized SAR multiplied with a correction factor 3 are
listed in this table [6].

Fig. 11. Comparison of measurements and simulations of the localized SAR
(averaged over 10 g) normalized to 1 W input power for different distances from
the antenna.

TABLE IV
COMPARISON BETWEEN MEASURED AND SIMULATED LOCALIZED SAR (10 g)

NORMALIZED AT 1-W INPUT POWER FOR DIFFERENT SEPARATIONS

ANTENNA-LIQUID AT 947.5 MHz

C. Comparison of Simulated and Measured Safety Distances

We multiply again the simulated and measured localized
SAR with a correction factor 3 [6] instead of 2 proposed by
CENELEC [2]. In Table VI, we compare the safety distances at
10- and 20-W input power at 947.5 MHz. This table shows that
the safety distances determined using the electric field assess-
ment are more restrictive than the safety distances using the SAR
when the maximum field value is determined or when averaging
in a plane is used for both simulations and measurements. It is
possible that averaging in a volume does not deliver the most
restrictive safety distance and thus results in an underestimation
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TABLE V
COMPARISON OF MEASUREMENTS AND SIMULATIONS OF THE SAFETY

DISTANCES Dfront USING THE LOCALIZED SAR (10 g) FOR DIFFERENT INPUT

POWERS Pin AT 947.5 MHz

TABLE VI
SAFETY DISTANCES Dfront BASED ON THE ELECTRIC FIELD AND ON THE SAR
USING THE RECTANGULAR BOX PHANTOM AT 10- AND 20-W INPUT POWER AT

947.5 MHz

with respect to the safety distance based on the localized SAR.
Table VI also shows that the basic restriction of the whole-body
SAR is not exceeded for the considered positions at 10- and
20-W input power.

To make a more thorough comparison, we determine ∆ as
defined in Section II-A for measurements and simulations. We
compare the safety distances based on the electric field using
averaging in a volume with the safety distances based on the
localized SAR [9]. Comparing these quantities leads to the most
restrictive condition to determine the distance from which the
field values deliver the largest safety distances [9]. Figs. 3–5
show DE

front,D
SAR
front, and ∆ as functions of the input power

up to 30 W. A very good agreement between measurements
and simulations is obtained. Fig. 5 shows that ∆ equals zero
at 10.2 W (simulations) and at 10.8 W (measurements). These
input powers are indicated on Figs. 3 and 4. From this power
and up, the safety distances using the electric field are larger
than the safety distances using the localized SAR. It is then not
necessary to determine the localized or whole-body SAR. For
larger input powers, the electric field will deliver higher safety
distances than the SAR. This results in a safety distance of
1.9 cm (simulations) and 2.2 cm (measurements) using Fig. 3
or 4. These distances are smaller than λ/10 at 947.5 MHz.

D. Other Base Station Antennas

Most base station antennas in the 900-MHz frequency band
use arrays of dipoles of about 15 cm (λ/2) in combination
with a metal plate at the back side of the antenna. Other an-
tennas have a tilt angle, use more or less dipoles, are larger or

smaller, etc. . . [25]. The simulations and measurements of the
SAR and the fields of the typical K736863 antenna will be com-
parable for other antennas using dipole arrays in this frequency
band.

For the 1800-MHz band, we should also perform this study
for a typical antenna to generalize it to all the GSM frequen-
cies. The lengths of the individual dipoles are of course dif-
ferent for 1800-MHz antennas. The near-field values will be
somewhat higher for the 1800-MHz antennas. On the other
hand, the reference levels are higher around 1800 MHz than at
900 MHz [1]. The SAR at 1800 MHz may be higher due to
the fact that the conductivity of muscle, for example, is higher
at 1800 MHz than at 900 MHz. The conclusion of the an-
tenna input power of about 10 W may be of the same order,
but, to validate this, an additional study for an 1800-MHz an-
tenna is needed. To this end, we need to investigate the internal
structure of the antenna and perform new simulations and mea-
surements. A study for an 1800-MHz antenna is left for future
investigation.

IV. CONCLUSION

In this paper, we compared two routes to obtain the
safety distances for electromagnetic occupational exposure:
the safety distances based on the electromagnetic fields
and the safety distances based on the SAR. Measurements and
FDTD simulations of the field close to a K736863 antenna at
947.5 MHz are compared using a new low-cost measurement
technique, and excellent agreement between measurements and
simulations is reported. Also, measurements and FDTD simu-
lations of the SAR in a rectangular box phantom are performed
and good agreement is reported.

The input power of the base station antenna is determined
such that the electromagnetic fields and the SAR equal the refer-
ence levels and the basic restrictions, respectively. From 10.2 W
(simulations) or 10.8 W (measurements) and up, the safety dis-
tances of the electric field averaged in a volume are larger than
the safety distances of the localized SAR. These powers corre-
spond to a safety distance of 1.9 cm (simulations) and 2.2 cm
(measurements). Thus, from these input powers and up, both
the localized and whole-body SAR do not need to be deter-
mined to obtain the largest safety distances for the investigated
configuration. This results in a time-saving and low-cost pro-
cedure because SAR assessment is expensive, time-consuming
and nearly impossible to execute on a base station installed in
the field.

The reference levels for the electromagnetic fields are defined
such that they are stricter than the basic restrictions [1]. This
paper shows that this is true except for very small distances
(about 2 cm or smaller) from the base station antenna. At such
small distances, the human body is in the reactive field, which
is very different from the radiative field.

The conclusions of this paper are representative for antennas
radiating in the 900-MHz frequency band. For 1800 MHz, an
additional investigation on a typical antenna is required. This
will be done in future research.
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