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Abstract

Personal radio frequency electromagnetic field (RF-EMF) exposure, or exposimetry, is gaining im-
portance in the bioelectromagnetics community but only limited data on personal exposure is available
in indoor areas, namely schools, créches, homes, and offices. Most studies are focused on adult expo-
sure, whereas indoor microenvironments, where children are exposed, are usually not considered. In
our study, a method to assess spatial and temporal indoor exposure of children and adults is proposed
without involving the subjects themselves. Moreover, maximal possible daily exposure is estimated by
combining instantaneous spatial and temporal exposure. In Belgium and Greece, the exposure is mea-
sured at 153 positions spread over 55 indoor microenvironments with spectral equipment. In addition,
personal exposimeters (which measure the EMF exposure of people wearing them during their daily
activities) captured the temporal exposure variations during several days up to one week at 98 posi-
tions. The data were analyzed using the robust regression on order statistics (ROS) method to account
for data below the detection limit. All instantaneous and maximal exposures satisfied international
exposure limits and were of the same order of magnitude in Greece and Belgium. Mobile telecommu-
nications and radio broadcasting (FM) were most present. In Belgium, digital cordless phone (DECT)
exposure was present for at least 75 % in all the indoor microenvironments except for schools. Tempo-
ral variations of the exposure were mainly due to variations of mobile telecommunication signals. The
exposure was higher during daytime than at night due to the increased voice and data traffic on the
networks. Total exposure varied the most in Belgian créches (39.3 %) and Greek homes (58.2 %).
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lic is nowadays assessed with narrowband equip-
ment and personal exposure meters (exposimeters).
Very little is known about radio frequency electro-
magnetic field (RF-EMF) exposure in everyday life
in indoor environments such as schools, créches,
homes, and offices. In the last few years, research
focus was on exposures in outdoor environments
(urban and rural) such as public transportation,
cars, and few about offices and homes (Frei et al.,
2009; Joseph et al., 2008, 2010, 2012; Thuréczy et



al., 2008; Viel et al., 2009). Roo6sli et al. (2010)
and Mann (2010) discuss measurement protocols
for exposimeters. Personal exposimeters are de-
vices worn on the body. These register the electric
fields in the presence of the subject that wears the
device. Exposimeters are calibrated in free space
and their accuracy strongly depends on the posi-
tion on the body, given that multipath fading com-
bined with shadowing by the human body result
in large field variations for varying measurement
positions (Thielens et al. 2013). Almost never
child exposure is considered, moreover indoor data
for schools, créches, homes, and offices are mostly
lacking. In Tomitsch et al. (2010) exposures in
bedrooms of residences are investigated. Only in
Juhasz et al. (2011), personal exposure of employ-
ees of schools and créches is considered. Moreover,
temporal exposure variations are almost not con-
sidered in the literature. Only Joseph et al. 2009,
Joseph and Verloock (2010), Mahfouz et al. (2011),
and Manassas et al (2012) contribute to temporal
data but are not based on personal exposimetry.

Juhasz et al. (2011) reported that child expo-
sures are comparable to the worktime exposure of
adults. As stated in Juhasz et al (2011), difficulties
arise when involving children in personal exposime-
try such as the need for consent of parents, coop-
eration during longer periods, possible lack of self
discipline to follow procedures, and increased risk
on breaking equipment. Our paper builds on this
idea that experiments with children are difficult,
and assesses temporal and spatial child exposure
without involving them.

In this paper, spatial and temporal RF exposure
is assessed in Belgian and Greek schools, créches,
offices, and homes in different environments (ru-
ral, suburban, urban and urban dense). In Belgium
and Greece, exposimeter and narrowband measure-
ments with spectrum analyzers are performed at in
total 55 indoor location (schools, créches, offices,
and homes). At every indoor location, zones and
rooms of maximal exposure were considered.

The objective of this paper is to present a method
to assess spatial and temporal indoor exposure of
children and adults without involving them. More-
over, extrapolation of spatial exposure to maximal
daily exposure is performed by combining instanta-
neous spatial exposure and temporal exposure. In
particular, three objectives are of interest, namely
(i) to assess RF exposure in typical indoor mi-

croenvironments and also where children are often
present, by performing spatial, instantaneous nar-
rowband measurements with a spectrum analyzer,
(ii) to characterize the evolution of RF signals dur-
ing 24 hours in different indoor microenvironments
and in various environments, by assessing temporal
variations with exposimeters, and (iii) to extrapo-
late the maximum field values using the instanta-
neous narrowband measurements and a scale factor
calculated from the temporal measurements.

Materials and methods

Indoor microenvironments and envi-
ronments

The investigated “indoor microenvironments” were
homes, schools, créches, and working offices. The
considered “environments” were rural, suburban,
urban and dense urban environments. In Belgium,
measurements were performed at 29 indoor loca-
tions (10 schools, 11 créches, 3 offices and 5 homes)
and in Greece at 26 indoor locations (5 schools, 10
homes with babies and pre-school children, 5 offices
and 6 homes). These indoor environments were lo-
cated in four different environments (urban, urban
dense, suburban, and rural) categorized based on
population density and the expected amount and
time of traffic (Joseph et al., 2009, Joseph and Ver-
loock 2010). Table 1 summarizes the number of
measurement positions per microenvironment and
per environment,.

For the spatial measurements, a total number of
116 and 36 narrowband measurements were per-
formed in Belgium and Greece, respectively. Per in-
door microenvironment temporal exposimeter mea-
surements were carried out in at least one room. In
Belgium, also temporal exposimeter measurements
occurred in a second room. For schools, a class-
room for children between 6-12 years and a class-
room for pre-school children (3 to 6 years) were
considered. In Greece the selected classrooms were
either for children from 6-12 years old or for junior
highschool children (13-15 years). Furthermore, in
Greece, measurements were performed in teachers’
room where indoor sources (such as DECT devices)
are usually installed. For créches, the bedroom of
the baby’s and infants (below 3 years) and the play-
ing room or zone with highest exposure were con-



Table 1: Number of spatial- and temporal measurement positions and number of captured samples, per

microenvironment and per environment.

Belgium Greece
Spatial Temporal Spatial Temporal
#Positions #Positions #Positions #Positions
Indoor micro environments
Schools 40 20 8 8
Créches / Homes with babies and pre-school children 44 22 13 13
Offices 12 6 6 9
Homes 20 10 10 10
Environments
Rural 16 8 - -
Suburban 36 18 8 9
Urban 64 32 10 10
Urban dense - - 19 21

#Positions = number of measurement positions.

#Samples = average number of samples per microenvironment.

sidered. For homes, the bedroom and rooms were
considered where WiFi access points are most of-
ten located or rooms with the highest exposure. In
working offices, typical offices and zones of highest
exposure (at least 2 places in each office building)
were considered.

Measurement equipment and

methodology

The measurement procedure for spatial and tem-
poral measurements was as follows. At every loca-
tion, broadband, frequency-selective (narrowband)
and exposimeter measurements are performed in
two rooms. The broadband and narrowband mea-
surements were performed during daytime on week-
days. The measurements in the two countries oc-
curred following a joint protocol namely, first scan-
ning the area with broadband probes, followed by
accurate small band measurements: the settings of
the equipment were the same. Finally, exposime-
ters were placed standing alone in e.g., class rooms
during a week to assess temporal variations of ex-
posure. So, study design was performed jointly and
very similar.

Temporal measurements

The temporal measurements were performed with
two types of exposimeters. In Belgium, the EME

SPY 140 (ES 140) is was used, whereas in Greece
both the EME SPY 140 and the EME SPY 121
(ES 121) were used. Both exposimeters are man-
ufactured by SATIMO (SATIMO, Courtaboeuf,
France). Exposimeters are typically used to quan-
tify personal exposure. The exposimeter ES 140
differs in two ways with respect to ES 121. Firstly,
ES 140 measures the exposure in 14 separate fre-
quency bands instead of the 12 bands of ES 121.
Secondly, the detection limit of ES 140 has been re-
duced and is frequency dependent. The frequency
bands together with their corresponding detection
limits are listed in Table 2 for both exposimeters.
The abbreviations of the various signals are ex-
plained below Table 2.

The measurement procedure in a room started
with placing and switching on the exposimeter in
the room. The exposimeters recorded the expo-
sure at its position during a whole week. The ex-
posimeter was standing alone and was, thus, not
worn by children or adults and therefore no con-
sent of parents was needed and no influence due to
shielding by the body was present, like when ex-
posimeters are carried on the body. The interval
between two measurements was minimized, so that
a maximum number of measurement points were
obtained over the week. During the measurement
campaign the measurement cycle of each exposime-
ter (ES 140 and ES 121) was 30sec in Belgium



and Greece. During one measurement cycle the
exposimeter performs a measurement in all its fre-
quency bands. The aim of these exposimeter mea-
surements was to obtain the time-evolution for the
different RF signals in typical indoor microenviron-
ments and environments.

Spatial measurements

After starting the exposimeter measurement, a
broadband measurement was performed in the
room to locate the spot or area of maximum expo-
sure. The location of highest exposure was identi-
fied through sweeping the area at a height of 1.5m
above floor level with a broadband probe. This
is a typical height to characterize human exposure
(ECC, 2004; CENELEC, 2008). This height can be
seen as a worst-case assessment, where mainly the
head region of children is considered (CENELEC,
2008). The Narda NBM-550 combined with an
EF0391 probe and PMM-EP330 were used for these
measurements in Greece and Belgium, respectively
(Narda, Pfullingen, Germany).

The broadband measurements were followed by a
frequency-selective measurement. In Belgium, the
setup of the narrowband measurements consisted
of tri-axial Rohde and Schwarz R&S TS-EMF
Isotropic Antennas (dynamic range of 1mV/m -
100V/m for the frequency range of 80MHz —
3GHz, and 2.5mV/m — 200 V/m for the frequency
range of 2GHz — 6 GHz) in combination with a
spectrum analyzer (SA) of type R&S FSL6 (fre-
quency range of 9kHz — 6 GHz) (R&S, Zaventem,
Belgium). Optimal spectrum analyzer and equip-
ment settings are discussed in Joseph et al. (2012).
The measurement uncertainty is +3dB for the
considered setup (CENELEC 2008, Joseph et al.
2012). This uncertainty represents the expanded
uncertainty evaluated using a confidence interval
of 95%. 1In Greece, the selective radiation me-
ter SRM-3000 (Narda, Pfullingen, Germany) was
used along with a triaxial antenna (3501/01). This
setup allows isotropic measurements from 75 MHz
to 3 GHz with a dynamic range from 0.25mV/m to
200 V/m. The extended isotropic measurement un-
certainty (when operating in environment temper-
ature from +15°C to +30°C ) varies for different
frequency bands. The highest uncertainty values
are observed in the 2701 — 3000 MHz band and are
+3.2 / -5.3dB (SRM-3000 2013).

The narrowband measurements are used to as-
sess the electric-field strength from 80 MHz up to
3 GHz. These measurements were performed at two
positions per room: at the position of maximal ex-
posure (indicated with the broadband probe) and
near the position where the personal exposimeter
was placed. When no position of maximum expo-
sure could be identified with the broadband probe,
narrowband measurements were performed at the
middle of the room. During the measurements the
triaxial probe was positioned at a height of 1.5m.
In Greece, eleven (11) narrowband measurements
were performed according to the methodology pub-
lished by Biirgi et al. (2010). The eleventh mea-
surement at the position of maximal exposure as in-
dicated with the broadband probe. When no such
position could be identified then the maximum was
assumed to be next to the window. The duration
of measurements per location was between 20 to
7O minutes (less in Belgium and more in Greece,
due to the increased number of measurement points
at a location).

Data analysis
Analysis of present RF signals

To quantify the presence of RF sources in different
environments, a factor n (%) is defined. n repre-
sents the percentage of occurrence of an RF source
above the detection limit of the spectral equip-
ment in a microenvironment with respect to the
total number of considered measurement positions
in this microenvironment. n is derived from the
narrowband measurements. A signal is considered
as present if its level is larger than the sensitiv-
ity of the frequency-selective measurement setup.
The sensitivity level varies with frequency and de-
pends on the settings of the spectrum analyzer and
the characteristics of the tri-axial probe. In Joseph
et al. (2012) the sensitivities for the present sig-
nals are discussed; these range from 0.002 V/m for
TETRA/GSM900 to 0.009 V/m for DAB (Table 3
in Joseph et al. (2012)). The sensitivity of the
SRM-3000 varies also with frequency and can be
found in (SRM-3000 2013): from 75 MHz to 3 GHz,
the sensitivity is 0.25mV/m for triaxial use and
901V /m for single axis use.



Temporal analysis

The temporal measurements aim at characterizing
the time evolution of the RF signals during a day in
terms of summary statistics, i.e., percentile values
px (where x denotes the percentile value). These
measurements were performed with exposimeters.
To reduce instantaneous variations of a signal and
to emphasize the trend of a signal during a longer
time period, an averaging method was applied on
the dataset. According to international exposure
guidelines, two averaging periods were considered,
i.e., 6-min (ICNIRP 1998) and 30-min period (FCC
2001). Since a large proportion of the exposimeter
measurements was censored, i.e., below the lower
detection limit of the exposimeter, the robust re-
gression on order statistics (ROS) method was ap-
plied to determine the summary statistics of the
power density S (n£W/cm?) for each 30 min inter-
val (95th percentile values) (RG6sli et al., 2008,
Helsel et al., 2005). To apply ROS the following
condition has to be met: a minimum number of 50
samples and this for 24 hours (statistically relevant
amount of samples (Lee, 1993)) has to be found
above the lower detection limit of the exposimeter.
ROS provides appropriate results even if the pro-
portion of nondetects is larger than 80 % (Ro66sli et
al. 2008). Roosli et al (2008) performed ROS if at
least three values per week were above the detec-
tion limit. Finally, the time course of field values
in several days were averaged and normalized to
determine the evolution per 24 hours for each RF
signal. Total exposure Sy (1W/cm?) was deter-
mined by summing up the power density values of
all downlink frequency bands. Values lower than
the detection limit were omitted to determine the
total exposure.

Extrapolation to determine maximal
electric-fields using exposimeter data

On the one hand, exposure varies with time due
to changes in the network load and environmen-
tal changes (i.e., fading). On the other hand, ex-
posure is mostly measured at a particular point
in time using a frequency-selective measurement
setup. These are typically designated as spot mea-
surements. Estimating maximal exposure, thus, re-
quires the knowledge of the time evolution of the
exposure. In this study, the time evolution was

measured by exposimeters. We calculated the sum-
mary statistics of the electric field recorded by the
exposimeter - after applying robust ROS to cope
with nondetects - in 30 minute intervals. In every
time interval a scale factor sf of an RF signal was
defined as the ratio of the selected percentile value
of the electric field strength of the RF signal and
the maximum percentile value of the field strength
over a complete day, i.e., 24 hours.

Ex(T)

e, (Bx(T))

with Ex the X' percentile of the electric-field
strength of an RF signal (FM, TV, GSM, UMTS,
etc.) measured with the exposimeter in the time in-
terval T (30 min), and max(.) the maximum value
over the time interval T. The scale factor is a mea-
sure for the daily variation of the RF-EMF expo-
sure.

The maximal exposure or electric-field value of a
certain signal was estimated from the narrowband
measurements Ega performed during a time inter-
val Ty and sf in the same time interval:

sf(T) =

(=) (1)

B = Bsa(To) x (1/sf(To))  (V/m)  (2)

with sf(Ty) the scale factor of an RF signal at the
time interval Ty when the frequency-selective mea-
surements were performed.

The temporal variation var of a signal X is de-
fined as the relative maximal deviation of the scale
factor sf:

max(sf*) — min(sf%)

€T — 1
var 00 x max(s/7)

(%)

(3)

with max and min the maximal and minimal value
of the scale factors for an RF signal. Finally, the
average variation var,ye of an RF signal per indoor
microenvironment was used for the comparison of
variations of different exposures.

Results

Spatial narrowband measurements
Present RF sources

Figures 1(a) and (b) show the presence of a signal
(n in %) per indoor microenvironment in Belgium
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Figure 1: Percentage of the occurrence of vari-
ous RF signals at different microenvironments in
(a) Belgium and (b) Greece (narrowband mea-
surements: sensitivities range from 0.002 V/m for
TETRA/GSM900 to 0.009 V/m for DAB and are
0.25 mV/m for the SRM-3000).

and in Greece, respectively. In Belgium, exposures
of the ten following RF signals were determined,
namely FM, DAB, TETRA, PMR, TV, GSM900
DL, GSM1800 DL, DECT, UMTS DL and WiFi
2G (abbreviations, see Table 2). Compared to Bel-
gium, DAB, TETRA; and PMR were not measured
in Greece. The other signals were omnipresent in
Greece except for DECT in offices and digital TV.
In Belgium only GSM900 DL was measured at ev-
ery position.

In Belgium, DECT was mainly encountered in
creches, offices, and homes (> 75%) and less fre-
quently in schools (20 %). Besides DECT, WiFi 2G
was also frequently measured in indoor microen-

vironments. In Greece, WiFi 2G was measured
at all indoor locations whereas in Belgium WiFi
2G was mainly encountered in offices (omnipresent)
and homes (> 65 %). In schools and creches, WiFi
2G was less available (< 25%) in Belgium.

Considering only the broadcasting signals (FM,
DAB, and digital TV), FM (> 80 %) was the most
observed, followed by digital TV and DAB (pres-
ence between 30 % and 100 %).

Total RF exposure for the different indoor
environments

Table 3 summarizes the narrowband measure-
ments, performed in Belgium and in Greece, for the
considered indoor microenvironments: the maxi-
mum (Enax), average (Eavg), and the standard de-
viation (std) of electric-field strengths per RF sig-
nal.

All measured electric-field strengths satisfied the
ICNIRP guidelines for general public (ICNIRP,
1998). In Belgium, the highest maximal total (cu-
mulative) field value was measured in an office
and equals 3.6 V/m. This value is 10 times be-
low the ICNIRP reference levels and mainly due to
the line-of-sight (LOS) path of a nearby TV trans-
mitter (3.5V/m, i.e., Digital Video Broadcasting-
Terrestrial (DVB-T) or digital TV). The lowest
maximal total field value was measured in homes
(0.8V/m). In schools and créches, the maximal
total field value equaled 1.6 V/m and 1.2'V/m, re-
spectively. In Greece, the highest maximal total
field value was caused by DECT in homes and
equaled 2.1V /m, 29 times below the ICNIRP ref-
erence levels. The lowest maximal total field value
was measured in offices (1.1V/m). In schools
and créches, the maximal total field value equaled
1.7V/m and 1.6 V/m, respectively.

Considering average exposures, FM and GSM900
DL dominated (Eavg = 0.3V /m and 0.2V /m, Ta-
ble 3) in Belgian schools, while in Greece the
dominating signal in schools was GSM1800 DL
(0.3V/m). The highest average field values in
creches were measured for GSM900 DL (Eavg =
0.2V /m) and for FM in Greece (Eavg = 0.3V /m).
In offices, the TV signal dominated (Eavg = 0.8
V/m). Furthermore, average field values were ob-
tained of 0.3V/m for GSM900 DL in both coun-
tries. For GSM1800 DL and UMTS DL higher av-
erage values were obtained in Greece. In Belgium



Table 2: Description and characteristics of the frequency band measured by the exposimeters and the
proportion of measurements above the detection limit.

Proportion of meas. above

Band Frequency (MHz) Detection limit (V/m) detection limit (%)
Belgium  Greece

FM 88 — 108 0.050 18 49
DAB 174 — 223 0.020 21 20
TETRA 380 — 400 0.010 3 3
DVB-T/TV 470 - 830 0.010 45 44
GSM900 UL 880 - 915 0.005 4 29
GSM900 DL 925 - 960 0.005 90 95
GSM1800 UL 1710 - 1785 0.005 25 27
GSM1800 DL 1805 — 1880 0.005 a7 96
DECT 1880 — 1900 0.005 54 61
UMTS UL 1920 - 1980 0.005 2 7
UMTS DL 2110 - 2170 0.005 o1 47
WIFI 2G 2400 - 2500 0.005 24 42

FM = frequency modulation, DAB = Digital Audio Broadcasting, DECT = Digital Enhanced Cordless
Telecommunications, DL = downlink i.e., communication from base station to mobile phone, GSM = Global System
for Mobile Communications, GSM900 = GSM at 900 MHz, GSM 1800 = GSM at 1800 MHz, PMR = Personal mobile
Radio, TETRA = Terrestrial Trunked Radio, TV = television, UMTS = Universal Mobile Telecommunications
System, UL = uplink i.e., communication from mobile phone to base station, WiFi 2G= wireless ethernet for Wireless

Local Area Networks at 2.4 GHz

DECT and WiFi 2G were on average 0.2 V/m. The
highest average field values in homes were due to
the DECT signal and equaled 0.2 V/m and 0.3 V/m
in Belgium and Greece, respectively.

In Belgium, higher values were measured for
GSM DL at 900 MHz and 1800 MHz than for the
more recent telecommunication signal UMTS DL
in all microenvironments. In Greece, average field
levels of GSM DL and UMTS DL were comparable
(about 0.06 V/m).

Figure 2 shows the empirical cumulative distri-
bution functions (cdf) of the total exposures (cu-
mulative of all RF signals) for the different (in-
door) environments in Belgium ((a) and (b)) and in
Greece ((c) and (d)). In both countries, exposure
depended on the environment and increased with
increasing population density (Figures 2(c) and (d).
In more dense environments exposure was typically
higher because more RF signals were present in
these environments. With respect to the type of
indoor microenvironment, no significant differences
are observed in Belgium (Figure 2(a)), whereas in
Greece the highest exposure was meaured in offices
followed by creches and homes, and schools. In one

Belgian office, total exposures were strongly domi-
nated by the TV signal. This value is omitted from
the CDF to enable visual comparison (Figures 2(a)

and (b)).

Power density contributions per indoor en-
vironment

Figure 3 shows the average contribution (AC) of the
power density (in %) of each signal to that of the to-
tal signal per indoor microenvironment in Belgium
(a) and Greece (b).

Downlink signals from mobile communications
systems (Greece GSM1800: up to 25.6% on av-
erage, Belgium GSM900: up to 36.6 % on average)
and from indoor systems (Greece WiFi 2G: up to
30.1% on average, Belgium DECT: up to 36.2%
on average) contributed the most to the total ex-
posure. The GSM900 DL signal contributed in Bel-
gium on average more than 20 % to the total value
at every location. The GSM1800 DL and UMTS
DL signals contributed less than GSM900: their
contributions were lower than 5% in every envi-
ronment.
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Figure 2: Cumulative distribution function (CDF) of total exposure for different microenvironments and
different environments in Belgium (a), (b) and in Greece (c), (d) (maximal value in one Belgian office is
omitted to avoid skewing of the distribution and enable visual comparison).



In homes, the main contributions to the to-
tal field were due to indoor sources: DECT con-
tributed in Belgium on average for 36.2% and in
Greece for 28.2%. In Belgium average contribu-
tions for DECT were significantly lower in schools
(4.4%) compared to other indoor environments:
the DECT base stations were only occasionally en-
countered in schools where they are placed in the
corridors.

Higher average contributions for WiFi 2G were
produced in Belgian office (13.6%) and home
(6.7%) environments. In other indoor environ-
ments WiFi 2G contributed less than 5%. On the
contrary, in Greece WiFi 2G contributed the most
in home (30.1 %) environments.

For the broadcast signals, the main contribution
in all indoor environments was due to FM (up to
58.3 % in Belgium and 43.0 % in Greece), except for
TV in Belgian offices (32.0%). In Belgium at ev-
ery location average contributions for TETRA and
PMR are limited to 0.4 %.

Temporal measurements
Time evolution of exposures

To visualize the temporal exposures, the time-
evolution of each signal, obtained in the same mi-
croenvironment, were averaged per time-interval of
30 min and normalized to the maximum value. Fig-
ure 4 shows the time evolution of the total signals
during 24 hours for the different indoor microen-
vironments in Belgium (Figure 4(a)) and Greece
(Figure 4(b)). In addition, Figure 5 shows the
course of GSM900 DL, which is still the dominating
telecom signal.

In all indoor environments main temporal varia-
tions are due to mobile telecommunication signals
as these dominate total exposures. In offices, the
time-evolution of the total signal is also influenced
by TV signals (next to the telecom signals) and
in créches (Belgium) and homes by indoor signals
(DECT and WiFi 2G).

Daily exposure variations are also clear from Fig-
ures 4 and 5. Highest values for the total expo-
sure (sf closest to 1 in Figure 4) were obtained
around noon in offices (10am — 4pm), whereas in
homes highest values occured in the evening (8 pm
— 12pm) due to indoor signals and the use of mo-
bile phones at home. For schools and créches in
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Belgium and Greece different time-evolutions were
found: in Belgian schools and in Greek créches
maximal exposure occured in the late afternoon
(5pm — 9pm), and in Belgian créches and in Greek
schools highest values were obtained around noon
(lI0am — 2pm). Figures 5(a) and (b) show that
exposure to GSM900 DL increased at two time in-
stants during the day, namely around 9am — 2 pm
and around 4 pm — 9 pm.
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Figure 4: Temporal variations (scale-factor) over
24 hours of total signals in schools, créches, offices
and homes in (a) Belgium and (b) Greece (time in
absolute hours: e.g., "0" hour means midnight).
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Figure 5: Temporal variations (scale-factor) over
24 hours of GSM900 telecommunication signals in

schools, créches, offices and homes in (a) Belgium11

and (b) Greece.

Table 2 provides the proportions of measure-
ments above the detection limit of the exposimeter
for each frequency band in Belgium and Greece.
Except for GSM900 UL, the percentages in both
countries agreed well. Proportions ranged from 3 %
(TETRA, Greece) to 90 % (GSM900 DL, Belgium).

Figures 6(a) and (b) show the average varia-
tions of the temporal evolution per signal and
per indoor microenvironment in Belgium and in
Greece, respectively. Also the variations for the
total (cumulative) exposure (denoted as “total”)
are presented. Highest total variations (varavg)
in Belgium occured in créches (39.3%), followed
by homes (31.2%), schools (24.6 %) and offices
(14.6 %), whereas in Greece highest total varia-
tions (varavg) occured in homes (58.2 %), followed
by schools (49.6 %), offices (41.2%) and créches
(37.5%). Highest variations in Belgium were ob-
tained for DAB (schools), and WiFi 2G (créches)
and in Greece for DECT (créches and homes),
UMTS DL (schools) and WiFi 2G (offices).

For the broadcast signals, highest variations were
obtained for the DAB signal (49.4%) in Belgian
schools and for the TV signal (37.0%) in Greek
offices. In both countries, variations for FM are
in general lower than for the telecommunication
signals (UMTS). The use of data communication
within UMTS-HSDPA networks can cause high
variations of the field values (Mahfouz et al., 2011).

For indoor signals, variations higher than 30 %
occurred for DECT and WiFi 2G except for DECT
(27.2%) in Belgian offices and WiFi 2G (12.1 %) in
Greek schools.
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Figure 6: Average variation (varavg) of time-
evolution for various RF signals at different mi-
croenvironments in (a) Belgium and (b) Greece
(TETRA in Belgium and Greece and DAB in
Greece are not shown because of insufficient data).

Estimation of maximal exposure using tem-
poral data and validation

To obtain the maximal electric-field value instan-
taneous narrowband measurements are multiplied
with the inverse of the scale factor at the time
instant of the narrowband measurement. Figures
7(a) and (b) present the maximum estimated field
values of different signals per indoor microenviron-
ment in Belgium and in Greece, respectively. Af-
ter applying the corresponding scale factor to the
instantaneous narrowband measurements, the ob-
tained electric-field strengths still satisfy the IC-
NIRP guidelines. The standard deviations, aver-
age, and maximal measured field values used for
the extrapolation are provided in Table 3.

This extrapolation approach is validated by per-
forming continuously narrowband measurements
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Figure 7: Maximum extrapolated electric-field

strengths of the instantaneous narrowband mea-
surements performed at different microenviron-
ments in (a) Belgium and in (b) Greece.

in parallel with temporal exposimeter measure-
ments. The narrowband measurements were pro-
cessed identically as the exposimeter measurements
(i-e., 95th percentile value for each 30-min inter-
val). On average, relative deviations of 30.0 % were
obtained for GSM900 DL and 17.1% for UMTS
DL in Belgium. These deviations are acceptable
when considering the measurement uncertainty of
the narrowband setup and the exposimeters (Sec-
tion 2.2).

Discussion

Strength and limitations

This paper is the first one to assess both spatial and
temporal exposure for indoor environments where
children reside. Our study offers a comparison of
RF-EMF exposure in schools, créches, homes, and



offices. Few literature was available about (child
and adult) exposure in indoor microenvironments.

A method to assess spatial and temporal indoor
exposure of children and adults was proposed with-
out involving any human subjects in the measure-
ments. Maximal daily exposure was assessed by
combining instantaneous spatial exposure and tem-
poral data. This extrapolation approach was val-
idated in Belgium and Greece. Derived exposures
are proxies for instantaneous and maximal child
and adult exposure in indoor environments during
a day.

The measurements in the two countries occurred
following a joint protocol namely, broadband mea-
surements, followed by narrowband measurements
and temporal measurements with exposimeters.
The settings of the equipment were exactly the
same. So, study design was performed jointly
and similar. There were some differences (e.g.,
in Greece, 7 additional narrowband measurements
were performed in the middle of the room) but
these were not considered in this study.

The exposimeters were placed at various posi-
tions in the investigated rooms and were stand-
ing alone. They were thus not worn by children
or adults and therefore, no consent of parents was
needed. Also no influence due to shielding occured,
like when exposimeters are carried on the body (un-
derestimations up to 6.5 dB are possible according
to Iskra et al. (2010)).

However, limitations still exist. Changing the
batteries of the exposimeters can cause incorrect
fluctuations of the electric-field strength. There-
fore, to eliminate those fluctuations, data samples
were grouped in measurement periods that corre-
spond to one set of batteries. Then the data sam-
ples were normalized per measurement period. An-
other limitation is that some of the results are based
on only a limited number of different indoor mi-
croenvironments. For example for offices, the mean
values in Greece and Belgium are based on only 5
and 3 offices, respectively. Such results may thus
not be representative for the whole study area.

Interpretation

Mobile telecommunications were present in all en-
vironments together with radio broadcasting, as
reported in Joseph et al. (2010) and Frei et al.
(2009). Except for classrooms of schools in Bel-
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gium, DECT was present at 75% or more of the
considered measurement positions. The highest
values for DECT were measured in homes (Emax
= 0.7V/m) and the lowest values in schools (Emax
= 0.2V/m). This can be explained mainly due to
the fact that no DECT base stations were present
in classrooms (in contrary to rooms at other indoor
microenvironments).

In Belgium, higher values were measured for
GSM (900 and 1800) than for the more recent
telecommunication signal UMTS DL in all indoor
microenvironments because in Belgium GSM is cur-
rently more used. In Greece this was not so clear.
Comparing to Belgium, higher values for UMTS
DL were found in all indoor microenvironments.

In Belgium, the high exposure of the TV (DVB-
T) signal at an office was caused by the presence
of line-of-sight TV antennas mounted on an oppo-
site office building. In Greece, high values for FM
and TV were obtained in suburban environments,
because broadcasting antennas are located close to
the areas where the suburban measurements were
conducted.

Temporal data were divided into intervals of
30 minutes taking human exposure standards into
account. In all indoor environments the time-
evolution of the total signal during 24 hours was
due to the dominating signals: this explains why
temporal variations were mainly due to variations
of mobile telecommunication signals. Besides these
signals, variations in créches were also caused by
DECT and WiFi 2G, while in offices variations were
also caused by the broadcasted TV signal, which
varies less and therefore results in lower variations
of the total signal. In Belgian créches, peak values
were frequently measured with the exposimeters
before noon. These peaks might be attributed to
microwave ovens present in the considered rooms,
and explain some of the the high variations for WiFi
2G (Figure 6(a)) and the higher total exposure be-
fore noon in créches (Figure 5(a)).

Spatial exposure

Highest exposures were found in urban environ-
ments and the lowest in rural environments. This
agrees with the field distributions presented in
Tomitsch et al. (2010) and Joseph et al. (2012).
The median exposures of Joseph et al. (2012)
(0.1V/m for GSM900 DL, 0.04 V/m for GSM1800



DL, 0.03V/m for UMTS DL) are of the same order
for those signals in the different indoor microenvi-
ronments considered here.

Exposures in schools and kindergartens were up
to now only assessed in Juhédsz et al. (2011)
and Khalid et al. (2011). Higher electric-field
values due to WiFi 2G were also measured in
kindergartens compared with the values obtained in
schools (Juhéasz et al., 2011). However, this trend is
explained by the contributions of microwave ovens
present, in kindergartens. Higher exposures in of-
fices than in homes were also reported in Frei et
al. (2009) and Joseph et al. (2010). Also simi-
lar contributions for TV (30.3 % versus here 31.6 %
in Belgian offices) and for GSM900 (28.7 %) were
obtained.

Average DECT contributions obtained in this
study are 36.2% in Belgian homes and 28.2% in
Greek homes, and 21.1% in Belgian offices. This
agrees well with DECT indoor average contribu-
tions of 28.9 % in Joseph et al. (2012) and of 32.6 %
(homes) and 24.1 % (offices) in Frei et al. (2009).

Finally, Tomitsch et al. (2010) measured expo-
sures in bedrooms of residences. The values re-
ported here (on average total exposures of 0.32 V/m
in Belgian homes and 0.43V/m in Greek homes,
Table 3) are comparable with those of Tomitsch
et al. (2010) where median values in bedrooms of
houses of 40.3uW/m2 (0.12V/m) for the RF fre-
quency range, were obtained. The majority of the
houses in Tomitsch et al. (2010) were located in
rural areas (154 of the 226 houses), explaining the
slightly lower average exposures than in this study.
Tomitsch et al. (2010) also reported higher values
due to mobile telecom signals and DECT.

Temporal exposure

Existing literature and procedures about temporal
exposure is scarce. In Joseph et al. (2009), Joseph
and Verloock (2010), and Manassas et al. (2012)
higher field values were found for telecommunica-
tion signals during daytime than at night due to
the presence of traffic. This can also be seen from
the time-evolution obtained in this study (Figures 4
and 5). Daily variations are due to mobile telecom-
munications and can be attributed to the operation
of mobile phone networks, which causes day and
night fluctuations in the electric field (Joseph and
Verloock 2010; Mahfouz et al., 2011; Manassas et

14

al., 2012). Manassas et al. (2012) investigated diur-
nal variations of fields due to broadcasting and mo-
bile telecommunication and provided median vari-
ations of 20.2% and 33.8% for broadcast signals
and telecommunication signals, respectively. Vari-
ations of the same order (on average for total expo-
sures up to 40 % in créches, Figure 6) were found
in our study. In Joseph and Verloock (2010), Er-
lang data (representing average mobile phone traf-
fic intensity during a period of time) was related
to RF exposure using temporal measurements dur-
ing a week. Mahfouz et al. (2011) compared real
exposure with the maximal estimated exposure to
characterize the ratio between daily and maximum
theoretical exposures. Based upon the traffic vari-
ation during 1 day, a general mask was found for
GSM900, GSM1800, UMTS, and HSDPA, showing
periods of little traffic or low-traffic hours (1am —
6am) and rush hours (12pm — 2pm and 5pm —
9pm). The time-evolution for GSM900 DL in dif-
ferent indoor environments (Figure 5) agrees well
with this general mask.

Conclusions

Our study assessed spatial and temporal RF expo-
sure at typical indoor microenvironments (schools,
créches, offices and homes) in Belgium and Greece.
Furthermore, a method was presented to extrapo-
late instantaneous exposure to maximal daily ex-
posure, combining spatial field values and 24 hour
time-evolution of the electric fields. It was found
that all instantaneous and maximal exposures satis-
fied international exposure limits. Mobile telecom-
munications were most present in all indoor mi-
croenvironments together with radio broadcasting
(FM). In both countries, highest average exposures
were found in office environments (1.1 V/m in Bel-
gium and 0.7V /m in Greece) and lowest in homes
(0.3V/m in Belgium and 0.4V /m in Greece) and
in schools (0.4V/m in Greece). Exposure in of-
fices was mainly due to mobile telecommunications
whereas in home environments, DECT and WiFi
2G were the dominating sources. In homes, the av-
erage contribution to the total electric-field values
was more than 28 % for DECT and 6.7 % (Belgium)
and 30.1 % (Greece) for WiFi 2G. Highest electric-
field values were obtained in urban environments
and lowest in rural environments. Concerning the



temporal measurements, the time-evolution of the
total signal over 24 hours is mainly due variations
of mobile telecommunication signals in all indoor
microenvironments. In offices, the time evolution
of the total signal is also influenced by TV signals;
in créches (Belgium) and homes by indoor signals
(DECT and WiFi 2G). Variations of the total sig-
nal are highest in Belgian créches (39.3%) and in
Greek homes (58.2%).
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