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ABSTRACT Recently, the monitoring of the radiofrequency electromagnetic field (RF-EMF) exposure
induced by cellular networks has received a great deal of attention. In this work, a set of 70 microenvi-
ronments (MEs) located in urban and rural areas are selected in France under, on the one hand, the French
Beyond5G project, and on the other hand, the 5G expOsure, causaL effects and rIsk perception through
citizen engagement (GOLIAT) EU project. The purpose of this study is to assess the RF-EMF DL exposure
in residential areas, downtowns, business areas, train stations, and public transport rides. For that, we employ
the personal ExpoM-RF4 dosimeter placed inside a backpack to perform the measurements in different MEs.
To take into consideration the effect of the presence of the human body near the dosimeter, we propose
a correction approach that is mainly based on comparing the measurements given by ExpoM-RF4 to the
ones provided by a reference system using the Tektronix real-time spectrum analyzer (RTSA) far from the
body. Then, we use metrics, such as the quadratic mean, standard deviation, and median of the electric (E)
field to carry out a comparative study between different MEs with different RF bands. It was found that
the RF-EMF exposure levels for all MEs are well below the maximum allowable exposure limit prescribed
by the International Commission on Non-Ionizing Radiation Protection (ICNIRP). In addition, we perform
clustering analyses using the K-Means technique to group the MEs with comparable exposure levels. The
results show that the exposure level is low, but generally higher in MEs located in Paris than in the other
considered areas (i.e., Massy and three villages, namely Igny, Bures-sur-Yvette and Gif-Sur-Yvette). For
example, we observe that outdoor MEs can be grouped into three clusters, where the average total E fields
(ATEFs) are 0.77 V/m, 0.35 V/m, and 0.08 V/m for the MEs belonging to the first, second and third clusters,
respectively. Note that the first cluster here mainly contains the MEs located in Paris. This can be explained
by the important number of antennas deployed in that area to serve the huge amount of users.We also observe
few locations with exceptions confirming the presence of heterogeneous environments in the vicinity of some
areas. For instance, threeMEs in Paris among fifteen have an exposure level similar toMassyMEs in outdoor
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areas. The clustering of MEs located in transport station, and moving transport also show similar results. Finally,
we see that the ATEF in a shopping center and a university in Paris have the highest exposure values comparing to
others located in Massy and villages. This also due to the considerable number of deployed antennas in Paris.

INDEX TERMS RF-EMF down link exposure, radiofrequency, k-means clustering technique.

I. INTRODUCTION
Wireless technologies have undergone significant develop-
ment, driven by increasingly demanding users in terms of
throughput and quality of service [1]. This development
has been ongoing since the 90s, and is associated with the
widespread deployment of base stations [2]. The cellular
infrastructures enable the target performance to be achieved,
thanks to the emission of RF electromagnetic fields over
various frequency bands and the evolution of communication
protocols (2G, 3G, 4G and 5G). Despite such a massive
use of mobile phones (e.g. in France 87% of the 12 years
old are using mobile phones [3], [4], risks perception have
arisen, linked to the potential negative impact on human
health of exposure to RF-EMFs [5], [6], [7]. This is despite
existing protective limits that have been established by
the International Commission on Non-Ionizing Radiation
Protection (ICNIRP) [8].

Because of the continuous deployment of base station
antennas to better serve users and offer a good quality of
service, monitoring the exposure linked to RF-EMF is often
requested and has therefore been assigned to the objectives
of the European Union (EU) call ‘‘HORIZON-HLTH-2021-
ENVHLTH-02-01’’ [9]. Four projects have been selected
(SEAWave, GOLIAT, ETAIN and nextGEMS) and have,
in line with the call, to monitor the RF-EMF exposure
induced by cellular networks in the European countries.
In GOLIAT [10], MEs in various areas were defined in many
European countries to characterize the RF-EMF exposure.
They are selected based on population density, and activity
of cellular network. This is also in line with the objective of
the world health organization (WHO) which encourages the
characterization of human exposure to RF-EMFs in different
countries [11]. For each ME, the ExpoM-RF4 [12] personal
dosimeter is used to measure to RF in terms of electric
(E) field. The portable device realizes almost continuous
monitoring (sampling time is 6.1s) of RF-EMFs in different
frequency bands, including 700, 800, 900, 1800, 2100,
2600, and 3500 MHz. However, dosimeter measurements are
affected by the presence of the experimenter’s body [13],
[14]. In fact, instead of measuring the actual incident fields,
the dosimeter allows measuring the electric fields affected
by the presence of the body and consequently leads to
uncertainties in measuring the actual incident fields. For
that reason, several experiments are carried out to address
this issue by performing on-body calibration of dosime-
ters [15], [16], [17]. For example, in [18], the authors have
proposed a multi-band body-worn distributed exposure meter
for simultaneous measurement of the incident power density

in 11 frequency bands, where on-body calibration is done
inside an anechoic chamber in order to improve the
measurement accuracy of incident RF-EMFs on-body. This
kind of calibration has demonstrated its effectiveness in
outdoor environments, where the incident fields can be seen
as specular components [19].
To the best of the authors’ knowledge, this paper presents,

for the first time, an EMF DL exposure assessment study
in 70 MEs in France located in five areas of interest based
on population density and and activity of cellular network.
It includes one large city, one smaller city, and three villages
in rural areas. The goal is to assess EMF Down Link (DL)
exposure (i.e., the EMF field emitted by base station and
used to link the base station antenna and mobile antenna)
coming from residential areas, downtowns, business areas,
train stations, and public transport rides in these five areas.
To this end and following the GOLIAT protocol, we use the
personal ExpoM-RF4 dosimeter hold in a backpack to carry
out the measurements in different MEs. This way of holding
the ExpoM-RF4 requires taking into consideration the effect
of the presence of the human body near the dosimeter
that obviously affects the antenna pattern and the Antenna
Factor [20], [21]. Then, we propose a correction approach
that is mainly based on comparing the measurements given
by ExpoM-RF4 to the ones provided by a reference system
using the Tektronix RTSA [22] far from the body. This
approach allows to determine the correction coefficients for
each frequency band. Thereafter, we apply the corresponding
correction factor to the total number of measurements in
all MEs. Statistical analyses, using quadratic mean, standard
deviation and median of the E field are used to carry out
a comparative study between different MEs with different
RF bands. We also perform clustering analyses using the
K-Means technique to group the MEs with comparable
exposure levels.

The remainder of this paper is organized as follows.
First, we describe the selected MEs in France in Section II.
In section III, we present the proposed ExpoM-RF4 cor-
rection approach followed by clustering analysis using
the K-Means technique is carried out to group the MEs
with comparable exposure levels. Finally, in Section IV,
we conclude the paper with some discussions.

II. SELECTED MICRO-ENVIRONMENT IN FRANCE
As explained in the introduction, ExpoM-RF4 [12] is used
as a personal dosimeter to assess RF-EMF exposure from
legacy, current, and newly introduced technologies. For
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TABLE 1. Description of each ME in the largest city ‘‘Paris’’, secondary city ‘‘Massy’’ and Villages ‘‘Gif-Sur-Yvette’’, ‘‘Bures-Sur-Yvette’’ and ‘‘Igny.’’

that, in EU project GOLIAT [10], small-scale environments
are selected from larger environments. We refer to these
environments as micro-environments. In such a context,
a micro-environment is a residential area, downtown, busi-
ness area, train station, and public transport ride (e.g., train,
bus, tram). In the following, we will describe the selected
micro-environments in France. The measurements of this
study are carried out by 5 experimenters in walking mode.
In total, we considered five study areas based on population
density: one large city, one smaller city, and three villages.
A total of 70 MEs are selected. For each ME, three scenarios
are considered where a mobile phone equipped with an add-
on RF-EMF sensor is placed on top of the backpack to
mimic the auto-induced exposure caused by one’s personal
phone. In the following, we describe the considered ‘‘non-
user’’ scenario defined in the EU GOLIAT project, where the
mobile phone is set to flight mode and consequently we only
measure environmental DL and UL exposure not affected by
the user’s phone.

In this paper, our goal is to characterize the environmental
DL exposure in France. The experimenter walks in a specific
ME/stays inside a moving means of transport for about
15 minutes. With a standard walk at 3.6 km/h, each route’s
length is about 1 km.

In Table 1, we present differentMEs for the five considered
study areas. As seen from those tables, we select Paris and
Massy as large and smaller cities, respectively, and Gif-sur-
Yvette, Bures-sur-Yvette, and Igny as villages. In this study,

our purpose is to characterize the environmental DL exposure
in France with the ‘‘non-user’’ scenario.

III. EXPOSURE ASSESSMENT
A. MEASUREMENT PROTOCOL
Usually, the RF-EMF exposure assessment induced by cellu-
lar base stations is often carried out using a spectrum analyzer
and a three-axis antenna. Such an approach is accurate but
quite difficult in crowded area such as public transportation.
In our case, the RF-EMF exposure measurements are
conducted using a personal dosimeter held in a backpack.
This personal dosimeter performs a frequency-selective
analysis using hardware filters. It is placed in a case to
prevent movement during the measurements as shown in
Figure 1. This case is then packed in a backpack, that is worn
while measuring. The dosimeter selected in the GOLIAT
project, namely ExpoM-RF4 [12], is used by all the involved
partners. The main advantage of this personal dosimeter
is its portability. While a spectrum analyzer (SA) such as
RTSA from Tektronix [22], based on Fourier transform,
allows changing the frequency band analyzed, ExpoM-
RF4 is a frequency-selective measurement system based on
fixed frequency bandwidth filters of 35, 75 or 100 MHz.
Using ExpoM-RF4, data is continuously sampled for the
measurement duration of 50 ms per band. Thereafter, the
root mean square (RMS) value of the signal is computed
by the digital signal processing stage and stored in memory.
Accordingly, it has the ability to measure a broad frequency
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FIGURE 1. Way of holding the dosimeter by the experimenter: (a) placing
the dosimeter in a case, (b) packaging the case in a backpack and
(c) carrying the backpack.

FIGURE 2. ExpoM-RF4 position relative to the human body.

range from 50 MHz up to 6 GHz and offers the measurement
of 35 pre-defined bands used by 2G, 3G, 4G, and 5G
technologies for both uplink (UL) and DL. Measurements
can be done every 6.1 s including global positioning system
(GPS) localization information.

B. ExpoM-RF4 CORRECTION APPROACH CONSIDERING
THE HUMAN BODY
The presence of the human body near ExpoM-RF4 affects
the antenna pattern as well as the antenna factor [20],
[21] and consequently a correction approach is needed to
take into account this effect (see Figure 2). To this end,
we proposed to carry out measurements along a circle and
compare them to reference measurements performed using
frequency-selective Tektronix measurements. In Figure 3,
we present the details of the used approach for determining
the correction coefficients for different frequency bands.
In fact, we mount the measurement probe (TAS-1208-01)
[23] on a tripod at a height of 1.5 m above the ground. This
probe is considered as a measurement system of reference
and allows performing RF-EMF measurements on the three
orthogonal polarizations (X, Y, and Z) from 9 kHz to 6 GHz.
It is connected to a RTSA (RSA306B from Tektronix) [22].
Here, a switch is used to alternate between the different three
orthogonal polarizations.

FIGURE 3. Consideration of the presence of the human body for
ExpoM-RF4 measurements.

In this work, we configure the Tektronix spectrum analyzer
to record the three polarizations over a large frequency
band covering 700-3800 MHz that includes all RF bands
used by different existing cellular wireless technologies. For
this considered wide frequency band, the record of one
measurement over the 3-axis using the Tektronix lasts about
0.8 s. For a given DL band f , the resulting isotropic E field
strength of the three ports can be expressed as

Ef =

√√√√√ 3∑
p=1

E2
fp , (1)

where Efp represents the E field strength at frequency f
associated to the port p. After placing the tripod in the center
of a circle with a radius of 1.5m and far from the existing base
stations, we conducted measurements with seven different
experimenters in order to average out the variability of body
absorption. Each person wears the backpack containing the
ExpoM-RF4 and walks around the reference system for
3 minutes.

Consider ND the total number of measurements performed
by the seven experimenters using the Tektronix (T ) or
ExpoM-RF4 (E) device (i.e., D = {T ,E}), the correction
coefficients for each DL frequency band f is given by

αf =
µT ,f

µE,f
, (2)

where µD,f is the average electric field measured by the
device D = {T ,E} for the frequency band f and given by
the quadratic mean of the collected ND independent samples
of electric field strength En,f , n = 1, . . . ,ND. It is expressed
as follows

µD,f =

√√√√√ ND∑
n=1

(
En,f

)2
ND

. (3)

In Table 2, we present the correction coefficients αf and
std for different DL bands. All the measurements given by
the ExpoM-RF4 are then corrected using those coefficients.
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TABLE 2. Correction coefficients and std for different DL bands.

The results in terms of the average electric field for all
MEs and different DL RF bands in V/m using the corrected
measurements are summarized in Table 3. We also present
the median of the electric field for all MEs and different DL
RF bands in V/m after applying the correction coefficients
in Table 4. One can clearly see that the maximum average
RF-EMF DL exposure levels in all MEs are well below the
ICNIRP [8] for all frequencies. For the sake of comprehensive
data analysis of the measurements in all studied MEs,
we propose to apply the K-Means technique to cluster the
MEs with similar exposure levels based on the average
E fields summarized in Table 3. To this end, we decided
to address separately the following three environmental
categories: i) outdoor, ii) transport station, and iii) moving
transport. Thus, we will apply the K-Means to determine the
clusters presented in the five considered areas for these three
environment categories. However, for the shopping centers
and universities, we propose to analyze the ATEF in different
areas as their numbers are limited (i.e., we have in total
5 shopping centers and 2 universities). In the following,
we present the descriptions and results of those analyses.

C. CLUSTERING ANALYSIS USING THE K-MEANS
TECHNIQUE
In this study, we adopt the K-means technique [24] to
firstly address the clustering of the RF-EMF measure-
ments in 33 outdoor MEs excluding public and transport
stations, i.e., ME1_P, ME2_P, ME4_P, ME5_P, ME6_P,
ME7_P, ME8_P, ME9_P, ME10_P, ME11_P, ME12_P,
ME13_P, ME14_P, ME15_P, ME1_M, ME4_M, ME5_M,
ME6_M, ME7_M, ME8_M, ME9_M, ME10_M, ME11_M,
ME12_M, ME1_G, ME2_G, ME3_G, ME1_B, ME2_B,
ME3_B, ME1_I, ME2_I, ME3_I. The purpose is to
determine the study areas that have comparable exposure
levels. This technique is computationally efficient compared
to Gillespie and Monte Carlo algorithms [25]. Here,
we consider a dataset S containing K 9-dimensional
observations. Hence,S = {ok | k = 1, . . . ,K } ,where ok = xk︸︷︷︸

ok1

, yk︸︷︷︸
ok2

,mk,1︸︷︷︸
ok3

,mk,2︸︷︷︸
ok4

,mk,3︸︷︷︸
ok5

,mk,4︸︷︷︸
ok6

,mk,5︸︷︷︸
ok7

,mk,6︸︷︷︸
ok8

,mk,7︸︷︷︸
ok9

 ∈

R9. xk , yk , and mk,i, i = {1, 2, . . . , 7} are the values of
the longitude and latitude of the walked midway for each
considered ME and the average of E field for different DL
bands 700, 800, 900, 1800, 2100, 2600, and 3500 MHz,
respectively. The clustering process aims to group the

observations in a dataset S into a specified number of
clusters C , with the goal of maximizing the similarity
of observations within each cluster and maximizing the
dissimilarity between clusters. This is achieved by iteratively
assigning observations to the closest cluster centroids and
updating the centroids until their positions remain unchanged.
It is worth noting that the complexity of the K-Means
is significantly lower compared to the exhaustive search
algorithm. We present the K-Means process in Algorithm 5.
Its procedure begins by setting the iteration counter t ←
1 randomly choosing a number of C observations from S .
Thus, those later are considered as the C initial centroids,
denoted by gc, c = 1, . . . ,C . Thereafter, the Euclidean
distance is computed in step 2 in order to determine the
distance between each observation and the gc. The distance
between two observations o1 and o2 is given by

do1o2 =

√√√√ 9∑
i=1

(
o1i − o

2
i
)2

. (4)

Step 3 concerns the assignment of each observation ok to
the cluster Gc with a centroid nearest to it. Step 4 allows
to determine the new centroids of all the C clusters. The
K-Means technique is based on an iterative process leading
to changing the centroid positions of the C clusters until the
convergence is reached or a maximum number of iterations
is achieved.

Algorithm 1 Considered K-Means Algorithm
inputs : Number of clusters: C

Dataset: S = {ok | k = 1, . . . , k}
outputs : Clusters: Gc, c = 1, . . . ,C

1 init: Set the iteration counter to 1 (i.e., t ← 1) and
randomly choose C observations from S , and using
them as initial centroids, denoted by gc, c = 1, . . . ,C .

2 Using (4), compute the Euclidian distance between
each observation ok and the cluster centroids.

3 Assign each observation ok to the cluster whose
centroid is the closest to it.

4 Find the new centroids gc, c = 1, . . . ,C positions of
all the C clusters and set t ← t + 1.

5 Repeat steps 2-4 until the convergence is reached or a
maximum number of iterations is achieved.

In Figure 4, we present the results of the K-Means
clustering using 3 groups. It is seen that the exposure levels
in rural environments Gif-Sur-Yvette, Bures-sur-Yvette, and
Igny are similar. The two other clusters include MEs from
Paris and Massy. The ATEFs are 0.77 V/m, 0.35 V/m, and
0.08 V/m for the MEs belonging to the red, yellow and green
clusters, respectively. This can be explained by the number of
deployed antennas and the population presented in different
areas. One can also see that few locations with exceptions
confirming the presence of heterogeneous environments in
the vicinity of some areas.
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TABLE 3. Average and std of the electric field in (V/m) for all MEs.
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TABLE 4. Median electric field in V/m for all MEs.
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FIGURE 4. Classification of the outdoor measurements into three clusters
using the K-Means technique.

FIGURE 5. Classification of the transport station MEs into three clusters
using the K-Means technique.

We also adopt the K-Means to address the clustering
of the RF-EMF measurements in the 15 transport stations

FIGURE 6. Classification of the moving transport MEs into three clusters
using the K-Means technique.

MEs, i.e., ME18_P, ME19_P, ME20_P, ME21_P, ME22_P,
ME15_M, ME16_M, ME17_M, ME18_M, ME5_G,
ME6_G, ME5_B, ME6_B, ME5_I, ME6_I. In Figure 5,
we present the results of the K-Means clustering using
3 groups. It is also shown that the exposure levels in Gif-
Sur-Yvette, Bures-sur-Yvette, and Igny are similar. The two
other clusters are dedicated to Paris and Massy. The ATEFs
are 1.15 V/m, 0.39 V/m, and 0.08 V/m for the MEs belonging
to the red, yellow and green clusters, respectively. This is
generally in adequacy with the nature of environments and
population. Some exceptions are also observed here. For
example, the exposure level in Bercy metro station in Paris
is lower than other MEs in Paris and similar to the exposure
level in Massy as this station is located underground.

In addition, we adopt the K-Means to address the
clustering of the RF-EMF measurements in the 15 moving
transport MEs, i.e., ME_23P, ME24_P, ME25_P, ME26_P,
ME19_M, ME20_M, ME7_G, ME8_G, ME7_B, ME8_B,
ME7_I, ME8_I. In Figure 6, we present the results of the
K-Means clustering using 3 groups. Here, the ATEFs are
0.74 V/m, 0.33 V/m, and 0.14 V/m for the MEs belonging
to the red, yellow and green clusters, respectively, where the
highest exposure level is observed in Paris. Note that the
exposure level inside the moving metro L4 in Paris is lower
than in the train, bus, and tram since the coverage is weak
underground. It is also observed that trains at Igny and Bures
present the lowest exposure level.

In Figure 7, we present the ATEF for different shopping
centers located in the considered areas. One can see that the
highest level is present at Bercy 2 in Paris (i.e., ME17_P).
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FIGURE 7. ATEF for different shopping centers.

FIGURE 8. ATEF for different universities.

FIGURE 9. CDFs of all considered frequency bands for different
universities.

In fact, the ATEF at Bercy 2 is 1.2 V/m, while the ATEF
values are less than 0.34 V/m at the other locations.

Figure. 8 shows the ATEF inside two different universities.
The results show that the exposure level is higher at Paris
University (i.e., ME16_P) than at the one located in Massy

(i.e., ME13_M). To confirm this result, we plot in Figure 9 the
cumulative distribution functions (CDFs) of all considered
bands for these two universities. It is clearly shown that the
E field is higher at the university located in Paris for all
considered frequency bands.

IV. CONCLUSION
This paper presents an EMF DL exposure assessment
study in 70 MEs in France located in five study areas
based on population density covering one large city, one
smaller city, and three village/rural areas. To this end and
in accordance with the GOLIAT protocol, the personal
ExpoM-RF4 dosimeter is held in a backpack to perform
the measurements in different MEs. Thereafter, a correction
approach is proposed that is mainly based on comparing the
measurements given by ExpoM-RF4 measurements based
on reference measurements performed using the Tektronix
RTSA far from the body. This approach allows to determine
the correction coefficients that are used to correct the
measurements across all MEs for each frequency band.
A comparison of several MEs with various RF bands
is conducted using metrics like quadratic mean, standard
deviation, andmedian of the E field. RF-EMF exposure levels
were found to be well below the ICNIRP prescribed limit
for all MEs. To group the MEs with similar exposure levels,
we also conducted clustering analyses using the K-Means
method. The results have shown that the highest exposure
level is observed in MEs located in Paris. This can be
explained by the important number of antennas deployed in
that area to serve the huge amount of users. We also observed
that the exposure level in Massy is higher than the ones in
the considered villages (Igny, Bures-sur-Yvette and Gif-Sur-
Yvette). Some exceptions are seen confirming the presence
of heterogeneous environments in the vicinity of some areas.
For example, the results have shown that three MEs in Paris
among fifteen have an exposure level similar to Massy MEs
in outdoor areas. Future work will consist of extending the
analyses of measurements in different MEs that are carried
out in different EU countries. Another important research axis
is related to the characterization of the UL exposure. Note that
the assessment of UL power emission involves the utilization,
for instance, of Nemo or Qualipoc systems, which are ‘‘trace
mobile’’ solutions offered by Keysight and Rohde & Schwarz
companies, respectively. These systems employ specialized
software installed on mobile phones to capture communi-
cation data, including emitted power, frequency utilization,
and throughput. Notably, the UL power averaged over time
is not directly provided by the trace mobile solutions. Con-
sequently, assessing this metric requires a specific process
dependent on the software employed by the trace mobile sys-
tem. The dedicated measurement protocol and the analyses
of UL measurements is planned for future investigation.
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