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ARTICLE INFO ABSTRACT

Keywords: Introduction: Over the past two decades, the amount of transmitted mobile data has increased rapidly. It is un-
RF-EMF exposure known whether the implementation of the new technologies enabling this has resulted in changes of outdoor
Time trends

radio-frequency electromagnetic fields (RF-EMF) exposure. Therefore, microenvironmental measurements were
used to investigate temporal trends in RF-EMF exposure between 2016 and 2023, in the Netherlands,
Switzerland, Belgium and Spain, following a similar protocol across campaigns. Microenvironmental measure-
ments refer to exposure measurements performed at predefined small areas that have been differentiated with a
specific function in that particular area. This allowed us to compare exposure trends between countries and
years.

Methods: The data was collected as part of the ACCEDERA (2016-2018), ETAIN (2023), and GOLIAT (2023)
projects, walking repeatedly the same routes with RF-EMF exposimeters. Identical microenvironments were
identified in each country and measurements of the exposure from mobile base stations, mobile phones and the
total exposure were compared across years.

Results: Comparing measurements between 6 and 14 unique microenvironments in each country, our data did not
suggest significant changes in the exposure from the mobile base station origin (total downlink exposure) be-
tween baseline measurements in 2016 to follow up and 2023 for the four countries. Across all countries and years
the median values of the mobile base station exposure ranged from 0.11 mW,/m? (Switzerland, 2023) to 0.62
mW/m? (Netherlands, 2018). There was no consistent trend in the individual microenvironments across the
countries.

Conclusions: Our measurements of RF-EMF outdoor exposure levels across included microenvironment groups do
not indicate change in exposure levels between 2016 and 2023 despite an increase in mobile data traffic by a
factor of 8 in Western Europe!.

Microenvironmental study
Non-ionizing radiation
Temporal exposure assessment
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L. Belackova et al.
1. Introduction

Over the past two decades, mobile communication technologies have
advanced rapidly. Currently, new generations of communications
technology, like 5G, co-exist with legacy generations, in particular 3G
and 4G/long term evolution (LTE), which have not yet been phased out.
Additionally, rapid advancements have been achieved in coverage: For
example, 4G network coverage doubled between 2015 and 2022,
reaching 88 % of coverage area worldwide (ITU, 2022). Mobile data
traffic increase requires the implementation of a dense network of base
stations as part of the transition to 5G mobile telecommunications (Aerts
et al., 2023). The most notable technological advances in 5G network
base stations are the use of beamforming and beam steering, allowing
dynamic adjustment of the signal energy in specific directions (Aerts
et al., 2023). It is unclear whether these technological developments
have introduced changes in exposure patterns of radiofrequency elec-
tromagnetic fields (RF-EMFs) in public spaces.

To fully deploy 5G, countries have allocated new frequency bands,
specifically the 700 MHz band and the 3.6 GHz band (Khwandah et al.,
2021; European Commission). In 2016, the EU adopted a plan to start
rolling out 5G services in all member countries in 2020; with the aim to
achieve coverage of all populated areas by 2030 (European
Science-Media Hub). The 5G rollout and implementation process differs
between European countries: Spain was one of the first EU countries to
start rolling out 5G, and local mobile operators launched the first 5G
services in autumn 2020 (European Commission). At the same time,
Belgium delayed its 5G rollout and auction of new frequency bands to be
used for 5G services (European Science-Media Hub). Nonetheless, by
2024, implementation was underway in all EU countries, and most of the
pioneer 700 MHz and the 3.6 GHz bands had been allocated to operators
(CEPT ECC Report 303).

To date, only a few studies have examined whether and to what
extend these changes affect RF-EMF exposure levels, and available re-
ports have either been performed in single countries e.g. Greece
(Manassas et al., 2023), Switzerland (Loizeau et al., 2023), Norway
(Markussen et al., 2022), Australia (Bhatt et al., 2024), or using localized
measurements with stationary broadband sensors (lakovidis et al.,
2022), or a combination of the above that might not be representative
for other locations and times. To the best of our knowledge, insight into
general changes of RF-EMF exposure patterns over time is still scarce.

Microenvironmental studies have been applied to characterize out-
door RF-EMF levels and have proven useful in representing exposure
levels in defined microenvironments (Sagar et al., 2016). Microenvi-
ronments are defined as small areas with distinct local characteristics e.
g. city centre, residential area or industrial area. A validated method for
such measurements has been developed previously (Sagar et al., 2016;
Thielens et al., 2018). To achieve replicability and a representative
measurement sample for each outdoor microenvironment, a trained
researcher walks a predefined path taking measurements for at least 15
min in each microenvironment. In this study, we used repeated micro-
environmental measurement campaigns to investigate temporal trends
in RF-EMF exposure during the introduction of a new generation of
mobile communications, 5G.

We compared RF-EMF measurements in identical microenviron-
ments to identify changes in exposure in public outdoor environments
between baseline in 2016 to follow up in 2023. Four countries were
included: The Netherlands, Switzerland, Belgium and Spain. This
allowed us to compare exposure trends over time and identify differ-
ences in exposure between countries.

2. Methods
2.1. Data collection

The data was collected as part of the ACCEDERA (2016-2018),
ETAIN (2023) (ETAIN Project) and GOLIAT (2023) (GOLIAT project)
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projects, investigating RF-EMF exposure levels in different public mi-
croenvironments. More information on the measurement protocol of
ACCEDERA is provided in Huss et al. (2021) and more details about the
protocol and measurement campaign in 2023 can be found in Veludo
et al. (2024). In brief, the microenvironments were selected based on
city size and main activity performed by the public in that type of
environment (e.g. residential area, park, shopping area). Data collection
was conducted in Utrecht in the Netherlands, Basel and Zurich in
Switzerland, Ghent and Brussels in Belgium, and Barcelona and Mataro
in Spain, in addition to several smaller villages in each country. The list
of microenvironments included in the measurement campaigns in the
different countries is provided in Supplementary Table A1 in Appendix.
Each microenvironmental measurement was done with an exposimeter
for approximately 15 min, during which the mobile phones of the
trained researchers were switched off or set to airplane mode. Only
repeated measurements along the same routes were included in this
manuscript, and the routes that were taken in different streets were
excluded. The paths were walked during the week days and during the
working hours mainly between 08:00-18:00. In the Netherlands, 6
matching microenvironments were walked in 2017, 2018 and 2023. In
Belgium, repeated measurements were taken in 2016, 2017 and 2023 in
6 microenvironments. For Switzerland, we included 13 microenviron-
ments measured in 2016, 2017, 2018 and 2023. In Spain, the mea-
surement campaign was repeated in 2017, 2018 and 2023 and had 14
matching microenvironments. The number of individual measurements
per microenvironment ranged from 131 to 1569. The average number of
measurements per microenvironment for included countries is shown in
Appendix Tables A2-AS5.

2.2. Measurement set-up and devices

Measurements were performed with personal exposimeters ExpoM-
RF, developed by Fields at work (Fields at Work GmbH, 2023). During
the ACCEDERA study between 2016 and 2018, measurements were
taken using the ExpoM-RF 3 (frequency range 87.5 MHz to 5.875 GHz).
While in 2023, measurements were conducted with the ExpoM-RF 4
(frequency range 50 MHz to 6 GHz). During the two measurement
campaigns two different methods were used for carrying the exposim-
eters. The ExpoM-RF 3 was worn on the body using a textile vest with
pockets on each side of the body (Huss et al., 2021). The ExpoM-RF 4
was placed in a case to avoid movement and placed in a backpack that
was worn during the measurements. Picture of the set up for the 2023
measurement campaign is included in Appendix Figure Al. The
ExpoM-RF devices measure root-mean-square (RMS) electric field
strengths (V/m) with the values for each frequency band, at a sampling
interval of 4 s for ExpoM-RF3 and 6.1 s for ExpoM-RF4. The trained
researchers used a smartphone application to record the time and type of
each microenvironment where they were measuring. Table 1 shows the
frequency bands measured by ExpoM-RF3 and RF4. Lower detection
limits of both devices are listed in Appendix TableA2.

2.3. Data processing

The data were recorded in electric field strength and subsequently
converted to power flux density (mW,/m?) for the purpose of all calcu-
lations. The time stamp of the diary logs was used to align the ExpoM
measurements with the respective microenvironment. First, mean
values were calculated per microenvironment, country and year. Then,
unique IDs for each microenvironment were used to match microenvi-
ronments across different years. Downlink exposure is considered
environmental exposure from base stations and uplink exposure origi-
nates from other phone users. The total of the downlink bands, the total
of uplink bands and the total of all bands were considered for the
analysis. The total downlink includes the following frequency bands:
700, 800, 900, 1800, 2100, and 2600 MHz downlink band (Table 1). The
total uplink includes the following frequency bands: 700, 800, 900,
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1800, 2100, and 2600 MHz uplink band. The total of all bands is
measured by the ExpoM devices.

2.4. Statistical analysis

We calculated medians and interquartile ranges (25th and 75th
percentile) of downlink and uplink power density totals for each coun-
try, based on the arithmetic means of the matched microenvironments
across the years. Downlink and uplink frequency bands were then
plotted with boxplots for each year to visualize the exposure levels.
Additionally, we plotted downlink total for included individual micro-
environments for all countries and grouped based on population density
estimation into low, medium and large. Due to unavailable GPS data for
many measurement locations, microenvironments were grouped by
estimation of population according to general city characteristics. As
population density changes only very slowly in cities, we did not base
the characterization on the corresponding years. For highly populated
areas we considered areas in city centers e.g. residential area city center,
train station in cities. For medium areas, e.g. suburban residential areas,
parks and low populated areas were considered industrial areas, village
center, train/bus station in villages.

Kruskal-Wallis test were applied to determine whether statistically
significant differences existed between years. Linear regression was used
to test if significant trend is observed in the downlink total levels
measured between the included years. All analyses were done in R
version 4.2.3 (R Core Team, 2021).

3. Results
3.1. Downlink and uplink exposure

Fig. 1 shows box-plots of the distribution of total measured downlink

Table 1
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ambient RF-EMF power density (mW/m?) exposure measured by year
for all included microenvironments for all four countries. The median
and IQR of total downlink exposure for each year can be found in
Table 2. The mean downlink exposure levels per individual microenvi-
ronment per country can be found in the Appendix (Table A4-7).

Overall, we did not observe clear changes of total downlink exposure
in Switzerland and in Spain over time. In the Netherlands, mean total
downlink exposure was similar the baseline and follow up measurement
campaigns of 2017 and 2023, but higher in 2018. A similar pattern was
seen in Belgium with higher values in 2017 compared to baseline 2016
and follow up in 2023. However, these differences were not statistically
significant as presented in Table 1. Linear regression confirmed no sig-
nificant time trends (p > 0.05) in all included countries. At the level of
individual microenvironments, we mostly observed no consistent trend
in downlink exposure among the countries (see Appendix FigureAl-A4).
For individual microenvironments, we found slight increase in total
downlink exposure level from baseline measurement campaign
compared to follow up 2023 in the Downtown city area of both Belgium
and Spain. Otherwise, we found there were no consistent temporal
trends among the matching microenvironments in the included coun-
tries that would indicate similar increase or decrease.

Additionally, all microenvironments were grouped based on esti-
mated population density of the microenvironments into Low, Medium
and Large population density (Fig. 2). We observed a decrease in total
downlink exposure for low and medium population density microenvi-
ronments from 2017 to 2023. For large population density microenvi-
ronments we observe an increase from 2016 to 2018 and a slight
decrease from 2018 to 2023.

3.2. Uplink and individual bands RF-EMF exposure

Additionally, we compared uplink RF-EMF levels among the years

Frequency bands measured by the ExpoM-RF3 and ExpoM-RF4 and blue highlights exact correspondence in frequency bands

measured by both devices).

Band ExpoM-RF3 frequency ExpoM-RF4 frequency Bands added to
bands bands downlink/uplink totals
FM Radio 87.5-108 MHz 80.25-115.25 MHz
DAB/DAB+ - 164.5 - 239.5 MHz
Polycom / TETRAPOL - 367.5-402.5 MHz
TETRAPOL, amateur, ISM 433 - 405 - 440 MHz
PMR/PAMR - 435 - 470 MHz
DVB-T/broadcasting 470 - 790 MHz 470 - 697 MHz
Mobile 700 uplink - 700.5 - 735.5 MHz Uplink
Mobile 700 TDD - 730.5 - 765.5 MHz
Mobile 700 downlink - 753 - 788 MHz Downlink
Mobile 800 downlink 791 -821 MHz 791 - 826 MHz Downlink
Mobile 800 uplink 832 -862 MHz 829.5 - 864.5 MHz Uplink
Mobile 900 uplink 880 - 915 MHz 880 -915 MHz Uplink
Mobile 900 downlink 925 - 960 MHz 925 - 960 MHz Downlink
Mobile 12?)(\)Nsnul;?sll(ementary - 1442 - 1517 MHz
Mobile 1800 uplink 1710- 1785 MHz 1710 - 1785 MHz Uplink
Mobile 1800 downlink 1805 - 1880 MHz 1805 -1880 MHz Downlink
DECT 1880 - 1900 MHz 1880 - 1915 MHz
Mobile 2100 uplink 1920 - 1980 MHz 1919.5-1994.5 MHz Uplink
Mobile 2100 downlink 2110 - 2170 MHz 2107.5 - 2182.5 MHz Downlink
ISM 2.4 GHz 2400 - 2485 MHz 2388 - 2488 MHz
Mobile 2600 uplink 2500 - 2570 MHz 2497.5 - 2572.5 MHz Uplink
Mobile 2600 TDD - 2575 -2610 MHz
Mobile 2600 downlink 2620 - 2690 MHz 2619.5 - 2694.5 MHz Downlink
WiMAX 3.5 GHz 3400 - 3600 MHz -
Mobile 3500 - 3425-3785 MHz
ISM 5.8 GHz /WiFi 5 GHz 5150 - 5875 MHz 5150 - 6000 MHz
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Fig. 1. Total downlink power density (mW,/m?) on a log scale each year per country; ns means not statistically significant after Kruskal-Wallis tests across the years.
The central line of the boxplot show median, box the interquantile range and variability by the whiskers. Points represent outliers.

Table 2

Median (Interquartile Range, IQR) of power density of total downlink exposure per country.

Year

Median (IQR) total downlink power density N p-value
2016 2017 2018 2023
Power Density (mW/m?)
Netherlands _ 0.31 (0.23-0.55) 0.62 (0.27-0.81) 0.28 (0.18-1.09) 6 0.73
Belgium 0.24 (0.18-0.31) 0.60 (0.42-1.12) _ 0.20 (0.16-0.46) 6 0.07
Switzerland 0.12 (0.07-0.33) 0.14 (0.11-0.42) 0.12 (0.07-0.28) 0.11 (0.07-0.33) 13 0.9
Spain _ 0.38 (0.13-0.51) 0.41 (0.17-0.67) 0.19 (0.049-0.53) 14 0.21

Values in of total downlink exposure per country, N = number of measured microenvironments of same type matched for included years. P-values of Kruskal-Wallis

rank sum test.

per country. As seen in Fig. 3, the total uplink exposure levels decreased
in all countries after initial increase between baseline and follow up
measurement campaigns (p-values: 0.004 Belgium, p-value 0.0035
Netherlands, 0.0001 Spain, 0.00002 Switzerland). Uplink exposure is
originating from other users of nearby mobile communication devices
and therefore, contributes little to the total. The total of measured all
bands was also not significantly different (Appendix Figs. 2-5).
Regarding individual frequency bands, for the 800 MHz band we
observed a statistically significant increase in all countries. We also
observed a statistically significant increase in the 2600 MHz band in
Spain. In other bands we observed significant decreases in exposure
levels, in particular in the 900 MHz (Belgium, Spain) and 2100 MHz
(Belgium) bands in the measurement from 2017 to 2023 (Belgium) and
2018 to 2023 (Spain). For all other frequency bands, no clear increase or

decrease was observed. Individual box plots for each frequency band
with significance test can be found in the Appendix (Fig. A6-A25).

4. Discussion

We compared average downlink RF-EMF exposure levels in outdoor
environments between baseline measurements in 2016,/2017 and follow
up 2023 in four European countries. We found no clear change in
exposure levels for total downlink exposure between 2016,/2017 and
2023 for the included countries. We found increases in total downlink
exposure in Belgium between 2016 and 2017, and in the Netherlands
between 2017 and 2018, respectively, but levels were then decreased
again in 2023. There were no trends identified in the total downlink
trend when looking at individual microenvironments per country. We
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Fig. 2. Boxplots of total Downlink measurements for all included measurements divided by population density of the microenvironments. Low population density
includes microenvironments: Park, Residential area outskirts Medium city, Village centre. Medium population density includes microenvironments: Residential
central area Medium city, Residential subcentral Large city. Large population density incudes: Business area Large city, Downtown area Large city, Residential
Central area Large city, Train station, Shopping centre, University, Downtown area Large city. Microenvironments from all countries were included.

observe decreases in exposure levels for the total uplink, but not for the
total of all frequency bands. This likely reflects technological adaptation
over time with a shift in bands towards those used more often in 4G or
5G, with more efficient technology (5G Observatory; Radio Spectrum
Policy Group, 2023). The median values ranged between 0.11 mW/m?
to 0.62 mW/m? across the countries and years and all values in our study
were well below the ICNIRP reference exposure limits (International
Commission on Non-Ionizing Radiation Protection, 2020).

4.1. Literature comparison

Several studies have investigated long-term changes in exposure to
RF-EMF. Rowley et al. (2012) collected RF-EMF exposure data from 23
countries and investigated exposure trends by country. The data
collected between 2000 and 2010 showed no significant increase in the
RF-EMF exposure in public areas, during the introduction of 3G services
(Rowley and Joyner, 2012).

Urbinello et al. (2014) showed an increase in total outdoor exposure
to RF-EMF between April 2011 and March 2012 in cities in Belgium and
Switzerland (Urbinello et al., 2014). This study was conducted by
walking in predefined microenvironments, and the methodology was
similar to ours. Since 2012, a couple of other studies have examined
temporal trends: The Manassas study monitored total exposure between
2003 and 2022 using a network of fixed sensors across Greece (Manassas
et al., 2023). This study showed no clear upward or downward trend,
but some sensors indicated an increase in levels of RF-EMF after 2014,
when 4G was introduced. They also showed high variability over time,
with no clear trend in exposure pattern until 2023. However, the study
used a network of sensors placed on rooftops or balconies, which means
that their results are more limited in terms of evaluating changes in
particular microenvironments at an individual level. Bhatt et al. (2024)
measured RF-EMF in 2015 and 2022 in Melbourne, Australia, with the
trained researcher walking with ExpoM-RF 3 and ExpoM-RF 4 in
matching microenvironments, similarly to our study. For total downlink
exposure they showed an increase of median downlink exposure from

0.15 V/m to 0.19 V/m for all pooled data (Bhatt et al., 2024). In addi-
tion, Loizeau et al. (2023) compared RF-EMF exposure levels in the same
Swiss microenvironments between 2014 and 2021, also using the
ExpoM-RF3 and ExpoM-RF4 devices. Here, a slight decrease in downlink
exposure levels in 2021 compared to 2014 was reported. Overall, these
previous studies are consistent with our findings, where we do not
observe statistically significant changes in the trends of RF-EMF expo-
sure levels in recent years (Loizeau et al., 2023). A systematic review by
Ramirez-Vazquez et al. (2024) review articles between 1998 and 2023
that measured RF-EMF environment exposure. They report highest
average to be 0.20 W/m? in Norway in study published in 2022 and
lowest in Spain of 0.0663 pW/m? for study published in 2020 for the
included European countries. In this review we do not observe high
exposure values in more recent studies, rather different exposure among
the countries and their measurement locations.

This suggests between the period 2016/2017 to 2023 we do not
observe significant changes in exposure across European countries even
if data traffic increased (Statista). Further studies are necessary to
observe how complete roll out of 5G alters the exposure to RF-EMF.

4.2. Strengths and limitations

A strength of our study is that it provides an overview of temporal
trends in RF-EMF exposure between 2016/2017 and 2023 in four
different countries. Similar measurement protocols were used, and data
collection was standardized across all included countries and years. We
only included data collected by collecting measurements at the same
paths to ensure data comparability. Another strength is the inclusion of
different types of microenvironments that represent common outdoor
areas in all included countries, which provides some reassurance that
the measurements represent pertinent exposure levels (Eeftens et al.,
2019).

Limitations of our study include that we were able to link the loca-
tion of the ExpoM-RF measurements for Switzerland, Belgium and Spain
only on the level of the identical microenvironment and not to their
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Fig. 3. Boxplots of Uplink total measurements for all included measurements.

specific spatial coordinates. Although measurement paths were pre-
defined and followed as closely as possible, small differences may
have occurred by trained researchers walking on different sides of the
road, or by walking around obstructions, construction sites, or newly
constructed buildings. In addition, we did not follow the time schedule
of the first protocols, which means that timing during the day, and day of
the week of the measurement differed across the years. However, most
measurements were conducted during the week at working hours
throughout the studies. These differences are not systematic and add
noise to the data. It is thus unlikely that they affect temporal trends, but
they may reduce the statistical power to detect differences.

A different number of microenvironments per country was included
(e.g 6 in Belgium and 13 in Switzerland), which meant that not all public
environments are equally represented. For this reason, one cannot draw
firm conclusions about exposure differences between countries. This
should, however, not impact the possibility to observe a trend over time,
should one exist.

There was a change between the way the measurement devices were
set up during the campaigns. Between 2016 and 2018 the ExpoM were
inside of a vest worn by a trained researcher and during the 2023
measurements the ExpoM was in a case inside of a top part of a backpack
to avoid body shielding. All ExpoM devices were calibrated but there
might be a systematic bias in measurement accuracy for the temporal
analysis considering different measurement campaigns and calibration
sessions. A previous real-world quality assessment study showed that the
microenvironment characteristic determines most of the exposure level
and systematic differences between devices are negligible (GSMA,
2022). Additionally, wearing measurement devices in a vest or in a

backpack can lead to underestimating of exposure values as a result of
body shielding. This was tested in real-life conditions, where a
body-worn distributed meter was compared with exposimeters
including the ExpoM. The results showed the exposimeters measured
lower uplink, DECT and Wi-Fi exposure compared to body-worn
distributed meter, however, measured values were highly correlated
for total and downlink RF-EMF exposure levels (Huss et al., 2021).

A further limitation is the use of two different ExpoM device models.
These devices differ in terms of some of the captured frequency bands
that are being measured. To best estimate the differences in temporal
trends, we included only the downlink bands measured by the device in
each year and created totals of downlink for each year, as the use of the
uplink and downlink frequency bands could have been switched be-
tween bands by the operators. The 800 MHz band was assigned to op-
erators for the 5G implementation and Time Division Duplex (TDD)
bands were also adopted for the use of 5G2°. Our presented metric
should therefore still capture if there was a clear change of the general
exposure pattern. Another difference between ExpoM devices is their
sampling rate (4 vs 6 s), which resulted in more collection points for
collection during the years 2016-2018. However, it was shown that
shorter sampling interval does not over- or underestimate the exposure
levels (Huss et al., 2021). In the analysis we consider medians for the
included microenvironments with at least 100 measurements per
microenvironment and we believe this still represents the exposure
levels.
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5. Conclusions

Overall, the analysis of temporal trends of RF-EMF outdoor exposure
levels did not indicate changes in the total downlink exposure levels
between baseline measurements in 2016 or 2017 and follow up in 2023.
This was observed for all included countries: the Netherlands, Spain,
Switzerland and Belgium. We also observed a decrease in the total up-
link exposure levels. Medians of mobile total downlink exposure across
the included microenvironments showed no changes in trend of total
downlink mobile exposure even with increased data usage over this
period.
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