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Abstract: This study presents an extensive analysis of electromagnetic field (EMF) exposure
in Greek urban and suburban areas during the ongoing deployment of the 5G technology.
A total of 400 in situ measurements of electric field strength were conducted at ground
level across four distinct regions. The first part of the study provides a statistical analysis of
the overall EMF exposure, highlighting the contributions of different cellular generations
(2G–5G) to the total field. The results show that 4G networks are the dominant contributors,
while the impact of 5G remains limited. The second part investigates the correlation
between electric field levels in the 3.5 GHz band and the distance from 5G base stations (BS).
Using geospatial analysis, we computed distances to the nearest BS and examined their
relationship with measured EMF levels. The findings indicate a general inverse correlation
between EMF levels and BS distance, although variations occur due to factors such as
line-of-sight conditions and urban built environment characteristics. These results confirm
that distance remains a key predictive feature for AI-based EMF exposure models, even in
the case of 5G networks.

Keywords: electromagnetic field (EMF) exposure; 5G networks; electric field measurements;
5G EMF exposure vs. distance

1. Introduction
Public concern over exposure to electromagnetic fields (EMFs) remains high, particu-

larly with the rollout of 5G networks. For example, in Italy, this concern was magnified by
widespread debates over health and environmental risks, with more than 300 municipalities
banning 5G rollout between April and June 2020, largely influenced by fears surrounding
EMF exposure and its potential impacts on public health [1]. Previous studies showed
that EMF exposure mainly fluctuates over the years with the introduction of new cellular
technologies (2G–4G) and does not follow a distinctly upward or downward pattern [2].
In Greece, a preliminary study [3] focusing on the period when the 5G technology was
launched, concluded a limited impact of the 5G new radio (NR) network on the total radio
frequency (RF) exposure when measured without induced traffic. Pre-5G cellular networks
do not use beamforming, resulting in a nearly constant radiation pattern. In contrast,
5G networks utilize advanced technologies, including massive MIMO and beamforming,
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which focus beams towards users [4]. The ability to direct signals toward specific areas and
users has necessitated the development of new assessment methods to evaluate maximum
exposure, as described in [5].

This study presents the results of 400 in situ measurements taken outdoors at ground
level across four distinct regions in Greece. The selection of measurement locations did not
consider the proximity to cellular base station (BS) antennas, even though the density of BS
in these areas was identified. Measurements were conducted without inducing additional
traffic, using standard procedures to explore the impact of the 5G technology on the overall
exposure. The first part of this research analyzed the data in relation to exposure limits and
examined the contribution of cellular networks—from 2G to 5G—to the overall EMF levels.
We also explored the specific impact of each cellular technology on the total field produced
by cellular sources. The Kruskal–Wallis test [6] was applied to identify statistical differences
between the recorded electric fields in different environments (urban/suburban). In the
second part, we explored the correlation between EMF measurements in the 5G NR band
at 3.5 GHz and their distance from 5G BS antennas, without causing traffic, which can be
induced by using a smartphone. The studies of different propagation models [7] show
that the signal from BS attenuates with distance. For that reason, the distance from BS
is a significant input for artificial intelligence (AI) models aiming to predict the electric
field levels [8,9]. Regardless of traffic load, 2G, 3G, and 4G BS antennas maintain a nearly
stable radiation pattern. In contrast, 5G BS antennas primarily broadcast signals which are
usually transmitted periodically in varying directions. It is of interest to explore whether
the variable radiation pattern of a 5G BS, without inducing traffic toward the measurement
location, also leads to an inverse correlation between the recorded electric field strength
and distance.

2. Materials and Methods
2.1. Measurement Equipment and Methodology

During the in situ measurements, an SRM-3006 basic unit (Narda Safety Test Solutions
GmbH, Pfullingen, Germany) was used. This device, which covers a frequency range
from 9 kHz to 6 GHz, was directly connected to two isotropic tri-axial E-field antennas,
also from Narda Safety Test Solutions. These antennas have distinct frequency ranges
(27 MHz to 3 GHz and 420 MHz to 6 GHz) and dynamic measurement ranges (0.2 mV/m
to 200 V/m and 0.14 mV/m to 160 V/m, respectively). Two service tables were created: the
first table included frequencies from 27 MHz to 3 GHz, measured with the first antenna,
while the second table encompassed frequencies from 3 GHz to 6 GHz, measured with the
second antenna. The SRM-3006 was configured in the “safety evaluation” mode, and E-field
measurements for each frequency range in the service tables were taken. The resolution
bandwidth (RBW) during the measurements was set to the device’s automatic setting.
According to the SRM-3006’s internal configuration, this automatic mode ensures that the
RBW is less than or equal to one-quarter of the frequency span of the narrowest service
band being measured. For each band, the device then selects the closest smaller available
RBW value based on this criterion, as described in [10]. It is important to note that each
frequency band is measured with its own dedicated RBW, adapted according to the specific
span of that band.

At each measurement location, measurements were conducted at three distinct heights:
110 cm, 150 cm, and 170 cm, according to the guidelines of the IEC 62232:2022 standard [5].
The E-field value at each height and frequency band f corresponding to the chosen service
were recorded. The electric field for each frequency band f was calculated using the data
gathered at the three different heights at each measurement site as follows:
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E f =

√
∑3

i=1 E2
i, f

3
(1)

The total E-field value for that particular location was subsequently determined as
follows:

Etotal =
√

∑
f

E2
f (2)

It is important to mention that all in situ measurements took place on weekdays,
between 09:00 and 15:00. By reviewing the data gathered by the National Observatory
of Electromagnetic Fields (NOEF) [11], we confirmed that the measurements were taken
during periods of high telecommunications traffic.

To avoid generating downlink traffic that could trigger beamforming towards the
measurement device and increase the BS antenna output power, all mobile devices held
by operators were set to flight mode. This approach was intentionally selected to assess
exposure levels in public areas accessible to everyone, such as squares, parks, and high-
traffic locations such as bus and transportation stations, without inducing any traffic load
by the operator.

2.2. Selected Urban and Suburban Environments

The measurements were conducted in four regions—two urban and two suburban—
each covering approximately 4–7 km2 in the regions of Attica and Central Macedonia,
Greece. Table 1 provides an overview of these regions, which are subdivided into the noted
municipalities and include various points of interest (POIs) such as parks, bus stations,
university campuses, and shopping malls, areas that typically have higher public concen-
trations. Within each region, a grid was established by appropriately spacing measurement
points, considering the existence of POIs, thus creating a grid with 100 measurement
points at ground level. As an example, Figure 1 illustrates the Attica urban region with
measurement points, POIs, locations of base station antennas (BSAs), small cell antennas
(SCAs) and NOEF broadband and selective stations. The initial placement of each point
was predetermined; however, adjustments may have been necessary if (a) physical access
to a point was obstructed by obstacles or private properties or (b) closer proximity to POIs
was required.

Table 1. Characterization of the selected urban and suburban environments.

Region Municipalities Surface
(km2)

Number of
Residents

(2021 Census)

Base Station Antenna
(BSA) + Small Cell

Antenna (SCA) Density
(Antennas/km2) *

Number of 5G
BS (3.5 GHz) **

A. Attica, urban Athens 39.0 637,798 ~120 31

B. Central
Macedonia,

urban
Thessaloniki 19.3 319,045 ~55 15

C. Attica,
suburban

Agia Paraskevi 7.9 62,147
~14.5 18Chalandri 10.8 77,102

Papagou-
Holargos 8.6 45,266
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Table 1. Cont.

Region Municipalities Surface
(km2)

Number of
Residents

(2021 Census)

Base Station Antenna
(BSA) + Small Cell

Antenna (SCA) Density
(Antennas/km2) *

Number of 5G
BS (3.5 GHz) **

D. Central
Macedonia,
suburban

Thermi 55.9 19,601 ~4.5 0

Note: * based on the official registry for mobile communication installations in Greece (https://keraies.eett.gr/),
operated by the Hellenic Telecommunications and Post Commission (EETT); ** the number of 5G base stations
(BSs) refers specifically to those operating in the 5G FR1 band during the measurement period, as confirmed
through official communication with all three national mobile network providers following the completion of the
measurements.
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Figure 1. Selected measurement points, POIs, locations of base station antennas (BSAs), small cell
antennas (SCAs) and NOEF broadband and selective stations in the urban region of Attica (Athens
city center) over an area of 2 × 2 km2. The BSA locations shown, along with information about
their technical characteristics, are based on the data publicly available through the official EETT
database [12].

In the Results section, we performed a Kruskal–Wallis test to compare the measure-
ment results across the various environments and regions. This non-parametric statistical
method assesses whether there are statistically significant differences between two or more
groups. Consistent with prior research, we anticipated significant differences in values
between urban and suburban environments, as observed in previous studies [13]. Regard-
ing cellular networks, BS density typically correlates with population density. Suburban
areas, characterized by lower populations, more sparse development, and shorter buildings

https://keraies.eett.gr/
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compared to urban areas, likely have fewer BS. This, in turn, contributes to lower EMF
values in these regions.

To calculate the percentage contribution of different wireless applications to the total
field, we used the following formula:

E2
i

E2
total

× 100% (3)

where Ei is the recorded electric field within the frequency band i and Etotal represents the
total electric field resulting from all frequency bands.

2.3. EMFs from 5G Base Stations Relative to Distance

The second part of the analysis explored the potential inverse correlation between
EMF measurements around 3.5 GHz and the distance to 5G BS. As the distance from a BS
increased, the strength of the electric field decreased due to the propagation characteristics
of electromagnetic waves. In free space, the electric field strength diminished following
an inverse law, meaning that the electric field strength dropped proportionally to 1/d,
where d is the distance from the source, as described by the Friis transmission equation [14].
Signal propagation in real-world environments is influenced by various factors, including
obstacles, terrain, and weather conditions. When signals encounter barriers, they undergo
phenomena such as reflection, refraction, and diffraction, which lead to scattering and
attenuation of the signal strength. The complexity of path loss behavior in these scenarios
is modeled by empirical models, such as the Okumura–Hata model [15] and the COST 231
Walfisch–Ikegami model [16].

A current trend in research is the increasing use of AI in various fields. Path loss and
EMF prediction models are no exception to this trend [8,9,17]. These models commonly
use the distance from BS antennas as an input variable (or “feature”). Combined with
other features, such as transmitted antenna power, line-of-sight (LOS) or non-line-of-sight
(NLOS) conditions, and more, these inputs help predict the target values accurately.

Antennas for 2G, 3G, and 4G BS were engineered to consistently cover sectors within
a hexagonal cellular network layout. These antennas maintain an almost stable radiation
pattern regardless of the traffic load. The inverse relationship between distance and
the E-field has been examined in many works, especially for previous generations of
cellular technologies [18]. In contrast, 5G BS primarily broadcast signals, such as the
synchronization signal block (SSB), which are typically transmitted periodically in different
directions. It is of interest to explore whether the varying radiation pattern from a 5G BS,
without forcing traffic to the measuring spot, still leads to a decrease in the recorded electric
field strength as the distance increases.

For the analysis, it was crucial to determine the distance between each measurement
spot and the BS that include 5G antennas. To this end, we gathered information about the
coordinates of 5G antennas and loaded it, along with the measurement coordinates, into the
QGIS software (Desktop version 3.34.3) [19]. For each spot, we independently calculated
the distance from that spot to the nearest 5G BS. Additionally, we calculated the average
distances from each spot to the two closest, three closest, four closest, and five closest 5G
BS. This study utilized data from the Hellenic Telecommunications and Post Commission
(EETT) database [12], which contains the locations of all BS antennas. Moreover, specific
information relating only to the locations of 5G BS was used. The first 5G antenna in Greece
was installed in June 2019. By March 2024, more than 500 5G BS had been installed all
over Greece. Figure 2 depicts the monthly number of 5G BS installed in Greece, starting
from 2019. The spot measurements across four different environments were conducted
over the period from May 2023 to January 2024. The last column of Table 1 contains
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the information on how many 5G BS at 3.5 GHz were in operation in each environment
during the measurements. Since no 5G BS were installed in the municipality of Thermi, the
suburban environment of Central Macedonia was excluded from the analysis.

The method for exploring whether the electric field in the 5G band decreases with
increasing distance can be summarized in the following steps:

• Perform measurements (27 MHz–6 GHz) without generating data traffic;
• Record the coordinates of the measurement spots;
• Isolate measurements in the 3.5 GHz band (FR1, 5G band);
• Retrieve the locations of BS operating in the same band;
• Calculate the average distance between the measurement spots and the nth closest 5G

BS using QGIS software (where n ranges from 1 to 5);
• Since the electric field is inversely proportional to the distance, E ∼ r−m ⇒ log10E ∼

−m·log10r, plot the log10(distance) vs. log10(E-field) and draw the linear regression
line, anticipating a decrease in electric field strength as the distance increases;

• Compute Spearman’s correlation coefficient [20] between the electric field and the
distance to the nth closest BS (where n ranges from 1 to 5).
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3. Results
3.1. Statistical Analysis

In this section, we present the spot measurement results from the four regions. Figure 3
depicts the boxplot of the total E-field values, alongside a separate boxplot for the E-field
values registered from all cellular frequency bands. Table 2 summarizes the results, showing
the minimum (Min), maximum (Max), and root mean square (RMS) calculated electric field
values for both the entire measurement frequency range (27 MHz–6 GHz) and the 5G FR1
band (3.4 GHz–3.8 GHz), for each region. As observed, there was a high dispersion in
the measurements. This is because the spots were selected randomly, irrespective of the
distance from the BS, LOS, and the built area around the spot, which are the factors that play
a significant role in the propagation of electromagnetic waves and, consequently, the levels
of EMFs. It is worth noting that none of the 400 values exceeded the ICNIRP limits [21]
or the stricter Greek national limits, which are 60% of the ICNIRP values [22], even when
considering the expanded uncertainty of the measurements. The expanded uncertainty of
the measurement equipment used in Central Macedonia was 36.2% for the total electric
field, while in Attica, it was 37.2%. The highest total electric field value recorded across
all four regions, even when accounting for the respective uncertainty levels, remained at
least 1.5 times below the strictest Greek national limit. Observing the values, it is clear that
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higher values are associated with higher population and BS density, which are detailed in
Table 1.
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Table 2. Electric field strength statistics (min, max, RMS) by region: total and FR1 band values.

Region Total (V/m) FR1 (V/m)

min max rms min max rms

Attica, urban 0.19 7.02 1.68 0.02 0.72 0.17
Central Macedonia, urban 0.14 13.00 1.65 0.02 0.61 0.13

Attica, suburban 0.16 4.06 0.92 0.02 0.46 0.06
Central Macedonia,

suburban 0.10 4.81 0.57 0.01 0.24 0.03

Conducting the Kruskal–Wallis test on the data from different environments revealed
significant differences in the E-field values (p-value < 0.05) between urban and suburban
regions of Central Macedonia and Attica for both total and cellular band E-field levels. A
potential statistical correlation was observed only in the urban regions of Central Macedonia
and Attica, specifically for the E-field derived from cellular bands (p-value = 0.12). These
two regions have similar built-up area patterns, although the population and BS density in
the urban area of Attica are higher. The suburban regions of Attica and Central Macedonia
differ significantly not only in population and BS density, but also in built-up area patterns;
in Thermi, the built-up area is sparser, with lower-height buildings. These results suggest
that geographic and urban/suburban categorizations significantly impact electric field
measurements in these regions of Greece.

Examining the contribution of cellular bands to the total electric field (Figure 4) re-
vealed that they are the dominant contributors to EMFs in the two urban areas. On the
contrary, in the suburban area of Attica, they account for 49% of the total electric field,
whereas in the C. Macedonia suburban environment, they account for only 28%. It is worth
noting that the higher contribution of FM and “Other” frequency bands in suburban areas
is not due to these bands being higher than in urban areas, but rather because the lower
field values from cellular frequencies make the contribution of the other bands relatively
higher.
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In Greece, the 3G network was abolished by all providers before mid-2023. The
900 MHz band was retained for the 2G technology, primarily for long-distance voice
communication. In addition to the band around 3.5 GHz, a band in the 700 MHz range
was allocated for 5G connectivity. All other frequency bands are used for the 4G cellular
system. Isolating the total electric field from cellular bands and using Equation (3) to find
the percentage contribution from each cellular generation (2G, 4G, and 5G) revealed that,
during the period when spot measurements were performed, the highest contribution was
from 4G cellular networks in all the environments. The 5G network in the 3.5 GHz band
had a small contribution in all cases. This can be explained by the relatively low usage of 5G
FR1 mobile terminals, the small number of BS installed and the fact that only broadcasting
signals are active, without directing a beam towards the measurement spot. Although no
3.5 GHz 5G base stations were deployed in the suburban region of Central Macedonia
during the measurement period, a small contribution in this band appears in Figure 4b.
This can be attributed to two main factors. First, the overall recorded electric field levels
from cellular networks in the area were low, which makes even small contributions in
the 3.5 GHz band more prominent in relative terms. Second, even without local 3.5 GHz
transmitters, weak emissions from distant 5G base stations—potentially reaching the area
under favorable propagation conditions such as LOS—may have contributed marginally to
the measured field. Together, these factors may explain the minor, yet detectable, presence
of 5G signals in this band.

3.2. Distance-Based Analysis Results of EMFs from 5G BS

Figure 5 presents scatterplots of the RMS values of the electric field (log10(E)) recorded
in the 5G 3.5 GHz band versus the average distance (log10(distance)) to the five closest
BS, covering the urban regions of Attica and Central Macedonia, as well as the suburban
region of Attica. The closest horizontal distance of a spot measurement to the nearest 5G
BS was 31 m, considering all three regions. The corresponding farthest distance was 777 m,
considering the fifth closest BS from the spots. It is worth noting that in the 3.5 GHz band,
over 95% of the measurements fell below 0.4 V/m across all the environments.
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The above graphs also include linear regression lines to highlight the negative slope,
suggesting that increased distance correlates with lower electric field strength. Additionally,
Table 3 presents Spearman’s correlation coefficients for the measurements and the nth
closest BS (n = 1, 2, 3, 4, 5). The negative coefficients further confirm that as the distance
to the nearest BS increases, the recorded electric field measurements decrease. It is worth
noting that the highest negative correlation coefficient was found in the urban area of
Central Macedonia. In this region, we cross-checked and adjusted the publicly available
data on BS locations by using up-to-date imagery from Google Street View. For instances
where BS were not visible due to outdated images or other factors, we performed on-site
visits to accurately document their positions. In the other two regions, discrepancies in the
registered BS locations led to lower correlation coefficients.

Table 3. Spearman’s correlation coefficients between the E-field and the average distance to the nth
closest BS.

Number of Closest BS 3.5 GHz Band

n Attica (Urban) C. Macedonia (Urban) Attica (Suburban)

1 −0.28 −0.53 −0.32

2 −0.28 −0.59 −0.29

3 −0.22 −0.58 −0.31

4 −0.23 −0.55 −0.34

5 −0.20 −0.55 −0.32

4. Discussion
Although our analysis was based on spot measurements, which have inherent limita-

tions in capturing temporal variations, they still provide practical and informative records
of EMF levels across different environments. Such measurements are particularly valu-
able for assessing conformity with national exposure limits, identifying spatial exposure
patterns, and determining the dominant contributing technologies across varying urban
densities. While this study focused on idle traffic conditions, it is important to note that 5G
systems employ advanced technologies such as beamforming and massive MIMO, which
introduce directional and time-varying exposure characteristics. These effects become more
pronounced during periods of active user transmission. As highlighted by Aerts et al. [23],
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real-world 5G NR exposure levels can vary significantly depending on factors such as beam
direction, user location, and network traffic load.

In the first part of our study, we demonstrated that EMF measurements were higher in
the urban areas than in the suburban areas, consistent with findings from previous research
in Greece [3,13]. This difference likely arose from the lower population density and reduced
number of BS in the suburban areas. Consequently, EMF contributions in the suburban
areas were less dominated by cellular networks. In contrast, in the two urban areas, the
contribution from cellular frequencies was clearly higher than that from other wireless
applications. The largest contribution to cellular frequency exposure originated from 4G
networks across all the areas, indicating that these networks were predominantly utilized
compared to other cellular technologies at the time the measurements were conducted. The
low 5G EMF levels measured in Greece without generating user traffic are consistent with
recent European studies that have evaluated baseline exposure under similar non-traffic
conditions in the same frequency bands. The French spectrum regulator ANFR conducted
extensive measurements across 1062 operational 5G sites in the 3.5 GHz band and reported
that, under idle conditions, the mean electric field strength was only 0.11 V/m [24]. Prior
to 5G activation, this band exhibited only residual background levels averaging 0.02 V/m,
highlighting the negligible contribution of 5G to ambient exposure in the absence of user
activity. Likewise, Veludo et al. found that the 3.5 GHz 5G NR band contributed negligibly
to the overall exposure in the non-user scenario, becoming a dominant source only during
active downlink transmission [25].

Exploring how the recorded electric field around the 3.5 GHz band changes with dis-
tance from BS, we generally observed that greater distance was associated with a decrease
in electric field levels, though this trend was not uniformly consistent. Variability in the
results can be attributed to additional influential factors such as LOS or NLOS conditions,
variations in antenna power and gain, and surrounding built environments. Each of these
factors significantly impacts the electric field at any given location. In AI models designed
to predict EMF levels, the distance to the BS is treated as a standalone feature. The com-
plexity that other parameters, such as LOS conditions or building density, add is addressed
as separate features. Despite this, demonstrating a general inverse relationship between
distance and the electric field, specifically for 5G frequencies, underscores the relevance of
distance as a reliable predictive feature. This insight is especially valuable as it supports the
integration of distance as a core input for AI-based EMF prediction models, contributing
to their accuracy in 5G EMF exposure assessments. In the context of this study, such
models are primarily intended for spatial prediction, estimating EMF levels at unmeasured
locations based on features such as distance from BS, BS technical specifications, and urban
morphology (e.g., built area).

5. Conclusions
This study presents a descriptive statistical analysis of electric field measurements in

four different regions in Greece, focusing on both the existing cellular networks and the
emerging 5G technology. The findings reveal that electric field levels vary considerably
across different environments, with urban areas exhibiting higher values due to greater
population density and a higher concentration of BS. Cellular networks, especially 4G,
contribute significantly to the overall electric field levels, whereas the 5G network shows
only a minor contribution. Recording the electric field at the 3.5 GHz band without
generating data traffic and examining its correlation with distance from BS, we observed
that, in general, as distance increased, the recorded electric field decreased. Our results
confirm that distance from BS antennas should be included as a predictive feature in AI
models for EMF levels, not only for 2G, 3G, and 4G networks, but also for 5G. This finding
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highlights the enduring significance of distance as a key factor for accurately predicting
EMF levels in the 5G band, where its influence on field strength is clearly observed.
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