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Abstract: Of particular interest within fifth generation (5G) cellular networks are the typical levels of
radiofrequency (RF) electromagnetic fields (EMFs) emitted by ‘small cells’, low-power base stations,
which are installed such that both workers and members of the general public can come in close
proximity with them. In this study, RF-EMF measurements were performed near two 5G New Radio
(NR) base stations, one with an Advanced Antenna System (AAS) capable of beamforming and the
other a traditional microcell. At various positions near the base stations, with distances ranging
between 0.5 m and 100 m, both the worst-case and time-averaged field levels under maximized
downlink traffic load were assessed. Moreover, from these measurements, estimates were made of
the typical exposures for various cases involving users and non-users. Comparison to the maximum
permissible exposure limits issued by the International Commission on Non-Ionizing Radiation
Protection (ICNIRP) resulted in maximum exposure ratios of 0.15 (occupational, at 0.5 m) and
0.68 (general public, at 1.3 m). The exposure of non-users was potentially much lower, depending
on the activity of other users serviced by the base station and its beamforming capabilities: 5 to
30 times lower in the case of an AAS base station compared to barely lower to 30 times lower for
a traditional antenna.

Keywords: 5G new radio; cellular network; exposure assessment; exposure limits; radiofrequency
electromagnetic fields; small cell

1. Introduction

An important innovative aspect of the latest generation of cellular networks (i.e.,
the fifth generation, or 5G) is the widespread deployment of low-powered base stations
(referred to as densification), known under the umbrella term ‘small cells’. Small cells are
expected to be mounted lower on the infrastructure and with a higher density in order
to provide a significant increase in network capacity where it is needed, such as in dense
urban environments, sports venues, and shopping malls. As such, both workers (e.g., for
utility companies) and members of the general public are more likely to reside in close
proximity to these sources of radiofrequency (RF) electromagnetic fields (EMFs).

Regarding the size and technical specifications of small cells, there is no consensus
between the various standardization and legislative bodies. For example, for the 3G
Partnership Project (3GPP), a base station is a small cell when “the antenna is sited above
the median but below the maximum height of the surrounding roof tops” [1]. However,
a categorization scheme for base stations based on the equivalent isotropic radiated power
(EIRP) was developed by the International Electrotechnical Commission (IEC) [2] and
adopted in European Union (EU) legislation [3], found in Table 1. IEC base station classes
E100, E10, and E2 fall under the general definition of a small cell.
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Table 1. The IEC’s simplified safe installation criteria for base station classes [2]. Classes E100, E10,
and E2 fall under the general definition of a small cell.

Class EIRP [dBm] Product Installation Criteria

E2 ≤33 [ . . . ] Compliance with the exposure limits is generally
obtained at zero distance or within a few centimeters.

E10 ≤40 [ . . . ] the lowest radiating part of the antenna(s) is at a
minimum height of 2.2 m above the general public walkway.

E100 ≤50

[ . . . ]
(a) the lowest radiating part of the antenna(s) is at a minimum
height of 2.5 m above the general public walkway;
(b) the minimum distance to areas accessible to the general
public in the main lobe direction is Dm;
(c) there are no pre-existing RF sources with EIRP above 10 W
installed within a distance of 5 Dm meters in the main lobe
direction (as determined by considering the half power beam
width) and within Dm meters in other directions.
If Dm is not available, a value of 2 m can be used or 1 m if all
product transmit frequencies are equal to or above 1500 MHz.

E+ >50 [ . . . ]

Small cells may contain a small number of antenna elements to permit up to
four spatial layers (i.e., maximum 4 × 4 multiple-input–multiple-output (MIMO)) trans-
mitted sector-wide (i.e., with an opening angle of 120◦), or they may comprise Advanced
Antenna Systems (AAS), which contain antenna arrays of a large number of antenna
elements (up to hundreds) and provide massive MIMO and beamforming capabilities.

However, base stations with an Advanced Antenna System (AAS) are not considered
in this E-class categorization scheme. Therefore, in [3], for outdoor AAS with massive
multiple-input–multiple-output (MaMIMO) beamforming antennas, an upper limit of
30 dBm (or 1 W) transmit power was suggested instead of the guidelines of Table 1 (which
are kept for traditional passive antennas).

In situ measurements of RF-EMF exposure levels near small cells have been per-
formed previously in [4,5] (3G indoors), [6] (2G indoors), [7] (mixed 2G–4G, mixed in-
doors/outdoors, broadband measurements), and [8] (4G outdoors). The studied small cells
featured passive antennas. In addition, maximum power densities at close distances (down
to 1 m) of 5G small cells operating at 28 GHz (with AAS) were simulated in [9] for several
transmission powers and antenna gains. Furthermore, in situ measurement methodologies
for 5G new radio (NR) signals have been presented in, e.g., [2,10–13] for frequencies below
6 GHz (NR Frequency Range (FR) 1) and in, e.g., [14–16] for frequencies above 24 GHz (NR
FR2, also called millimeter waves or mmWaves).

This study delivers the first assessment of both worst-case (extrapolated and measured)
as well as typical RF-EMF exposure levels near 5G NR small cells, using the measurement
methodology developed previously in [10] and adopted by the IEC [2]. The results of
this work can be used by, e.g., electric utilities (i.e., companies in the electric power indus-
try) who are considering placing 5G small cells on poles or other utility infrastructures
in neighborhoods.

First, the measurement equipment and methods are outlined, followed by a description
of the base station sites. Then, typical exposure use cases are introduced, which, along with
the extreme use cases with maximum exposures, result in a range of potential exposures
induced by 5G NR small cells in the population based on the measurements. Finally, the
exposure levels were compared to the reference levels in the guidelines issued by the
International Commission on Non-Ionizing Radiation Protection (ICNIRP) [17].
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2. Materials and Methods

The measurements of the exposure levels in terms near 5G new radio (NR) base
stations were performed using two different measurement setups in parallel and following
an updated measurement protocol of the one presented in [10].

2.1. Measurement Equipment

The first measurement setup (Figure 1) consisted of a spectrum analyzer (SA) of type
Rohde & Schwarz (R&S) (Munich, Germany) FSV30 with a frequency range of 10 Hz to
30 GHz combined with an isotropic tri-axial antenna of type Satimo TSEMF26 (further
also called a “probe”) (Microwave Vision Group, Villejust, France). This probe contains
three orthogonally arranged antenna elements that are switched electronically, and has
a frequency range of 2 GHz to 6 GHz and a dynamic measurement range of 2.5 mV/m to
200 V/m. The FSV30 comes with the ‘spectrogram’ option, which allows a large number of
successive measurement samples to be captured. This setup is further called ‘FSV setup’.
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Figure 1. First type of equipment used in this study to measure the exposure to 5G new radio base
stations, consisting of an R&S FSV30 spectrum analyzer controlled by a laptop (both on the (left)),
and an isotropic tri-axial R&S TS-EMF B2 antenna (on the (right), placed on a telescopic pole).

The second measurement setup (Figure 2) consisted of a Narda SRM-3006 field strength
analyzer (Narda Safety Test Solutions, Pfullingen, Germany) with a frequency range from
9 kHz to 6 GHz combined with an isotropic tri-axial antenna. This probe has a frequency
range of 420 MHz to 6 GHz and a dynamic measurement range of 0.14 mV/m to 160 V/m.
This setup is further called ‘SRM setup’.

Between the measurement setups, the SRM setup is the most portable and user-friendly
and may be more readily available, but its measurement settings are limited. Additionally,
a dedicated 5G NR measurement option for code-selective measurements makes this setup
even more useful. However, during this research, the option was not yet available.

Whereas the SRM setup was used for measurements at ground level (1.5 m above the
ground) (Figure 2), the FSV setup was simultaneously used for measurements at the height
of the base station antenna, with the probe placed on a telescopic pole (Figure 1).
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Figure 2. Second type of equipment used in this study to measure the exposure to 5G new radio
base stations, consisting of a Narda SRM-3006 field strength analyzer (SRM) and a tri-axial isotropic
antenna (“probe”).

2.2. Measurement Method

The followed measurement procedure was presented in [10] and adopted in the
revised IEC 62232 standard [2]. The different steps are summarized below, while the
specific measurement settings can be found in [13]:

Step 1. A spectrum overview measurement of the frequency range between 700 MHz
and 6 GHz was performed at one position in the environment of the assessed 5G NR base
stations (in this study, at about 5 m horizontal distance) using the aforementioned FSV
setup. This measurement identified the RF environment at the specific location, and more
specifically the frequency band of the considered NR signal.

Step 2. An in-band measurement of the considered NR signal was performed at
the same position as Step 1, using the same FSV setup (to the authors’ knowledge, this
measurement cannot easily be performed with the SRM setup without the aforementioned
5G NR option). The measurement data (i.e., the received-power samples) were post-
processed to retain only those signals (i.e., samples above the noise floor) that are roughly
four Orthogonal Frequency-Division Multiplexing (OFDM) symbols long, which is the size
of one NR Synchronization Signal Block (SSB) in the time domain. For example, in the
case of a subcarrier spacing (SCS) of 30 kHz, the SSB is about 4 × 35.7 µs = 142.8 µs long.
Plotting just samples of these four-symbol long signals reveals the specific frequencies used
by the SSB, and thus its center frequency (SSREF) and its bandwidth (which, in the case of
an SCS of 30 kHz, is 7 MHz). In the case SSREF is known, this step can be skipped.

Step 3. In this study, at several positions in the near vicinity of the base station as well
as at distances of up to 100 m, a scope or zero-span measurement was performed with
a resolution bandwidth (RBW) of 1 MHz around SSref. The sample time is set approximately
equal to the OFDM symbol duration (e.g., ~36 µs for 30 kHz SCS), such that the obtained
samples constituted the root-mean-squared (rms) power Pr received during one OFDM
symbol and within 1 MHz, which contains about 33 resource elements in the case of
a 30 kHz SCS.
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With these measurement settings and for an SCS of 30 kHz, it is known that during the
transmission of SSB(s) (at frequencies below 6 GHz there can be up to 8 SSBs transmitted
consecutively), the measured 1 MHz bandwidth contained 33 REs that were effectively
used, so each SSB’s power per resource element PRE,SSB can be directly derived from the Pr
measured during the SSB transmission [10,18].

However, for other signal types, such as the Physical Downlink Shared Channel
(PDSCH), i.e., the downlink transmission of data from the base station to a user equipment
(UE), the allocation of the REs is not known. At any given time, the number of allocated
REs within the measured bandwidth can vary between 0 and 33 (with SCS = 30 kHz). These
different allocations result in different Gaussian distributions making up the total received-
power sample distribution [10]. Hence, to obtain the correct PRE,PDSCH, it is essential that the
number of resources allocated to PDSCH is maximized during this measurement, forcing
at least sometimes 33 active REs within the measured bandwidth. This is performed by
maximizing the downlink traffic load, e.g., by using iPerf, a speed test, or by downloading
a very large file (of several GBs) on a UE in the near vicinity of the measurement probe [13].
Then, the ‘maximum’ Pr (actually, the peak of the highest-valued Gaussian distributions)
measured during PDSCH transmission is used to calculate PRE,PDSCH [10].

Since the FSV setup’s probe was put on a telescopic pole, measurements with an active
UE involved placing the UE on a plastic cart (~0.8 m above ground level) at a 2 m distance
from the SRM setup’s probe.

Before this study, this type of measurement had only been performed with the FSV
setup [10,11], with which a large amount of measurement traces with minimal blind time
(i.e., the time between traces during which nothing is measured) can be saved (thanks to
the spectrogram option). However, in this study, the more practical SRM setup was also
used in order to determine its validity.

During post-processing, the field components ERE,i (with i = x, y, z) were retrieved
using the setup’s antenna factor and cable losses, for both SSB and PDSCH, and the total
electric-field strength per resource element was calculated as a vector sum of the three
components. Then, the worst-case (downlink) exposure scenario for a certain user arises
when all resources allocated to (PDSCH or downlink) data transmission are being used to
transmit data towards the user’s UE. In that case, the resulting electric-field level Emax over
the whole 5G NR channel can be calculated as follows:

Emax =
√

fTDC
√

12NRB ERE,PDSCH [V/m], (1)

with fTDC being an additional factor due to the technology duty cycle (TDC) (i.e., in
the case of Time Division Duplex (TDD) the percentage of slots allocated to downlink
transmission) (Table 2) and NRB the number of resource blocks (each resource block contains
12 resource elements) in the channel bandwidth [2] (Table 2).

Step 4. With the measurement device in frequency mode, successive traces of the
power received in a 100 MHz bandwidth (i.e., the maximum bandwidth for NR signals
at frequencies below 6 GHz) around the NR channel’s center frequency were captured.
For the FSV setup, this measurement was repeated for each electric-field component and
post-processing was necessary to average these traces to obtain the total average power
over the channel bandwidth. Using the setup’s antenna factor and cable losses, the time-
averaged electric-field strength, Eavg, was then obtained. With the SRM setup, traces for
each component were measured successively, and the resulting Eavg was provided at the
end by the device.

This measurement was performed twice in order to assess two extreme cases. Without
an active UE, only the broadcast, control, and other background signals are measured,
resulting in Eavg,min. When a UE is active and maximizes the downlink traffic from the
base station (see Step 3), this measurement results in a maximized time-averaged exposure
level, Eavg,max.
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Table 2. Parameters of the 5G new radio (NR) base station radios at the two considered sites
in Belgium.

Site #1 Site #2

Frequency band n78 (FR1) n78 (FR1)
Channel center frequency 3.775 GHz 3.430 GHz

Channel bandwidth 50 MHz 40 MHz
Subcarrier spacing 30 kHz 30 kHz

Maximum number of resource blocks (NRB) 133 106
Number of antenna elements (per polarization) 96 4

MIMO 64T64R 4T2R
Advanced Antenna System (AAS)? Yes No

Transmit power 49.7 dBm (92.5 W) 43 dBm (20 W)
Maximum gain (array gain + antenna element gain) 25 dBi 10.5 dBi

EIRP 74.7 dBm (29.5 kW) 53.5 dBm (112 W)
Height 5.5 m 4.5 m

Size of radio unit 795 mm × 470 mm × 190 mm 295 mm × 270 mm × 20 mm
Technology duty cycle factor (fTDC) 0.743 0.743

FR1 = Frequency Range 1 (410 MHz to 7125 MHz), MIMO = multiple-input–multiple-output, EIRP = equivalent
isotropic radiated power.

Step 5. Finally, the worst-case (Emax) and maximum time-averaged (Eavg,max) exposure
levels were compared to the ICNIRP [17] exposure-limiting guidelines. The comparison to
the guidelines is quantified by the exposure ratio R, which was calculated as follows:

R = (E/Eref)
2 [-], (2)

with Eref the reference level (or limit for maximum permissible exposure, MPE) for the
electric-field strength (i.e., 61.4 V/m for the general public and 137.3 V/m for occupational
exposures) at the considered frequency, derived from Sref = 1 mW/cm2 for frequencies
above 2 GHz [5]. The observed field levels were below the MPE if R ≤ 1.

2.3. 5G NR Base Station Sites

The measurements were performed at two NR test sites in Belgium where it was
possible to measure very closely to the antennas. The parameters are listed in Table 2.

The first was a site (Site #1, Table 2) with three base station radios at a height of about
5.5 m. Each radio consisted of a 64T64R array antenna made up of 96 antenna elements
in a 12-by-8 array. This base station was thus capable of massive multiple-input–multiple-
output (MIMO) and beamforming and it is further denoted as an Advanced Antenna
System (AAS). The second site (Site #2, Table 2) had a smaller, lower-power base station
with one 4T2R antenna and thus no beamforming.

At both sites, UEs were provided by the operator: an Oppo Reno4 Pro smartphone
at the first site and a Nokia 8.3 5G smartphone at the second. In both cases, the UE
was connected to a 5G standalone network. To maximize the downlink traffic load (see
previous section), 100 GB HTTP file downloads were set up during the measurements
(from http://speedtest.tele2.net (accessed on 23 November 2021)).

It should be noted that, based on the transmit powers and EIRPs of the base stations
under study, neither of them could be classified as ‘small cells’ (compare Tables 1 and 2).
However, since the exposures are directly dependent on the base station powers, the
measurement results were rescaled to the respective small-cell powers, that is, to a transmit
power of 30 dBm for site #1 and to an EIRP of 50 dBm for site #2 (Table 1). Moreover,
a distance of 1 m to the base station was taken as boundary between workers and members
of the general public (see Dm for E100 in Table 1).

http://speedtest.tele2.net
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2.4. Typical Exposures

The measurement procedure of [10] summarized the above results in the theoretical
maximum (i.e., the extrapolated worst-case) and the measured maximum (i.e., the maximum
measured when maximizing downlink traffic) exposure levels at each measurement po-
sition. These maximum exposure levels are often reported to demonstrate compliance.
However, they are not representative of typical use scenarios for most of the population.
Therefore, in this study, a distinction was made between ‘worst-case users’, ‘typical users’,
and ‘non-users’.

2.4.1. The Worst-Case User

For a user’s worst-case exposure, two measurements were available: (1) the maximum
exposure level Eavg,max, measured with an active UE that maximized the base station’s
downlink traffic capacity (i.e., by downloading a 100 GB file); and (2) the theoretical
maximum exposure level Emax, which was extrapolated based on the maximum ERE,PDSCH.

2.4.2. The Typical User

Since no other use cases besides ‘downloading a 100 GB file’ were evaluated, the use
case ‘making a video call,’ assessed in a previous measurement campaign [10], was selected
in this study as a proxy for a ‘typical user’. In [10], in which the exposure levels were
evaluated in the vicinity of a 5G NR base station with an AAS (and channel parameters
CF 3.52 GHz, BW 40 MHz, and SCS 30 kHz), it was found that during a video call, the
downlink (PDSCH) resource allocation was 8.4 percentage points higher than without an
active UE. This indicated that, with an average baseline (i.e., without inducing any traffic)
downlink resource allocation of x% of the total number of available resources, performing
a video call increased the base station allocation of the PDSCH resources to x + 8.4%.

Therefore, it was assumed that the user’s exposure level during a video call can be
calculated from Eavg,min (baseline) and Emax (100% allocation of PDSCH resources) as

Eavg,video call =
√

E2
avg,min + 0.084 E2

max fBW [V/m], (3)

with
fBW = 40/BW [-], (4)

an additional factor to account for the fact that a channel with a larger bandwidth (BW, in
MHz) contains more available resources.

2.4.3. The Non-User

Because of 5G NR’s lean broadcast signaling, the exposure from an NR base station is
almost completely dependent on the usage. Furthermore, MaMIMO techniques are used to
focus the emitted energy towards the user, so non-users are effectively less exposed.

Therefore, for the exposure of a non-user, a distinction is made between the
two extreme cases: (a) a non-user without any users connected to the base station un-
der study, and (b) a non-user surrounded by a multitude of users (defined here as ‘being in
a mature network’). Whereas the former’s exposure is simply Eavg,min, the latter’s depends
on the distribution of the users, their usage, and the MaMIMO/beamforming capabilities
of the base station antenna. Both the usage and the distribution of the users are stochastic
variables in space and time, and in [19], a simulation study was performed to evaluate
the 95th percentiles of the resulting spatiotemporal duty cycle (DC) (i.e., a measure of the
spread of the base station’s emitted power in space and time) of base station radios with
varying antenna array sizes and thus varying MaMIMO capabilities. In general, the higher
the number of antenna elements in the array, the lower the DC, as MaMIMO capabilities
increase, e.g., to form more narrow beams directed towards users and away from non-users.
For this study, the assumptions in Table 3 were adopted, for which DCsite#1,95 = 0.20 and
DCsite#2,95 = 0.96 were found in [19]. Assuming fewer active users and/or shorter typical
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usage, lower DCs were also found in [19]. However, a more detailed analysis was out of
the scope of this study.

Table 3. Assumptions made in the calculation of the spatiotemporal duty cycles at the two 5G new
radio (NR) sites considered in this study [19].

Variable Site #1 Site #2

Number of active users 10 10
Typical usage (connection time) 10 s 10 s

Number of antenna elements 100 4
MaMIMO/beamforming scheme Codebook ‘grid of beams’ n/a

DCsite,95 0.20 0.96
n/a = not applicable.

As the site-specific spatiotemporal DC is a stochastic measure for the percentage of
time a non-user is actually exposed by a base station servicing numerous active users. The
exposure level Eavg,non-user with other users is then calculated as

Eavg,non−user with other users =
√

DCsite,95 Eavg,max [V/m], (5)

with Eavg,max representing the exposure of a single user demanding as many of the base
station’s downlink resources as possible and DCsite,95 the 95th percentile of the spatiotem-
poral DC obtained in [19] for the specific site parameters (number of antenna elements and
MaMIMO scheme, Table 3). Adding the DC in Equation (5) effectively accounts for the
spreading of the base station’s (maximized) radiated power over the area it services.

3. Results

The three types of exposure levels obtained directly from the measurements (the
extrapolated worst-case Emax, and the time-averaged Eavg,min and Eavg,max) are shown in
Figure 3 for both sites as a function of distance to the base station.

In total, with the SRM setup, measurements were performed at 30 positions at hori-
zontal distances from the base station ranging from 0.5 m to 100 m, all at 1.5 m above the
ground or floor (three positions were performed on the flat roof of the second site), and with
the FSV at 12 positions at horizontal distances between 0.9 m and 10 m, with the probe on
a telescopic pole placed at a height between 2.2 m to 5.5 m. Most of the measurements were
within the scanning range of the base station radio. Those that were not (indicated by grey
markers in Figure 3), were either too close to the base station (horizontally) so they were
below the main lobe of the radiation pattern, or too far to the sides of the radiation pattern.

First of all, the results of the FSV and SRM measurement setups were visibly in line
with each other. This was observed most clearly at site #2, where there was an overlap in
the distances at which measurements were taken. Hence, the measurement results of the
two setups were treated as equivalent.

Furthermore, it is observed that the exposure levels at positions outside the scanning
range (e.g., below the antenna) were 25–100 times lower than those within the scanning
range at the same distance (Figure 3).

In Figure 4, the theoretical maximum exposure levels Emax obtained at the two sites
were scaled to the respective small-cell powers, i.e., to an EIRP of 50 dBm for site #2 (E100
microcell) and to a transmit power of 30 dBm for site #1 (AAS small cell). Between the
two sites, the exposure levels are very similar, especially at distances above 5 m. However,
closer to the base station, the scaled levels at site #2 were higher, despite the lower EIRP.
The flatter log(distance)–log(electric-field strength) curve of site #1 at short distances may
be due to the more extensive radiating near-field region of its larger AAS (up to ~20 m).
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Figure 3. Three types of electric-field levels (Eavg,min as rings, Eavg,max as circles, and Emax as pentagons;
all in V/m) measured at two sites with a 5G new radio (NR) base station as a function of the distance
to the antenna with two types of measurement equipment, namely an FSV setup (green markers)
and an SRM setup (orange markers) (markers in grey denote measurements outside the scanning
range of the base station radio and were added for completeness rather than direct comparison).
Maximum permissible exposure (MPE) limits issued by ICNIRP [17] are indicated by the blue dashed
line (occupational) and the magenta dotted line (general public).
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Figure 4. Theoretical maximum exposure levels Emax (in V/m) obtained at two sites with a 5G
new radio (NR) base station—scaled to small-cell powers [2,3]—as a function of the distance to
the antenna. Only positions within the scanning range of the base station radio are featured here.
Maximum permissible exposure (MPE) limits issued by ICNIRP [17] are indicated by the blue dashed
line (occupational) and the magenta dotted line (general public). The red dashed line indicates
the boundary between occupational (<1 m) and general public exposure (>1 m) (see Dm for E100
in Table 1).



Sensors 2023, 23, 3145 10 of 13

Scaled to the respective small-cell powers, the maximum time-averaged electric-field
levels (Eavg,max) measured during maximum traffic load were 27.5 V/m (at a distance of
0.8 m from the center of the antenna) and 50.2 V/m (at 1.3 m) for the AAS and microcell
base stations, respectively (Figure 4). Both levels are below the MPE limits set by ICNIRP,
which are 61.4 V/m for general public exposure and 137.3 V/m for occupational exposure
for frequencies in the n78 band [17]. Considering a cut-off of 1 m separation distance
between the base station and humans, the highest exposure ratios were 0.15 for occupational
exposure and 0.68 for exposure of the general public, both of which were found for site #2
(with an EIRP of 50 dBm).

Furthermore, Table 4 lists the minimum (Eavg,min) and worst-case exposure levels (Emax
and Eavg,max) for workers and members of the general public, as well as the interpolated
exposure levels by considering typical usage (video call, Equation (3)) and the exposure
levels for non-using bystanders, using the spatiotemporal DCs of [19] for the case with
numerous randomly distributed users in a mature network (Equation (5)).

Table 4. Summary of maximum worst-case and maximum typical exposure levels (E, in V/m) and
corresponding exposure ratios R (Equation (2)) for an Advanced Antenna System (AAS) small-cell
base station (at site #1) and a E100 small-cell base station (site #2), found for workers (at a distance
between 0.5 m and 1 m from an operational base station) and members of the general public (at a
distance of >1.3 m).

User Type

Electric-Field Level E (V/m) and Exposure Ratio R (-)

Workers General Public

AAS E100 (1) AAS E100

Worst-case user
(maximum exposure, with base station at
maximized downlink traffic capacity)

21.6 (0.03) 30.0 (0.05) 12.8 (0.04) 36.6 (0.36)

Worst-case user
(worst-case exposure, extrapolated Emax) 27.5 (0.04) 53.6 (0.15) 13.1 (0.05) 50.8 (0.68)

Typical user
(performing a video call) 7.8 (0.003) 16.5 (0.02) 4.2 (0.005) 15.5 (0.06)

Non-user without other users
(no induced downlink traffic, Eavg,min) 3.9 (0.0008) 5.7 (0.002) 2.4 (0.002) 5.0 (0.007)

Non-user in mature network
(based on maximum exposure, with base
station at maximized downlink traffic
capacity, and a 95th percentile
spatiotemporal duty cycle to account for
spatiotemporal dispersion of power)

9.7 (0.005) 29.4 (0.05) 5.7 (0.009) 35.9 (0.34)

Additional information is added (in italics) for each of the considered user types (names in bold). The ICNIRP
reference levels used to calculate the exposure ratios (Equation (2)) were 61.4 V/m for the general public and
137.3 V/m for workers [17]. (1) At site #2, no measurements were performed at distances closer than 1 m within
the scanning range of the base station, only to the sides of the antenna.

The values in Table 4 offer a range of the highest exposure levels that can be expected
at small-cell sites, both for workers at a distance of minimum 0.5 m from an operational
base station (data at <0.5 m are not available) and for members of the general public at
a distance of ~1.3 m (data at 1–1.3 m are not available). At positions further away than those
at which these maxima were observed, the exposure levels in all categories of Table 4 were
lower (see also Figures 3 and 4). In any case, all values were below the MPE limits of [17].

In general, the theoretical worst-case exposures are higher than the maxima observed
in situ by maximizing the downlink traffic load [13,18]. Both worst-case exposures are
much higher than the exposures of a typical (solitarily connected) user, which are in their
turn much higher than the exposures without any users. The exposure of a non-user
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to other users depends on the distribution of the other users, their usage, and the AAS
capabilities of the base station radio.

Even though NR signaling is much leaner than its predecessors’, Eavg,min was not
negligible close to the base station (fourth row in Table 4). Furthermore, the exposure
levels quickly increased when using a device connected to the base station, even for a
video-calling user (in that case by a factor of 4 to 9), although it remains a fraction of
the worst-case exposure levels (in that case ~6%). In general, the theoretical worst-case
exposures were higher than the maxima measured in situ when maximizing the downlink
traffic load. Finally, in a mature 5G NR network with an average of 10 simultaneous users, a
non-user’s exposure from an AAS base station with 96 antenna elements could be five times
lower than that of a worst-case user, while their exposure from a non-AAS base station
would be about the same as the users’ (compare the last row with the first two in Table 4).

4. Discussion and Conclusions

This paper describes radiofrequency (RF) electromagnetic field (EMF) measurements
in the vicinity of two 5G new radio (NR) base stations, both transmitting in the 5G NR
n78 band (3.4–3.8 GHz), scaling the results to small-cell base station powers and the
extrapolation of the obtained field levels to different exposure cases.

The measurements themselves consisted of evaluating the worst-case field levels as
well as measuring the time-averaged field level without any induced downlink traffic load
and when maximizing the downlink traffic load (from the base station to the user device),
at positions at various distances from the base stations, following IEC 62232 [2]. Then,
in order to evaluate the exposures potentially induced by 5G NR small-cell base stations,
the results were scaled to base station radio transmit powers maximally used by small
cells [2,3]. Furthermore, these measurements were used to calculate the exposure levels for
a typical user (making a video call) and a non-user in a mature network.

Scaled to small-cell powers, the measured exposure levels in this study were below
the MPE limits for both occupational (at distances between 0.5 m and 1 m from the base
station) and general public exposure (>1 m) issued by the International Commission on
Non-Ionizing Radiation Protection (ICNIRP) [17]: the maximum exposure ratios were
0.15 (occupational) and 0.68 (general public). These theoretical worst-case exposures were
higher than the actual maxima measured in situ by maximizing the downlink traffic load,
and both types of worst-case exposures were much higher (3–12 times) than the exposures
of a typical user, which in turn were much higher (4–9 times) than the exposures without
any users. Finally, the exposure of a non-user within a mature 5G NR network depends on
the distribution of users, their usage, and the AAS capabilities of the base station radio.

Although adverse health effects at non-thermal exposure levels cannot be ruled
out [20], the ICNIRP reference levels are still relevant to calculate exposure ratios against.
The measurement values obtained in this study and reported in this paper can be directly
compared to other reference or limit levels (e.g., from legislation or scientific literature),
depending on the scope of the study.

For a 5G NR AAS base station, the actual exposure of a given user will generally be
less than the theoretical maximum exposure Emax for several reasons. First, other users (the
number may vary) may be in beams other than the one the given user is using. Hence, the
RF energy directed toward these users will not add (much) to the exposure of the given
user. Second, the usage by the given user will generally be less than the maximum assumed
for which Emax was defined. Third, there may be dynamic power control to reduce base
station power to the minimum needed for communication. This was not taken into account
in this study. Finally, the base station beam may be narrower or wider than that used to
measure Emax. Hence, the problem of determining actual RF exposure becomes a statistical
one that depends on several different variables. However, the exposure will almost always
be less than Emax.

Similarly, for the non-user, the difference lies in whether they are in a beam or not.
Generally, the RF exposure from the base station for the non-user will be smaller than that
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for a user (here by at least a factor of 5 for an AAS), unless there are many users around
and the MaMIMO capabilities of the base station are limited (Table 4) [19].

The fact that the measurement results of the FSV and SRM setups are similar (Figure 3)
is an important result, as it indicates that the less cumbersome SRM measurement setup
performed adequately, if used in a correct way as described here, and can thus be used
in future 5G NR measurement campaigns for ERE (and Emax extrapolation, as described
in [10]) and Eavg measurements.

Furthermore, the results of this work can be used by, e.g., electric utilities who are
considering placing 5G small cells on poles or other utility infrastructure in neighborhoods.
In communicating with the public about this possibility, it is helpful if utilities are shown
to be proactive in research on RF exposure. Furthermore, inquiries about possible RF
exposure can be answered with more confidence (even though the particular situations
might be different) if measured exposure levels are available. The maximum exposure
levels reported here are generally applicable at other sites. As they are directly dependent
on the power of the base station, they can easily be scaled to the base station powers at
these sites. For example, for the E10 base station class [2,3], the 10 dB (i.e., tenfold) decrease
in maximum power compared to E100 (Table 1) would result in maximum exposure ratios
of 0.02 (occupational) and 0.07 (general public). Furthermore, the results of the E100
base station at site #2 should be valid at any site with a passive antenna with the same
antenna gain.

Finally, due to their physical properties (larger available bandwidth, smaller antenna
arrays, and the fact that small cells would be in the line of sight of many users anyway), the
use of millimeter waves (‘mmWaves’), with frequencies above 24 GHz, may be preferred for
5G NR small cells, compared to the sub-6 GHz frequencies. However, due to the availability
of sites for the study duration, for this paper only 5G NR signals at sub-6 GHz frequencies
were considered. Future work will consist of analyzing the exposure levels of small cells
operating at much higher frequencies (e.g., 26 GHz), using similar methods as described
in this paper (with settings adjusted according to the different frequency, bandwidth, and
signal structure) and discussed in [14–16].

Author Contributions: Conceptualization, S.A., R.G.O., W.J., P.T. and L.M.; methodology, S.A., K.D.
and L.V.; software, S.A., K.D. and L.V.; formal analysis, S.A.; investigation, S.A., K.D. and L.V.;
resources, W.J.; data curation, S.A.; writing—original draft preparation, S.A.; writing—review and
editing, S.A., K.D., L.V., R.G.O., P.T. and W.J.; visualization, S.A.; supervision, R.G.O., L.M., P.T. and
W.J.; project administration, P.T.; funding acquisition, S.A., W.J. and L.M. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the Electric Power Research Institute (EPRI), grant agreement
10013613.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors would like to thank Mike Silva and Ric Tell for reviewing the
study results.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. 3rd Generation Partnership Project (3GPP). TS 45.022 V15.0.0 [2018-06], GSM/EDGE Radio Link Management in Hierarchi-

cal Networks. Available online: http://www.3gpp.org/ftp//Specs/archive/45_series/45.022/45022-f00.zip (accessed on 30
November 2022).

2. IEC 62232:2022; Determination of RF Field Strength, Power Density and SAR in the Vicinity of Base Stations for the Purpose of
Evaluating Human Exposure. International Electrotechnical Commission (IEC): Geneva, Switzerland, 2022.

3. Forge, S.; Horvitz, R.; Blackman, C.; Bohlin, E. Light Deployment Regime for Small-Area Wireless Access Points (SAWAPs), A Study
Prepared for the European Commission; European Commission: Brussels, Belgium, 2019. [CrossRef]

4. Boursianis, A.; Vanias, P.; Samaras, T. Measurements for Assessing the Exposure from 3G Femtocells. Radiat. Prot. Dosim. 2012,
150, 158–167. [CrossRef] [PubMed]

http://www.3gpp.org/ftp//Specs/archive/45_series/45.022/45022-f00.zip
http://doi.org/10.2759/508915
http://doi.org/10.1093/rpd/ncr398
http://www.ncbi.nlm.nih.gov/pubmed/22003184


Sensors 2023, 23, 3145 13 of 13

5. Aerts, S.; Plets, D.; Thielens, A.; Martens, L.; Joseph, W. Impact of a Small Cell on the RF-EMF Exposure in a Train. Int. J. Environ.
Res. Public Health 2015, 12, 2639–2652. [CrossRef] [PubMed]

6. Aerts, S.; Plets, D.; Verloock, L.; Martens, L.; Joseph, W. Assessment and Comparison of Total RF-EMF Exposure in Femtocell and
Macrocell Base Station Scenarios. Radiat. Prot. Dosim. 2014, 162, 236–243. [CrossRef] [PubMed]

7. Van Wyk, M.J.; Visser, J.C.; Le Roux, C.W. Measurement of EMF exposure around small cell base station sites. Radiat. Prot. Dosim.
2019, 184, 211–215. [CrossRef] [PubMed]

8. Australian Communications and Media Authority (ACMA). Electromagnetic Energy (EME) Measurements Near Small Cell Base
Stations. 2020. Available online: https://www.acma.gov.au/sites/default/files/2020-07/EME-measurements-near-small-cell-
base-stations.pdf (accessed on 30 November 2022).

9. El-Hajj, A.M.; Naous, T. Radiation Analysis in a Gradual 5G Network Deployment Strategy. In Proceedings of the 2020 IEEE 3rd
5G World Forum (5GWF), Bangalore, India, 10–12 September 2020.

10. Aerts, S.; Verloock, L.; Van Den Bossche, M.; Colombi, D.; Martens, L.; Tornevik, C.; Joseph, W. In-Situ Measurement Methodology
for the Assessment of 5G NR Massive MIMO Base Station Exposure at Sub-6 GHz Frequencies. IEEE Access 2019, 7, 184658–184667.
[CrossRef]

11. Adda, S.; Aureli, T.; D’Elia, S.; Franci, D.; Grillo, E.; Migliore, M.D.; Pavoncello, S.; Schettino, F.; Suman, R. A Theoretical and
Experimental Investigation on the Measurement of the Electromagnetic Field Level Radiated by 5G Base Stations. IEEE Access
2020, 8, 101448–101463. [CrossRef]

12. Chiaraviglio, L.; Lodovisi, C.; Franci, D.; Pavoncello, S.; Aureli, T.; Blefari-Melazzi, N.; Alouini, M.S. Massive Measurements of
5G Exposure in a Town: Methodology and Results. IEEE Open J. Commun. Soc. 2021, 2, 2029–2048. [CrossRef]

13. Deprez, K.; Verloock, L.; Colussi, L.; Aerts, S.; Van den Bossche, M.; Kamer, J.; Bolte, J.; Martens, L.; Plets, D.; Joseph, W. In-situ 5G
NR base station exposure of the general public: Comparison of assessment methods. Radiat. Prot. Dosim. 2022, 198, 358–369.
[CrossRef] [PubMed]

14. Qahtan Wali, S. RF-EMF Measurement for 5G over C-Band and Mm-Wave Frequency Band: Exposure Assessment and Procedures.
IOP Conf. Ser. Mater. Sci. Eng. 2022, 1254, 012002. [CrossRef]

15. Colombi, D.; Ghasemifard, F.; Joshi, P.; Xu, B.; Paola, C.D.; Tornevik, C. Methods and Practices for In Situ Measurements of RF
EMF Exposure from 5G Millimeter Wave Base Stations. IEEE Trans. Electromagn. Compat. 2022, 64, 1986–1993. [CrossRef]

16. Migliore, M.D.; Franci, D.; Pavoncello, S.; Aureli, T.; Merli, E.; Lodovisi, C.; Chiaraviglio, L.; Schettino, F. Application of the
Maximum Power Extrapolation Procedure for Human Exposure Assessment to 5G Millimeter Waves: Challenges and Possible
Solutions. IEEE Access 2022, 10, 103438–103446. [CrossRef]

17. International Commission on Non-Ionizing Radiation Protection (ICNIRP). Guidelines for Limiting Exposure to Electromagnetic
Fields (100 kHz to 300 GHz). Health Phys. 2020, 118, 483–524. [CrossRef] [PubMed]

18. Aerts, S.; Deprez, K.; Colombi, D.; Van den Bossche, M.; Verloock, L.; Martens, L.; Törnevik, C.; Joseph, W. In Situ Assessment of
5G NR Massive MIMO Base Station Exposure in a Commercial Network in Bern, Switzerland. Appl. Sci. 2020, 11, 3592. [CrossRef]

19. Shikhantsov, S.; Thielens, A.; Aerts, S.; Verloock, L.; Torfs, G.; Martens, L.; Demeester, P.; Joseph, W. Ray-Tracing-Based Numerical
Assessment of the Spatiotemporal Duty Cycle of 5G Massive MIMO in an Outdoor Urban Environment. Appl. Sci. 2020, 10, 7631.
[CrossRef]

20. Belyaev, I.; Blackman, C.; Chamberlin, K.; DeSalles, A.; Dasdag, S.; Fernández, C.; Hardell, L.; Héroux, P.; Kelley, E.; Kesari, K.;
et al. Scientific evidence invalidates health assumptions underlying the FCC and ICNIRP exposure limit determinations for
radiofrequency radiation: Implications for 5G. Environ. Health 2022, 21, 92. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.3390/ijerph120302639
http://www.ncbi.nlm.nih.gov/pubmed/25734793
http://doi.org/10.1093/rpd/nct272
http://www.ncbi.nlm.nih.gov/pubmed/24185915
http://doi.org/10.1093/rpd/ncy201
http://www.ncbi.nlm.nih.gov/pubmed/30541117
https://www.acma.gov.au/sites/default/files/2020-07/EME-measurements-near-small-cell-base-stations.pdf
https://www.acma.gov.au/sites/default/files/2020-07/EME-measurements-near-small-cell-base-stations.pdf
http://doi.org/10.1109/ACCESS.2019.2961225
http://doi.org/10.1109/ACCESS.2020.2998448
http://doi.org/10.1109/OJCOMS.2021.3107287
http://doi.org/10.1093/rpd/ncac061
http://www.ncbi.nlm.nih.gov/pubmed/35511688
http://doi.org/10.1088/1757-899X/1254/1/012002
http://doi.org/10.1109/TEMC.2022.3212543
http://doi.org/10.1109/ACCESS.2022.3210196
http://doi.org/10.1097/HP.0000000000001210
http://www.ncbi.nlm.nih.gov/pubmed/32167495
http://doi.org/10.3390/app11083592
http://doi.org/10.3390/app10217631
http://doi.org/10.1186/s12940-022-00900-9

	Introduction 
	Materials and Methods 
	Measurement Equipment 
	Measurement Method 
	5G NR Base Station Sites 
	Typical Exposures 
	The Worst-Case User 
	The Typical User 
	The Non-User 


	Results 
	Discussion and Conclusions 
	References

