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Abstract—A low-cost monitoring network, to measure
radio frequency (RF) electromagnetic field (EMF) exposure
induced by 5G, is required for risk communication and
to support research into long-term health and ecological
effects related to 5G technologies. A low-cost triaxial fifth
generation (5G) RF-EMF exposure sensor was designed,
calibrated, and validated in the field, using a commercial
network. The sensor uses a triaxial antenna-based measure-
ment design and is able to measure the exposure induced
by 5G communication in the n78 (3300-3800 MHz) and the
n77 (3300-4200 MHz) frequency band up to 3900 MHz. The
sensitivity of the simultaneous analog-to-digital converter
(ADC)-based triaxial sensor is 0.06 V/m, while having a com-
bined uncertainty uc of 3.12 dB. The sensor was tested indoor
and in two outdoor environments (private and commercial
5G networks). The maximum measured electric-field level
induced by 5G (n77 band) was 0.89 V/m [500 m from a
commercial base station (BS)] and 2.87 V/m (60 m from a
private BS), which are 1.5% and 4.8% of the International
Commission on Non-lonizing Radiation Protection (ICNIRP)
guidelines, respectively. A second measurement campaign

was used to compare the values of the electric field captured by the novel triaxial 5G sensor and commercial

measurement equipment (SRM-3006). The average values of

the electric field registered by the triaxial 5G sensor differ

on average 2.8 dB from the values of the SRM-3006, which is within the measurement uncertainty of the SRM-3006.

Index Terms— Fifth generation (5G), radio frequency (RF) electromagnetic fields (EMFs), RF exposure, root mean

square (rms) power detector, simultaneous sampling, triaxial.

[. INTRODUCTION

HE fifth generation (5G) of telecommunication networks
Tis currently the latest standard. 5G introduced the usage
of new frequency bands such as n77 (33004200 MHz) with
subbands n48 (3550-3700 MHz), and n78 (3300-3800 MHz)
[1]. The carrier frequencies and used bandwidths are higher
compared to the carrier frequencies used in previous gen-
erations of telecommunication networks (2G—4G), which
raised public concerns that the signals, more specifically the
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power of the electromagnetic fields (EMFs) induced by 5G
communication, could have adverse health effects [2], [3],
[4] or ecological effects [5]. The radio frequency (RF)-EMF
exposure can be measured with the use of RF-EMF exposime-
ters [6], [7], [8], [9] or spectrum analyzer setups [10], [11],
[12]. The latter uses an antenna, with known characteristics,
which is connected to the spectrum analyzer that measures
the received power level. Subsequently, the power levels are
converted into E-field (electric field) values [13].

On a large scale static or dynamic monitoring networks are
used to measure RF-EMF exposure [14], [15]. This article
focuses on the design of a low-cost 5G sensor that could
be used to deploy low-cost monitoring networks. A low-cost
monitoring network, to measure RF-EMF exposure induced by
5G is required, to support research focusing on these topics
and for risk communication. As discussed by Deprez et al.
[16], a modular design can be used to measure the RF-EMF
exposure induced by four telecommunication wireless network
technologies (GSM, UMTS, LTE, 5G) operating at different
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frequencies. These sensors use a single dipole antenna to mea-
sure the RF-EMF exposure induced by a selected frequency
band, which is insufficient to measure all three vector compo-
nents of the EMF. The sensors described by Deprez et al. use
a dedicated RF-front end, consisting of low noise amplifiers,
off-the-shelf bandpass filters, and power detectors, to monitor
exposure induced by a selected frequency band.

Software-defined radios (SDRs) are also used to measure
RF-EMF exposure [16], [17], [18], [19]. SDR-based sensors
implement the tasks of the analog components (filters, mixers,
amplifiers, and so on) via software rather than dedicated
hardware. This has advantages and disadvantages. The sensors
are often more compact and could also give frequency infor-
mation, e.g., to identify the frequencies that generate the most
RF-EMF exposure. The disadvantages of SDRs-based sensors
are the price and limited bandwidth. 5G uses radio channels
up to 100 MHz [frequency range 1 (FR1)]. This requires SDRs
with large bandwidth or a sequential measurement routine to
be able to monitor the whole radio channel [19]. For the
second method, the SDR would divide the radio channel into
subchannels and combine the sequentially obtained results.
Sarbu et al. [18] also proposed techniques to perform real-time
triaxial measurements by combining three SDRs or three spec-
trum analyzers, which requires expensive equipment, making
it unsuitable for a large-scale monitoring network.

Several RF-EMF monitoring networks already exist in
Europe [14], e.g., Observatoire des ondes in France and
Belgium operated by Exem and the Agence Nationale des
Fréquences (ANFR) [20], [21], [22], emf ratel [23] in Serbia
operated by the Regulatory Authority for Electronic Commu-
nications and Postal Services, monitor-emf [24] in Romania
operated by The National Authority for Management and
Regulation in Communications (ANCOM) and two networks
in Greece; National Observatory of EMFs (NOEF) [25] oper-
ated by the Greek Atomic Energy Commission (EEAE) and
Pedion24 [26] operated by four Greek university laboratories.
However, not all of them are able to measure the RF-EMF
exposure induced by 5G (frequency band n77). Because:
1) the sensors do not cover the frequency range; e.g., the
Pedion24 network measures up to 3 GHz [26]; and 2) the
sensors measure the total E-field over a wide frequency (e.g.,
0.1 MHz-7 GHz) [23], [24], [25] but, these sensors are unable
to determine the frequency band responsible for a certain level
of exposure.

The existing sensor networks mentioned above use the
AMB-8059 [27] (manufactured by Narda Safety Test Solu-
tions), except for the Observatoire des ondes project, which
uses a custom-made sensor designed by Exem [20], [22].

The AMB-8059 [27], [28] is a commercially available
RF-EMF sensor or broadband area monitor (manufactured
by Narda Safety Test Solutions) with a frequency range of
10 Hz—60 GHz. The sensitivity and the frequency range of
the area monitor depend on the isotropic probe connected to
the AMB-8059. A quad-band probe [28] is used in [23], [24],
[25], and [26], measures three mobile services (EGSM 900,
EGSM 1800, UMTS) and also provide a wideband measure-
ment from 0.1 MHz up to 7 GHz. The lowest sensitivity
of the probes used by the AMB-8059 is 0.2 V/m, with

the corresponding resolution of 0.01 V/m and anisotropy of
+0.8 dB.

Different commercial sensors such as the MonitEM [29]
(from wavecontrol) also exist. The sensor is similar to the
AMB-8059 [27]; isotropic triaxial probes, frequency range
from 10 Hz to 60 GHz depending on the probe [30]. The sen-
sitivity, resolution, and anisotropy information is not available
in the (public) datasheet [30]. However, commercial sensors
such as the AMB-8059, MonitEM, etc. are more expensive
than the previously discussed hardware sensors [16] and SDRs,
but often achieve higher accuracy and/or reliability.

The current state-of-the-art low-cost sensors—hardware- or
software-based—use a single antenna, i.e., measure along a
single axis and thus only measure a single component of the
E-field which increases the uncertainty of the results, or lack
the capabilities to monitor RF-EMF exposure induced by
the newly introduced frequency band (n77; 3300-4200 MHz)
used for 5G. Therefore, this article discusses a novel 5G
triaxial sensor design that could be used to bridge the gap in
low-cost 5G RF-EMF exposure monitoring. The new design
was developed, manufactured, calibrated, and finally tested
indoors (in an office) near a commercial 5G base station
(BS) and outdoors near a private and commercial 5G BS. The
contributions of this article are: 1) triaxial measurements, i.c.,
measure along three axes at the same time; 2) enabling the
use of higher sample rates; 3) adding expansion capabilities,
e.g., SD card storage; and 4) in situ validation of the triaxial
Sensor.

Il. METHODS AND MATERIALS

A. Design

Fig. 1(a) shows the triaxial 5G RF-EMF exposure sensor,
which is assembled in a weatherproof enclosure made from
polycarbonate (IP 66/67; Fibox). The triaxial EMF expo-
sure sensor uses three dipole antennas, which are positioned
perpendicular to each other. The dipole antennas resonate
at 3.86 GHz and have a —10 dB bandwidth of 800 MHz.
The signal is first passed through an off-the-shelf multilayer
bandpass filter (by TDK) before being measured by a root
mean square (rms) power detector (HMC1120LP4E; Hittite
now Analog devices) [31]. The voltage at the output of the
rms detector is a linear-in-dB representation of the received
RF signal power. The rms power detector is capable to
measure the power of RF signals within a frequency range
of dc to 3.9 GHz while having a dynamic range between
62 and 68 dB. The lower detector limit is frequency depen-
dent and ranges between —60 and —57 dBm. The analog
output of the rms detector ranges from 0.32 to 2.7 V and
is converted by a four-channel simultaneous-sampling (SS)-
analog-to-digital converter (ADC). The measurements are
processed by an ESP32 which is present on the Adafruit
HUZZAH32 development board. The ESP32 is a 240 MHz
dual-core microcontroller (Tensilica Xtensa LX6) with 520 kB
of SRAM. The ESP32 also supports Bluetooth v4.2 and WiFi
802.11 b/g/n. The latter is used to transmit processed measure-
ment data to a server, which ensures time synchronization.
An expansion header is also present on the printed circuit
board (PCB) of the sensor, to add other features such as



16052

IEEE SENSORS JOURNAL, VOL. 25, NO. 9, 1 MAY 2025

RMS detector |
-‘

Dipole
Antenna

SS ADC

(@)

X—{/\—{RMS —
SS
YA F—{RuMsf— © (P uC |
z— [\ —{RMS |
(b)

Fig. 1. (a) SS-ADC-based triaxial EMF sensor assembled, on a
3-D printed support structure, installed in a weatherproof enclosure.
(b) Sensor concept; the sensor uses three dipole antennas, three
multilayer bandpass filters, three rms detectors, and one SS-ADC. The
microcontroller uses SPI to communicate with the ADC.

TABLE |
RELATION BETWEEN 5G FR1 SUBCARRIER SPACINGS AND OFDM
SymBoL DURATIONS [1], [32]

[ 15 [ 30 | 60

Subcarrier Spacing [kHz]

OFDM Symbol Duration [pus] 66.67 | 3333 | 16.67
OFDM Symbol Duration including | 71.35 | 35.68 | 17.84
cyclic prefix [us]

ADC Shortest sampling interval [us] ] 7.82

local data storage (micro-SD card), a real-time clock, or for
debugging purposes. The triaxial sensor concept is shown in
Fig. 1.

The serial peripheral interface (SPI) communication pro-
tocol is used to interface with the SS-ADC. The SS-ADC
is a four-channel SS delta-sigma ADC with a programmable
resolution (16 or 24 bit), gain amplifier, and sample rate up
to 128 ksps. This ADC was chosen because it can measure
all three components of the E-field at the same time and the
high sample rate makes it theoretically possible to measure
the exposure related to individual 5G OFDM symbols. The
duration of a 5G OFDM symbol depends on the configuration
of the subcarrier spacing (see Table I). A larger subcarrier
spacing results in shorter OFDM symbol durations [1], [32].
The sensor is powered with an external 5 V power supply via
the USB connector. A basic 5V/1A power adapter (HC105
[33]; manufactured by Ansmann) or a 5 V power bank
(Xtorm ac Power Bank Pro 41.600 mAh) were used during
testing.

B. Processing

The sensor utilizes an ESP32, a dual-core microcontroller,
to interact with the SS-ADC, and to perform the required
processing. The use of both cores enables higher sample rates
and more advanced processing. The ESP32 requires real-time
operating systems (RTOSs) to utilize both cores. The RTOS
is also used to schedule multiple tasks on the same core (see
Table II). The triaxal sensor has a measurement period of 1 s.
The first 800 ms are used to perform measurements. The last
200 ms are foreseen to transmit or store the data. The dual-
core implementation makes it possible to read and convert the
data in parallel. Minimum, maximum, and average measured
rms power per channel are calculated by the microcontroller
during the convertData task. The powers are transmitted or
stored during the sendTask. During postprocessing, the power
data P [dBm] is converted to power density S [W/mz]

_ P
~ AF
where antenna factor (AF) is the AF, which is determined

experimentally, and finally to E-field values with Zg the free-
space impedance [34]

S (1)

E =/SZ,. 2)

The E-field values per channel i are sum squared to acquire
the total E-field exposure

E = /Z E,‘2. 3)

The aforementioned postprocessing could also be performed
by the microcontroller of the sensor.

Table II lists the tasks that are scheduled and performed by
the microcontroller of the triaxial sensor.

The SensorConfig and CreateInterrupts tasks are executed
only once, but still need to be scheduled to lock the cor-
responding subprocesses (e.g., interrupt handlers) to core 1.
Core 0 is mainly used by the spiReadData task. This choice
was made to prevent read errors caused by task switching or
interrupts. The triaxial sensor prototype was able to achieve
a sample rate of 32 ksps at a resolution of 16 bits. This
corresponds to a total data throughput of 2.5 Mbit/s. A higher
resolution could be selected but requires more processing and
would impact the maximum achievable sample rate of the
Sensor.

C. Calibration

The sensors are calibrated to ensure accurate exposure
measurements. The calibration procedure consists of two steps,
an on-board and free-space calibration. The sensitivity and
dynamic range of the sensors are determined during the
on-board calibration. Subsequently, during the free-space cali-
bration, the relation between the measured power and RF-EMF
exposure level is characterized.

1) On-Board Calibration: For the on-board calibration, the
antennas are disconnected and replaced by 50-2 terminations.
Each channel, one at a time, of the triaxial exposure sensor
is connected to a calibrated signal generator (SMB100A;
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TABLE Il

TASKS OF THE MICROCONTROLLER OF THE TRIAXIAL SENSOR. EACH TASK RUNS ON CORE 0 OR CORE 1 AND IS EXECUTED ONCE (1x) OR
RUNS PERPETUALLY (00). TASK SCHEDULING IS REQUIRED TO BE ABLE TO USE BOTH CORES OF THE MICROCONTROLLER

Task name [ Runs [ Core | Task info
SensorConfig 1x 1 First the RMS detectors are configured and started. Next the sample rate, internal reference, and dynamic
range of the SS-ADC are set. The task will also start the other tasks.

Createlnterrupts 1x 1 This task starts a hardware timer (period 200 ms) and configures the external interrupt. The hardware
timer is used to ensure a fixed measurement duration. The external interrupt is used to register the
conversion state of the SS-ADC. The external interupt will alert the spiReadData task.

spiReadData 00 0 This task uses SPI to interact with the ADC. The task waits for an external interrupt generated by the
ADC, receives raw data from the ADC, converts the raw data to a voltage, and then adds the voltage
data to a queue (convertQueue). The queue is used to pass data between the two cores.
convertData [SS) 1 This task pulls data form the convertQueue and translates it to a received power level based on a
lookup table. Next, the minimum, maximum, and average received power level, for the different axes,
are calculated and passed to the sendTask.
sendTask (oS 0,1 This task takes care of the wireless communication connection between the sensor and the server. This
task can also be used to transmit the data via the extension port.
absorbers
Tx antenna
- Sensor
Signal L
Generator? ‘
— 20 m 15m
(a) (b)

Fig. 2. Free-space calibration setup. The triaxial sensor is mounted on a tripod, which is positioned on a turn table. The angle of arrival  indicates
the relative orientation between the sensor and the transmitter. The triaxial sensor is installed at a height of 1.5 m and the distance to the horizontal
polarized antenna is 2.0 m. The setup is located in a semi-anechoic chamber. The goal is to measure the AF and to characterize the isotropic

behavior of the sensor. (a) Sensor setup. (b) Angle of arrival.

manufactured by Rohde and Schwarz) to determine the output
voltage of the RF detector as a function of the incident
power. The output power of the signal generator is swept
from —70 to 8 dBm in steps of 1 dBm at a fixed frequency
of 3.625 GHz (center frequency of the n48 frequency band).
Next, the output power of the signal generator is set to
—20 dBm and the frequency is swept from 200 MHz to 4 GHz,
in steps of 50 MHz, to verify the attenuation of the multilayer
bandpass filter.

2) Free-Space Calibration: Fig. 2(a) shows the setup used to
perform the free-space calibration of the sensor. The triaxial
sensor [see Fig. 1(a)] is mounted on a tripod, which is placed
on a calibrated turn table (model: TT 0.8 PF; manufactured by
Maturo GmbH). Vertical and horizontal polarized antennas are
used to transmit a 3.625 GHz signal (generated by SMB100A)
toward the sensor sequentially. The sensor is placed at a
height of 1.5 m and the distance from the transmit antenna
to the sensor is 2.0 m. The setup is placed in a semi-anechoic
chamber. The turn table is used to perform two full rotations at
an angular velocity of 2°/s. Next, the triaxial sensor is replaced
by an isotropic frequency-selective EMF strength analyzer
(SRM-3006; manufactured by Narda Safety Test Solutions
[35]). The analyzer is used to measure the strength of the
EMFs at 3.625 GHz (with an uncertainty of £3 dB) [36]. The
outcome is then used to calculate the AF of the antennas used
to measure the different components of the E-field. Finally,
the isotropic behavior is characterized.

3) Frequency Verification Test: The fully calibrated sensor
is verified using a frequency sweep from 3300 to 3800 MHz
in steps of 25 MHz (n78 frequency band). The sensor was
mounted on a tripod in a semi-anechoic chamber. The orien-
tation or position of the sensor remained fixed during this
test. The frequency was swept in 5 s increments, during
which the sensor performed five measurements. Next, the
aforementioned procedure was repeated using the SRM-3006.
The goal is to compare the performance of the triaxial sensor
and the SRM-3006 for the n78 frequency band, which is used
in Belgium.

D. Energy Consumption

Energy consumption is an important economic and ecologi-
cal aspect when developing a sensor. The energy consumption
is measured using an Energy meter (E305EMS5; manufactured
by Perel). The Energy meter has a sensitivity of 0.1 kWh and
0.1 W, making it only suitable when performing long-term
measurements. The energy consumption is monitored for six
days. The sensor was powered by a 5 V/1 A power adapter
(HC105; manufactured by Ansmann).

E. In Situ Measurements: Configuration

Measurements of 5G signals were performed indoors and
outdoors with the triaxial sensor. The indoor tests were con-
ducted in an office building in Ghent, Belgium (commercial
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Fig. 3. Indoor measurement; the triaxial sensor (circle) was installed on
the fifth floor, next to a window, on the north side of an office building in
Ghent. The BSs are represented by a triangle.

Fig. 4.  First outdoor measurement campaign; the triaxial sensor
(circle) was installed in the Green Village in Delft, The Netherlands. The
distance to the BS (triangle) in both scenarios is 60 m. First, the user
(person) is generating artificial traffic in position 1 (P1) and later the
user moves to position 2 (P2), whilst the sensor position remains fixed.
Both positions are in LOS of the BS.

5G network). The sensor was installed next to a window in a
room on the 5th floor located on the north side of the building,
500 m to the nearest BS (see Fig. 3).

The first set of outdoor tests was conducted in the Green
Village in Delft, The Netherlands [16]. This location was
chosen due to the presence of a private 5G BS, which could
be used to generate artificial traffic at a center frequency of
3.85 GHz and corresponding bandwidth of 100 MHz. The goal
is to measure the difference in exposure when the positions of
the triaxial sensor, user equipment (UE), and BS are collinear
(P1 in Fig. 4) and when they are not (P2 in Fig. 4). This
configuration was chosen such that the sensor and UE are
not in the same beam during the tests conducted in P2.
The distance between the sensor and the BS is 60 m. Both
positions are in the line of sight (LOS) of the BS. The artificial
traffic consists of a 6-min download test conducted by a UE
(Crosscall Core-Z5).

Fig. 5. Second outdoor measurement campaign; The triaxial sensor
(SENSOR) is installed next to the antenna of the SRM-3006. A UE
(Samsung S23) is positioned in front of the sensor and the SRM-3006,
to generate 5G traffic. The triaxial sensor, UE, and BS are collinear.

The second outdoor test (see Fig.5) is conducted
at a large roundabout in Ghent, Belgium (51.01133°N,
3.70407°E). The SRM-3006 (frequency-selective EMF mea-
surement device [35]; manufactured by Narda Safety Test
Solutions, here considered as “golden standard”) was installed
at a distance of 1 m to the triaxial sensor, and measured
concurrently. The triaxial sensor and the antenna of the SRM-
3006 are positioned at a height of 1.5 m. The distance
between the triaxial sensor and the BS (nonstandalone, dual
telecom operators) is 90 m. A UE (Samsung S23) is used to
download a 10-GB file over 5G. The SRM-3006 performs 5-s
measurements, at a center frequency of 3.65 GHz, bandwidth
of 300 MHz, and resolution bandwidth of 1 MHz. During the
measurements, a laptop was used to control and change the
settings and modes of SRM-3006 automatically via Python.
The results obtained with the triaxial sensor and the SRM are
compared.

[1l. RESULTS
A. Calibration

1) On-Board Calibration: The on-board calibration of the
SS-ADC-based sensor concluded the similarity of the behavior
of all three orthogonal components (x, y, and z), AV (P;,) =
40.05V (see Fig. 6). The Z component of the triaxial sensor
has a noise floor (NF) of —60.73 dBm which is the lowest of
all axes (Py Ng = —55.73 dBm and Py Nf = —57.73 dBm).
The onboard calibration data is used to construct a lookup
table, which is used to perform the on-sensor data conversion
and later for postprocessing.

2) Free-Space Calibration: The free-space calibration is
used for the characterization of NF of the sensor, which is
0.06 V/m. Signals transmitted by the horizontally polarized
calibration antenna were mainly captured by both horizontal
oriented antennas (x-axis and z-axis) of the triaxial sensor,
as expected. Signals transmitted by the vertical polarized
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Fig. 7. Free-space calibration of the sensor; the isotropic performance
depends on the polarization of the transmit antenna. (a) Horizontally
polarized TX. (b) Vertically polarized TX.

antenna were mainly captured by the vertical oriented antenna
(along the y-axis) of the triaxial sensor. The measurements also
provide information about the isotropy of the sensor. Fig. 7
shows a maximum anisotropy of 3.8 dB for a horizontally
polarized transmit antenna (TX) and +2.9/—5.1 dB for a
vertically polarized TX. The standard deviation (o) of the
average measured E-field value is 0.006 V/m for both TX
polarisations. The average E-field value reported by the triaxial
sensor is within 3 dB of the E-field value reported by the SRM,

1.0
0.84
§ 0.6 1
o
L o0.41
uw
avg sensor
0.2 avg SRM
------- avg sensor (full test)
—-— avg SRM (full test)
0.0+ T T T T T
3300 3400 3500 3600 3700 3800

TX Frequency [MHZz]

Fig. 8. Frequency test; the performance of the sensor was compared
to the performance of the SRM-3006. The average E-field reported by
both devices for the full test differs by 0.03 V/m. The sensor performed
five measurements for each frequency.

i.e., the uncertainty range of the SRM-3006. Degradation
of the isotropic performance of the sensor could be caused
by the microcontroller socket. The microcontroller socket
[see Fig. 1(a)] introduced a “metal wall” on the PCB which
resulted in the shielding of incoming waves originating from
certain angles. This influences the isotropic performance of
the sensor and as a result, increases the uncertainty.

3) Frequency Verification: Fig. 8 shows the results of the
frequency verification test. The SRM-3006 reports every
5 s (rms averaging), meanwhile, the triaxial sensor reports
every second. The average E-field reported by both devices
for the full test differs by 0.03 V/m or the E-field reported by
the triaxial sensor was 0.43 dB higher than the SRM-3006.
The maximum difference between the values reported by both
devices for a single frequency was 0.3 V/m.

B. Sensor Uncertainty

Three main contributions to the total uncertainty error are
the uncertainty error of the calibration device, rms detector,
and antenna setup of the sensor (anisotropy). The calibration
device has an uncertainty error of £3 dB [36]. The uncertainty
error of the rms power detector is 0.5 dB, depending on the
environmental temperature of the detector [31]. The sensor is
not fully isotropic, which could result in an underestimation
of 5.1 dB [see Fig. 7(b)] or overestimation of 3.8 dB [see
Fig. 7(a)]. The relative uncertainty is defined by the ratio of
the standard deviation and the average [37]. Following this, the
relative uncertainty is 17% for horizontal isotropy and 24%
for the vertical isotropy. After combining all contributions,
the combined uncertainty error u, of the sensor is 105% or
3.12 dB. Table III shows an overview of all contributions. The
uncertainty of the calibration device has a large contribution
to the combined uncertainty.

C. Energy Consumption

The triaxial sensor consumed 0.3 kWh during a period T of
six days (measured using an Energy meter). The power draw
of the triaxial sensor was also measured by the Energy meter.
The triaxial sensor draws 2.1 W of power P. The energy
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Fig. 9.  One week of indoor measurement campaign. The measurement campaign was conducted on the 5th floor of an office building
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employee-8 AM.—5 PM.-who works at the office are marked by the green dashed lines. The recorded E-field levels during the first part of the
week are mostly below 0.067 V/m. The maximum recorded E-field value during the measurement campaign was 0.89 V/m (1.5% of the maximum

allowed E-field exposure following the ICNIRP guidelines).

people working at the office. The maximum recorded field is
0.89 V/m, which is £1.5% of the maximum allowed E-field

[

TABLE IlI
COMBINED UNCERTAINTY U OF THE SENSOR

- Relative uncertainty exposure (61 V/m) following the International Commission on

Contribution Ref. L L. X L
[dB] [%] Non-Ionizing Radiation Protection (ICNIRP) guidelines [38].
Cahlbrauon d:lme 3 11070 F[36]7 The maximum recorded E-field value registered by the triaxial
Izgggg v : o4 Fg 7:; sensor, corresponds to the E-field .streng.th of the most ener-
Power detector 0.5 2 311 getic OFDM symbol measured during a timeframe of 800 ms.
1057 37] Fig. 10 and Table IV show the results of the first out-
door measurement campaign, which was conducted in Delft,

The Netherlands. Only one user UE was connected to the 5G
BS. Four different tests—3 downlink (DL) and 1 uplink (UL)-
were conducted. The goal of this measurement campaign is
to observe the effect of beamforming toward the user. First,
the UE performed a DL test—from now on denoted as DL1-by
downloading a 10-GB file repeatedly for a duration of 6 min
starting at 11:31 A.M. The UE was positioned in position 1
collinear with the BS and triaxial sensor. The average maxi-
mum measured E-field was 2.87 V/m (4.8% of ICNIRP limit).
Next, the user moved to position 2—where the positions of the
sensor, BS, and UE were not collinear—and performed two
more DL tests (DL2 and DL3). DL2 started at 12:06 P.M. and
DL3 started at 12:12 P.M. The average maximum E-field was
7.94 dB lower for DL2 and 7.94 dB lower for DL3 compared
to DL1. The sensor was not positioned in the main beam, i.e.,
the beam from BS toward the UE, but registered E-field values
above the NF. A value near the NF, as if there was no activity
in the cell, was expected but this was not the case. A sidelobe

Combined uncertainty u. [ 3.12
> uf with u; the relative uncertainty of a contribution

1

Ue =
to the total uncertainty e.g. calibration device
consumption ECgy is also calculated based on the power

drawn by the sensors via (4). As a result, the triaxal sensor
consumes 0.30 kWh for a period of six days. This translates
to an electricity cost of €0.014 per day (the average price for

electricity in Belgium is €0.28/kWh)
P - T [hours]

1000

ECecalc [kWh] = “)

D. In Situ Measurements
Fig. 9 shows the results of the first measurement campaign,

which was conducted indoors in an office. The triaxial sensor

was measured for 14 days starting on Friday the 22nd of

December 2023. The last seven days are discussed because no

major traffic was detected in the first week due to the holiday

period. The office was closed from the 23rd of December,

2023 until the 1st of January, 2024, hence the low recorded was directed toward the triaxial sensor. The sensor is thus able
E-field values. A day-night pattern can still be observed, to measure RF-EMF exposure while not being in the main
left of the purple line on Fig. 9, but the recorded E-field beam, which indicates that the sensor could be deployed in
values were mostly below 0.067 V/m which is 0.007 V/m a monitoring network, although the registered exposure levels
above the NF of the sensor (0.06 V/m). The office reopened would be lower. A single UL test (UL1) was also performed
during the measurement campaign. The UE was located in

position 1 and at 11:52 A.M., started uploading a 500-MB file

to our server, repeatedly. The average maximum amount of

E-field measured by the sensor was 7.22 dB lower for ULI
compared to DL1. The SRM-3006 was also installed next

on the 2nd of January, a region right of the purple line
on Fig. 9, hence the increase in activity and thus higher E-
field values. Every day higher E-field values were observed
between 8 A.M. and 5 P.M., indicated by the green lines on
Fig. 9; this period corresponds to the work regime of most
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Fig. 10. First outdoor measurement campaign. The measurement campaign was conducted in the Green Village in Delft, The Netherlands. Three
DL and one UL tests were performed. DL1 and UL1 were performed when the phone (UE) was in position P1 (collinear, same beam). During
the DL2 and DLS tests the phone was present in position P2 (noncollinear, out of beam), so lower E-field values as in position P1 are expected.
The maximum E-field values measured during the DL1 test were 9.28 dB stronger than during the DL2 test and 7.04 dB stronger than during the
DL3 test. (a) DL1. (b) UL1. (c) DL2 and DL3.
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Fig. 11. Second outdoor measurement campaign; the measurement campaign was conducted at a roundabout in Ghent (51.01133°N, 3.70407°E).
The DL and ambient E-field exposure were measured using the 5G triaxial sensor and SRM-3006, in this figure represented as TrixSen and SRM,
respectively. During the file download, the average of the E-field values obtained by the triaxial sensor was 2.8 dB lower compared to the results
obtained with the SRM. During the second part of the measurement campaign, the average of the E-field values obtained by the triaxial sensor was
0.72 dB lower compared to the results obtained with the SRM. The results of both measurements were within the uncertainty range of the SRM,
which is a good result.

to the triaxial sensor to compare the obtained ratios. Similar TABLE IV
ratios, —9.28 dB for DL2/DL1, —7.04 dB for DL3/DL1, and RESULTS OF THE FIRST OUTDOOR MEASUREMENT CAMPAIGN. THREE

. DL AND ONE UL TEST WERE PERFORMED BY A USING A SINGLE UE.
—7.56 dB for UL1/DLI, were obtained for the average E-field THE UE WAS LOCATED IN TWO DIFFERENT POSITIONS, FIRST IN

measured by the SRM-3006, which was positioned at distance  pogirion P1 AND LATER IN POSITION P2. THE TRIAXIAL SENSOR
of 2 m from the sensor. The values of the maximum E-field REMAINED IN POSITION P1. THE STRENGTH OF THE E-FIELD WAS
obtained by the triaxial 5G sensor cannot be compared to the MEASURED AND COMPARED TO THE RESULTS OBTAINED DURING
values of the maximum E-field obtained by the SRM. The THE FIRST TEST (DL1)
SRM combines the maximum E-field for discrete frequencies E Ermax.avz ESRM.ave
. . Test Pos Start max,avg Emax,avg,DL1 ESRM,avg,DL1

for the total duration of a measurement campaign, so these [V/m] [dB] [dB]
maxima did not occur at the same time. Meanwhile, the triaxial DLI1 | P1 | 1131 2.87 - -
sensor measures the maximum total E-field exposure for a ULL | PL | T1:52 1.25 722 -7.06

i o ; DL2 | P2 | 12:06 15 7.94 9.28
wide frequency band, and this is at a higher sample rate than DI3 | P2 | 1212 120 757 704
the SRM. The maxima can still be verified by performing
spectrum analyzer measurements as seen in [10]. duration of the measurement campaign was 30 min. The

Fig. 11 shows the results of the second outdoor measure-  second part of the measurement campaign lasted for 25 min
ment campaign, which was conducted in Ghent. A phone UE  and was used to measure E-field exposure caused by the
was used to download a 10-GB file to generate 5G traffic, 5G usage of people driving around the roundabout and by
and as a result also a beam toward the measurement setup. people roaming in the environment of the measurement setup.
The final test started at 12:34 P.M. on July 31st. It took the The results obtained by the 5G triaxial sensor-one sample
phone 4 min and 20 s to download the file, which corresponds every second and the SRM-one Samp]e every 5 s—were

to a continuous throughput of at least 300 Mbit/s. The total averaged using a mo\/ing average over a period of 5s, 1 min,



16058

IEEE SENSORS JOURNAL, VOL. 25, NO. 9, 1 MAY 2025

TABLE V

RESULTS OF THE SECOND OUTDOOR MEASUREMENT CAMPAIGN. A

DOWNLOAD TEST AND AMBIENT EXPOSURE MEASUREMENT WERE

PERFORMED. VALUES OF THE E-FIELD WERE MEASURED BY THE TRIAXIAL SENSOR AND THE SRM-3006. THE RESULTS WERE FIRST
AVERAGED OVER A PERIOD OF 5 S, 1 MIN, AND 6 MIN AND THEN AVERAGED OVER THE TOTAL TEST DURATION

Download test

Ambient measurement

Device E5 savg,avg El min avg,avg E() min avg,avg E5 savg,avg El min avg,avg E() min avg,avg
[V/m] [V/m] [V/m] [V/m] [V/m] [V/m]
Triaxial Sensor 0.850 0.862 nan! 0.299 0.299 0.298
SRM-3006 1.179 1.194 nan’ 0.325 0.327 0.325

! Duration of download test was shorter than 6 minutes.

and 6 min. Next, the results were compared to each other. The
average amount of E-field exposure during the file download
was 0.850 V/m according to the triaxial sensor (TrixSen) and
1.179 V/m according to the SRM. The results obtained with
the triaxial sensor are 2.8 dB lower compared to the results
obtained with the SRM, which is within the uncertainty of the
SRM and thus considered good. The average E-field measured
by the triaxial sensor during the second part (ambient E-field
exposure) was 0.299 V/m. Meanwhile, the average E-field
measured by the SRM was 0.325 V/m, or 0.72 dB higher.
A summary of the results can be found in Table V.

IV. SENSOR SPECIFICATIONS AND IMPROVEMENTS

The specifications and capabilities of the sensor are dis-
cussed in this section. The cost to produce a sensor, excluding
calibration and engineering time, is less than €200. This
makes the sensor suitable to be deployed in large monitoring
networks. The sensor can be used to observe the temporal
behavior of E-fields, specifically tailored to 5G. The sensor is
capable of measuring E-fields stronger than 0.06 V/m for a
frequency range that corresponds to the n78 frequency band
and the n77 frequency band (up to 3.9 GHz). The combined
uncertainty of the sensor is 3.12 dB. The uncertainty of
the calibration device has a large contribution to the total
uncertainty.

A different free-space calibration technique could improve
the calibration and therefore reduce the measurement uncer-
tainty. A different antenna setup is also considered to improve
the isotropic behavior sensor of the sensor.

The ADC that is used allows us to sample at the symbol
level, which makes it possible to measure the E-field exposure
related to individual 5G OFDM symbols. This will be tested
in situ and extra tests will be performed to verify if the
sensor would be able to differentiate between traffic and
synchronization signals.

The sensor uses mains power or an external 5 V supply
to power the sensor. In the future, batteries (and potentially
solar panels) will be used to power the sensor to increase the
freedom of future deployments. A real-time clock chip and
extra local storage will also be added to the new version of
the sensor to make it easier to sync the data and to reduce
the network traffic. The latter will also reduce the power
consumption of the sensor by reducing the active time of the
WiFi modem of the microcontroller.

V. CONCLUSION AND FUTURE WORK

A low-cost triaxial 5G RF-EMF exposure sensor was devel-
oped, calibrated, and validated in the field. The sensitivity of

the triaxial 5G sensor is 0.06 V/m, while having a combined
uncertainty u. of 3.12 dB. The sensor was tested in situ in
one indoor (next to a window) and two outdoor environ-
ments (private and commercial 5G network). The maximum
measured strength of the E-field was 0.893 V/m for the
indoor measurement campaign and 2.87 V/m for the outdoor
measurement campaign, which are 1.5% and 4.8% of the
maximum allowed E-field exposure following the ICNIRP
guidelines. For the second outdoor measurement campaign,
a comparison was made between measurement data obtained
by the triaxial 5G sensor and the SRM-3006. The average
values of the E-field registered by the triaxial 5G sensor differ
on average 1.4 dB from these of the SRM-3006.

In the future, more triaxial nodes will be produced to
create a 5G monitoring network. Additional capabilities of
the simultaneous ADC-based sensor will also be investigated.
The simultaneous ADC can theoretically sample the different
OFDM symbols used in 5G communication for FRI1.
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