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ABSTRACT Accurate electromagnetic field (EMF) exposure assessment in operational fifth generation new
radio (5G-NR) networks is challenging because most approaches rely on static or worst-case transmission
assumptions, creating a gap between simulations and real-world measurements that this study bridges.
We validate ray-tracing (RT) simulations for exposure estimation from 5G-NR massive multiple-input
multiple output (MaMIMO) antennas operating in the 3.7-3.8 GHz frequency range 1 (FR1) band by
integrating equivalent isotropically radiated power (EIRP) values recorded by base station antenna (BSA)
counters. Using operational EIRP data enables realistic modelling of dynamic network behaviour and
reduces uncertainty in line-of-sight (LOS) scenarios. In-situ EMF measurements performed according to
IEC 62232 serve as a benchmark for evaluating simulation accuracy while considering the 4 dB target
expanded uncertainty. Results show a median deviation of 1.6-3.8 dB between EIRP-based simulations
and measurements, demonstrating good agreement, while the measured and estimated exposure levels
remain well below International Commission on Non-Ionizing Radiation Protection (ICNIRP) limits, with
a maximum of 0.6 %.

INDEX TERMS EMEF exposure, ray tracing, 5G, MaMIMO, EIRP.

I. INTRODUCTION

The 5G networks represent a major advance in mobile
communications, offering unprecedented data rates, ultra-
low latency, and support for massive connectivity. These
advancements are mainly driven by the application of
millimeter wave (mmWave) frequencies and MaMIMO
antennas, with beamforming techniques at its core [1], [2].
While the technical potential of 5G is transformative, it also
introduces new challenges, particularly in understanding and
assessing human exposure to EMFs.

The associate editor coordinating the review of this manuscript and

approving it for publication was Su Yan

The increasing deployment of 5G infrastructure necessi-
tates rigorous evaluation of EMF exposure levels to ensure
compliance with international safety guidelines and public
health standards. This topic has become an essential field
of study considering growing societal concerns regarding
the potential health effects [3]. Organizations such as the
ICNIRP [4] and the Institute of Electrical and Electronics
Engineers (IEEE) [5] each provide their set of guidelines
based on latest studies to mitigate health risks. The World
Health Organization (WHO) [6], through its International
EMF Project [7], assesses scientific evidence on the health ef-
fects of EMF exposure, identifies knowledge gaps, promotes
research, develops exposure guidelines in collaboration with
bodies like ICNIRP, and provides public guidance to ensure
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global safety standards are met. However, the complexity of
5G networks introduces uncertainties in exposure estimation,
driven by dynamic beamforming, diverse propagation envi-
ronments, and user-specific factors such as mobility and user
patterns [8]. Consequently, robust methodologies are required
to accurately assess EMF exposure in real-world scenarios
and validate predictive models with empirical measurements.
Such efforts led to the development of the International
Electrotechnical Commission (IEC) standards for evaluating
human exposure [9] that are consistent and reproducible.
In cases where time variations affects the selected metric,
including fluctuations due to power control, beamforming
(for MaMIMO), traffic load or duty cycle, the time-averaged
metric is considered for comparison with the EMF exposure
limits [9].

The literature, extensively covers exposure assessments
for legacy wireless communication systems such as 2G, 3G,
and 4G. In 5G, techniques ranging from empirical measure-
ments [10], [11], and [12] to computational modelling [13],
and machine learning [14] have been employed to character-
ize exposure levels in various environments. Previous studies
have established baseline exposure metrics and demonstrated
how network configuration, power-control strategies, and
user density influence exposure levels [3], [8], [9], [10], [13].
However, the shift to 5G introduces new complexities that
these approaches cannot fully capture. Advanced modelling
is required, particularly because beamforming and MaMIMO
produce highly directional, spatially non-uniform exposure
patterns, and permanent beam steering in multiple directions.
Traditional measurement campaigns and full-wave simu-
lations, while accurate, are often impractical due to their
significant time and computational demands. Deterministic
approaches such as RT simulations offer an efficient alter-
native for modelling electromagnetic-wave propagation in
complex urban environments. However, a key challenge in
RT-based exposure assessment is the accurate representation
of the transmitted power from BSAs, particularly for
MaMIMO systems where the radiated power dynamically
varies based on network load and beamforming patterns.
Efforts to incorporate BSA counter data have shown that
assuming a fixed beam and transmitted power led to an
overestimation of exposure [15].

Numerous tools support RT for EMF simulations. Com-
mercial platforms such as iBwave Design, MATLAB, Vol-
cano, Wireless InSite, and WinProp provide comprehensive,
high-accuracy propagation modelling. Open-source alterna-
tives like Opal and Sionna offer accessible options, though
typically with more limited functionality and accuracy [14].
The built-in ray tracing in MATLAB offers a key advantage
by providing partial access to the underlying algorithms
and individual rays, enabling power customization. This has
been applied to city scale spatio-temporal simulations of 5G
downlink (DL) exposure, using models capable of supporting
large scale dynamic scenarios [13].

In this study, we propose a hybrid methodology that
integrates the built-in RT in MATLAB and “Actual EIRP”
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data derived from BS counter measurements, henceforth
referred to as EIRP data. The values extracted from EIRP
data provide real-time information on the actual transmitted
power and gain, which is used to assign the power and
gain through EIRP values of all individual rays contributing
to the total exposure at the evaluation point (EP). This
approach enhances the exposure assessment by incorporating
live network data rather than solely relying on generic
transmission models or theoretical assumptions. This paper
presents:

o A hybrid methodology for 5G EMF exposure assess-
ment that integrates operational EIRP values, capturing
transmitted power, antenna patterns, and traffic load—
within ray-tracing simulations.

o A parallel analysis of simulated and measured data
to validate the modelling approach and support the
automation of exposure assessments.

« A simulation-driven workflow that provides a practical
alternative to labour-intensive field measurement cam-
paigns for regulators and operators.

« An evaluation of typical uncertainty margins, offer-
ing insights to guide future research and standardization
efforts in EMF exposure evaluation.

These contributions provide a practical and scalable frame-
work for assessing the exposure levels in operational 5G
networks. The paper is structured as follows: Section II
describes the methodology for 5G exposure assessment, with
emphasis on RT and EIRP-based RT simulations, as well as
the in-situ measurement setup and data collection criteria.
Section III presents the simulation and measurement results
along with a comparative analysis. Section IV concludes by
summarizing the key findings.

Il. METHODOLOGIES

In Belgium, information regarding base station (BS) de-
ployments is publicly accessible through official databases,
such as the one maintained by the Department of Environ-
ment [16]. The network analyzed in this study comprises
sectorized, non-stand-alone 5G MaMIMO antennas operat-
ing in the n78 frequency band (3.7-3.8 GHz) [17], as detailed
in Table 1.

For the purposes of this study, users are defined as user
terminals (UTs) that maintain an active connection to the
network and are engaged in data transmission or reception.
In contrast, non-users refer to inactive UTs that are not
currently involved in any data exchange.

The median GPS coordinate values were selected for each
EP to ensure spatial consistency. Furthermore, all selected
EPs are within region types classified as III-1,M, as defined
in Annex A of [9].

A. RAY TRACING SIMULATIONS

Ray-tracing simulations are conducted in MATLAB R2024a
using the Shooting and Bouncing Rays method [18]. The
implementation leverages MATLAB’s Antenna Toolbox [19]
and Phased Array System Toolbox [20]. Throughout all
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Table 1. Input parameters and configuration of raytracing simulation.

Symbol  Description Value Unit
Zo free-space impedance 377 Q
fe carrier frequency 3.775 GHz
Ae carrier wavelength 7.93 cm
Prx conformity output power 42.8 dBm
G conformity antenna gain 24.9 dBi
a TX orientation in azimuth 150 °
hrx TX antenna height 32.75 m
Ny X N;  number of elements (X2) 12x8 —
G maximum element gain 8 dBi
HPBWe V/H-HPBW of element 65
d, interelement distance Ac/2 cm
Smin receiver sensitivity —120 dBm
hrx receiver height 1.5 m
hy probe height 1.5 m
dp probe distance to UT 2 m
Ngiax Max number of reflections 5 —
Np finax Max number of diffractions 1 —
Lfnax Max relative pathloss 40 dB
€r,g ground relative permittivity 16.06 —
og ground conductivity 0.397 S/m
€rb building relative permittiv- ~ 5.31 —
ity
op building conductivity 0.055 S/m
EIRP; s average actual EIRP of ith — dBm
segment

simulations, only the controlled UT is considered, while
unknown UTs are excluded from the scope of this study.
The environmental materials are restricted to concrete
and loamy soil, selected based on the site’s known soil
composition with a typical Volumetric water content of
20% [21]. These materials are used to model the building
structures and terrain, respectively. The relative permittivity
and conductivity of loamy soil were calculated based on the
“earthSurfacePermittivity”” built-in MATLAB function [22],
[23] and are listed along other simulation parameters in
Table 1.

1) SIMULATION WORKFLOW

Figure 1 shows the overall simulation workflow for exposure
assessment using both conformity-based and EIRP-based
inputs. The process begins by using the enhanced site
model shown in Figure 2 in Section II-A2 to perform RT
simulations. For each EP, the contributing rays and their
corresponding complex path loss are extracted based on the
simulation parameters summarized in Table 1. The channel
responses are generated based on the ray-tracing simulations
at each EP.

Simulations with conformity-based inputs are based
on [17] and employ maximum-ratio transmission (MRT)
precoding as in [13], reflecting the reciprocity-based beam-
forming of the BSA [24]. The precoder generates the
radiation pattern at each EP, and intersecting the traced rays
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Figure 1. Simulation workflow of basic ray tracing and EIRP-based ray
tracing processing blocks.

with this pattern yields the required per-ray transmit gains.
This approach estimates the maximum simulated signal
strength at each EP as formulated in Section II-A3.

As shown in Figure 3, the EIRP values are reported over
discrete azimuth-elevation segments of the BSA field of view
(FoV). Each ray is generated with a known angle of departure
(AoD), and this AoD is mapped to the corresponding FoV
segment. The rays are then assigned the time-averaged EIRP
reported for that segment, ensuring that the transmitted
rays collectively reproduce the antenna’s directional power
distribution. When multiple rays occupy the same directional
segment, the segment’s total energy is divided among them
to satisfy energy-conservation requirements, following the
formulas described in Subsection II-A3. The received E-field
is then obtained from the channel’s response to each specific
group of inputs for both processing blocks.

2) 3D MODEL AND OPTIMAL SETTINGS

As shown in Fig. 2 (Left), OpenStreetMap (OSM) [25]
provides basic building models; however, their detail is often
insufficient for RT simulations, which are highly sensitive
to geometric accuracy [26]. To improve fidelity, an initial
simulation using OSM data identifies structures interacting
with rays at each EP. All buildings involved in any interaction
are then selectively refined in Blender [27], as illustrated
in Fig. 2 (Right). The refinements are limited to building
height, rooftop type, and adjustments to unique buildings
(the sport hall beside the BSA tower). This refinement
process can be iteratively repeated when newly refined
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Figure 2. Representation of (Left) the openstreetmap (OSM) model
imported using blosm add-on in blender [25], and (Right) the refined
model. The BSA is located beside the sports hall.
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Figure 3. The segmentation of the EIRP data in tion (positive
represent downtilt) and azimuth with an example ray set. The red square,
blue triangle, and black circles represent the LOS, ground reflection and
reflected and/or diffracted rays, respectively. The dashed squares show
ray groups that share the same EIRP data.

buildings introduce additional propagation paths, ensuring a
progressively accurate and realistic 3D model.

A setting that considers up to 5 reflections and a single
diffraction was found to provide sufficient accuracy even
under non-line-of-sight (NLOS) conditions [28].

3) PROCESSING BLOCK FORMULATION

In MATLAB [18], the built-in ““sigstrength” function eval-
uates the signal strength at a receiver’s location based on
transmitter’s output power (Pry in [W]) among other parame-
ters as listed in Table 1. The formulation starts with (1), where
the radiated power density (Sty) is calculated at a distance
(r) from the transmitter, considering a lossless transmitter
with Pry, gain (Gry in linear scale), and propagation factor
(Fp=1 for homogenous medium) accounting for the scenario
complexity.

Prx Grx Fg

Stx = ————— 1
™ 4 r? )

The path loss (PL) can be expressed as shown in (2)
and by substituting it into (1), we derive the formulation
presented in (3a). Furthermore, under free-space conditions,
the transmitted power is related to the root-mean-square
(RMS) of E-field strength as described by (3b).

2
PL(r) = ( f’}r) @
cl'p
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4 1
Stx = Ptx GTx (A_Z) (m) (3a)

1 2
STX = - |Erms| (3b)
Thus, the transmitted E-field strength at the EP, denoted as
ETx can be calculated using (4), as follows:

4 1
Erx(r) = [nPtxGTx (F) (W(r)) 4

Ei(r) = ‘/ \/PTX\/GTXH/PL( (5a)
n4n |EIRP;
EO=GaV N, \/PLi(r> (5)

In (5a) and (5b), the only unknown variable is the
ray-specific complex path loss (PL;) representing field atten-
uation, which is obtained from the RT simulation. To compute
the superposition of all contributing rays at an EP, the E-field
components (E;) for the rays are derived using (5a) for the
conformity inputs and (5b) for the EIRP inputs, respectively.
Figure 3 shows an example of the grouped rays that share the
same EIRP value which should be considered in 5b.

In the processing block for conformity data, the gain of
i-th ray (Grx ;) is calculated based on the precoding array
and AoD for each ray. In the processing block for EIRP
data, N; accounts for the number of rays directed toward
the same segment, thereby ensuring energy conservation.
The equal division of energy between the rays inside a
segment is an approximation which provides a sample of
the power and gain in the direction of the ray over the
duration of the measurement. Since the rays are not physical
energy carriers, this leads generally to an overestimation
of exposure levels. The E; components are complex values
because of the complex path loss derived from ray tracing.
Finally, the E-field strength [dB 1« V/m] at an EP, is determined
by computing the amplitude of the superposition of all
contributing rays as follows:

N ray

Erx = 120420 x log [ | > Ei| (6)
i=1

In addition to the EIRP-based RT results, to conservatively
estimate the maximum exposure from EIRP data for the
worst-case scenario, we rescale the EIRP segment values
to the maximum allowed EIRP using conformity specifica-
tions [17] at 67.7 dBm, assuming maximum gain and power
allocation.

B. IN-SITU MEASUREMENTS

The measurements were conducted in Ghent, Belgium,
within an operational 5G network environment characterized
by dynamic conditions, including the effects of beamforming
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Table 2. Setup and settings for in-situ measurements.

Symbol  Description Value Unit
BW bandwidth of interest 3.7-3.8 GHz
RBW resolution bandwidth 100 kHz

At routine duration 6 min

st sweep time 110 ms

sp sampling period ~ 3 X st ms
hprobe probe height 1.5 m
hphone phone height 1.5 m

Egp E-field strength in SA  Actual dBuV/m
sensitivity SA sensitivity at EP  — dBuV/m

and varying user traffic. The validation performed in this
study is limited to LOS scenarios. The measurements adhere
to the IEC 62232 standard [9].

The equipments used for the in-situ measurement routines
include: NARDA SRM-3006 (SRM), (optional: other devices
as listed in [29], may also be employed for EMF exposure
assessment.) triaxial broadband probe (3502/02), RF-Cable
(3602/02), wooden or plastic tripods, phone equipped with
QualiPoc [30] for link monitoring and validation. (A device
capable of maintaining a DL connection is sufficient for the
measurements.) The reported expanded uncertainty of the
SRM device in this configuration is 1.9 dB (with a coverage
factor k=2) within the bandwidth of interest [27]. Measure-
ment consistency is ensured through multiple repetitions at
the same EP for FTP-DL measurements. In Table 2, the mea-
surement settings for the FTP-DL routine are summarized.
During the 6-minute in-situ measurement, the UE repeatedly
requests a 10 GB file download to maintain a continuous
DL connection with the 5G BSA. The SRM operates at the
finest resolution bandwidth (RBW) of 100 kHz, to maximize
sample capture. Sweep time (st) is internally computed based
on bandwidth, RBW, and processing requirements, while the
sampling period (sp) is limited by the serial port baud rate.
Device sensitivity is adjusted on-site to prevent saturation and
ensure accurate EMF measurements.

1) DATA COLLECTION AND PROCESSING

The measurement duration and scheduling are governed by
the sampling interval of the BSA counters, which report the
6-minute average EIRP per segment (EIRPgc) values every
5 minutes. The recorded data with the SRM corresponds to
frequency samples for actual E-field strength (E;“" ) at the
location of the probe, expressed in dBuV /m. The frequency
samples are processed according to (7) to compute the
channel E-field strength (E4") where a sweep index (SI)
of 2 is applied, indicating that the sweep filter spans two
frequency sample points, and thus the power is effectively
recorded twice by the SRM.

Eg}(lzt — Eact2 (7)
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For comparison with simulations, the 6-minute average of
the E Ca}f‘ samples are calculated by dividing the overall power
by the number of samples (;) for each in-situ measurement.

®)

Data cleaning was performed based on outlier detection
during the data processing phase, supported by the time-series
visualization shown in Fig. 6 and the QualiPoc reports. In a
few cases, the UT connection was disrupted, namely the EP
and ID pairs of (2,1), (2,4), (3,2), (5,6), which have been
omitted in Section III-E.

2) UNCERTAINTY ANALYSIS

The identified sources of uncertainty primarily stem from the
highly dynamic behavior of wireless networks, specifically
the adaptation of beamforming, power control, and scheduler
allocation in response to user mobility and activity, as well
as from environmental variations that further affect the
resulting EMF exposure levels. The effects of uncertainty
from noise and short-term traffic variation are mitigated
through averaging. For long-term traffic variation and beam
directionality, the application of the FTP-DL routine helps
reduce measurement uncertainty through stabilizing the re-
source allocation and ensures the activation of beamforming
used in 5G MaMIMO BSAs. Consequently, the dominant
sources of uncertainty are captured within the measured
data. For in-situ measurements, the measurement data are
treated as Type A (u4) source of uncertainty, while the
device and setup-related uncertainties are classified as Type B
(ug). These are then combined to calculate the overall
uncertainty [31]. Given the skewed distribution observed
in the in-situ measurement results (Fig. 9), a bootstrap
approach is employed to estimate the associated uncertainty.
To compute the combined uncertainty, the bootstrap-derived
distribution is convolved with a zero-mean normal probability
density function (PDF), which represents the setup-related
uncertainty as characterized in [27]. This procedure yields
the 95th percentile confidence interval (CI) for the measure-
ments, as presented in Table 6.

3) FTP-DL MEASUREMENT

In Fig. 4, the selected LOS EPs are indicated by blue markers
for UT placement and by the red marker for the 5G antenna.
Also, Fig. 4 includes an example for the location sensitivity
grid and the in-situ measurement setup. For the FTP-DL
measurement, the phone is placed at a distance of d, =
2 m from the probe as recommended in [14]. Other relevant
parameters are provided in Table 2. The in-situ measurements
were performed between 09/04/2025 and 09/05/2025.

4) SSS-BASED EXTRAPOLATION

Measurements of the Secondary Synchronization Signal
(SSS) are performed at the same EPs as in the FTP-DL
setup (Fig. 4) and repeated for 2 or 3 times, using the
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Analysis \
Grid

Figure 4. The measurement map for the FTP-DL routine and an example
of the in-situ measurement setup. The blue markers indicate the
evaluation points, while the red marker represents the BSA. The example
grid shows the relative positions for the location sensitivity simulations
with steps of 2 meters.

Table 3. In-situ description and information of the evaluation points for
FTP-DL measurements.

EP LOS Condition Description Dist.[m]
1 treesin LOS in the vicinity of a tree 160
2 trees in LOS pathwalk crossing 183
3 trees in LOS between two buildings 204
4 treesin LOS 10 m away from a building 191
5 trees in LOS 4 m away from a building 185
6  tram/trees in LOS busy roadside and crosswalk 260

5G mode of the NARDA SRM-3006. This mode enables
code-selective detection of SSS, requiring prior knowledge
of subcarrier spacing (SCS) and PBCH center frequency as
listed in Table 4 [27]. To confirm connection to the BSA under
study, drive test tools (e.g. QualiPoc) are used to extract the
cell-ID and compare it to SSS-specific measurement data.
The 2-minute average electric field strength in mV /m is
recorded across all broadcast beams at the EPs, including
those from adjacent subsectors. These measurements help
with EMF exposure estimation through extrapolation and
distinguish between static broadcast beam and dynamic
traffic beam exposure, which cannot be captured without full
BSA control.

The average power of resource elements (REs) depends
on the number of resource blocks used in the signal.
The PSS, SSS, and PBCH occupy one symbol in time
domain and 127, 127, and 240 subcarriers in frequency
domain, respectively. To derive the average E-field strength
per RE (Erms, RE), the 2-min averaged E-field strength
(Erms, meas) is normalized by the number of subcarriers
(Ng¢), as shown in (9). Note that the averaged E-field
strength (Frms,meas) only accounts for the dominant beam
corresponding in the EP’s subsector, as contributions from
the remaining beams are negligible (typically 10 to 20 times
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Table 4. SSS-based measurement settings and extrapolation parameters
of E.16 referenced in [9].

Symbol Description Value Unit
fe center frequency of PBCH block 3.75024 GHz
SCS subcarirrer spacing 30 kHz
BW signal bandwidth 100 MHz
sp sampling period 120 S
st sweep time 2.5 s
Fpw total carrier bandwidth to subcarrier 12x273 —
frequency spacing of SSB ratio
Fpr power reduction for actual maxi- 1 —
mum approach
Frpc technology duty cycle 75% —
Fp transmitted power ratio of broadcast 1 —
to traffic beam
132-
130- @ I
— 128- °®
£
=
5 _—
'E. 126-
m
124 -
122-
120- . w . . . T
1 2 3 4 5 6
Evaluation Point (EP)

Figure 5. Sensitivity of RT simulations to location accuracy using a
2-meter grid step around the median GPS coordinates of the EPs. The red
dots represent the value at the center point.

lower).

— E
Erms,RE = % (9)
sc

The overall extrapolation factor from SSS-based mea-
surements to maximum exposure can be derived using (9),
equation (E.16) of [9], and the parameters listed in Table 4.

5) PEAK-TO-AVERAGE RATIO

The Peak-to-Average Ratio (PAR) is a valuable metric for
assessing exposure variability, particularly in scenarios where
peak levels rather than average values may drive biological
effects [4], [24]. Different technologies and use cases may
exhibit distinct PAR characteristics, i.e. 2 for a sinusoidal
signal, 8.7 for GSM, 3.1-3.3 for UMTS-FDD, 10-20 for
WLAN [32]. Possible ranges for PAR are constant exposure
(PAR = 1), mildly varying exposure (I < PAR < 3),
dynamic exposure (3 < PAR < 10), and extreme exposure
(PAR > 10 or 00).
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Figure 6. Example of the measured channel E-field (Ey,) levels (EP5) for different measurements over time. The maximum and
time-averaged (6 min) E-field values are denoted as E ;max (red circular dots) and E ¢, (black square dots), respectively and are

overlaid on the plots.

Ill. RESULTS

A. LOCATION SENSITIVITY IN SIMULATIONS

Fig. 5 shows the simulated E-field strength of the
conformity-based inputs on the sensitivity grid visualized in
Fig. 5. As shown, the results are highly sensitive to location
accuracy, due to multipath propagation effects arising from
phase differences and power variations of individual rays.
Specifically, Fig. 5 shows that they are highly sensitive
in cases of EP1, EP5, and EP6, where the IQR is larger
than 2, 3, and 6 dB, respectively. Detailed analysis indicate
that the LOS and ground-reflection (GR) rays dominate,
contributing 88.3% to 99.9% of the received power across
EPs. At EP1, EP2,and EP4, variations arise from LOS to GR
phase differences, where EP1 shows destructive interference
and a larger IQR, while EP2 and EP4 exhibit constructive
interference. At EP5 and EP6, additional rays contribute 9%
to 11.7%, increasing power variation and IQR. Random phase
differences between the rays of each EP would yield much
larger IQR spans (>30 dB).

B. SPATIO-TEMPORAL ANALYSIS IN MEASUREMENTS
During the in-situ measurements, 811 unknown UTs were
connected to the antenna, and no traffic-load information was
available. Resource sharing among them could reduce signal
strength by up to 10.4 dB compared to a single-user scenario,
which serves as a lower bound for BSA-induced reduction
relative to maximum single-user exposure.

Fig. 6 shows the measured channel E-field (E.;) samples
for an example EP5 and different measurement identifi-
cations (IDs). Considering all measurement data, the E,
samples show a high variability with a coefficient of variation
(CV = standard deviation / mean) ranging from 29% to
49.7% and do not follow a predictable pattern. In a few
specific cases namely (EP, ID) pairs of (2,4), (3,2), and
(5,6), the QualiPoc established link was disrupted, which led
to significantly lower E.; samples. Under stable conditions
with consistently active UTs, the time-averaged channel E-
filed (E.;) remains highly stable (variation <1 dB) across
all EPs over six consecutive measurements within one hour.
In contrast, the peak values vary noticeably across EPs, with
CVs from 9% to 19%, reflecting strong fluctuations. The
highest recorded peak was approximately 2.8 V/m, observed
at EP1. Furthermore, the maximum E-field values tend to
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Figure 7. An E-field strength comparison between the partial
extrapolation (without Fg factor) of the broadcast beam and the FTP-DL
measurements across EPs. Measured values were averaged over 2-min
for broadcast beam and over 6-min for the FTP-DL routine.

decrease from 2.8 V/m to 1 V/m with increasing distance
from EP1 to EP6.

C. SSS-BASED EXTRAPOLATION

Fig. 7 shows the E-field strength comparison of the
SSS-based extrapolation (assuming the factors in Table 4)
and FTP-DL measurement routine. Sequential SSS-based
estimations exhibit negligible variation across EPs. The
2-min averages of broadcast-beam E-fields range from
25.5 mV/m at EP1 to 6.7 mV/m at EP6. The mean absolute
error of 8.5-10.3 dB across EPs quantifies the difference
between the assumed extrapolation factors and real-world
maximum exposure.

D. PEAK-TO-AVERAGE RATIO

Fig. 8 shows the peak-to-average ratio (PAR) for the FTP-
DL measurements. As shown, the majority of measurements
fall within a PAR range of 2 to 3, indicating moderate signal
fluctuations. Values exceeding this range can be attributed
to specific conditions involving either high peak bursts or
low average exposure levels. For the (EP, ID) pairs (1,5) and
(1,7), elevated PAR values are primarily due to high-peak
bursts of 2.7 V/m and 2.8 V/m, respectively. In contrast, pair
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Table 5. Summary of datasets used for comparative analysis.

Dataset Description Values per EP Expanded Uncertainty (k=2) Derived Statistics

RT with EIRP ;¢ Ray tracing with 6-minute averaged 6 — Median (IQR)
actual EIRP values

In-situ Measurements Measured 6-minute averaged E- 6 uys and 1.9 dB Median (IQR)
field strength

RT with rescaled EIRP Ray tracing with rescaled EIRP val- 6 — Median (IQR)

input to EIRP yax

ues to EIRPyuax (67.7 dBm) as
worst-case scenario

Table 6. Comparison of simulation and measurement results per evaluation point (EP).

EP RT EIRP-RT1Ax EIRP-RT Measurement AX[dB] Comments
Median IQR Median IQR Median IQR  uc¢ (95% CI)

EP1 122.20 118.78 0.03 116.57 0.39 118.57 0.56 3.78 1.56 Good agreement
EP2  129.19 122.32  0.06 11820  2.99 11444  0.23 3.72 -3.76 Overestimation
EP3 12893 12221 0.01 117.70  1.65 11548  0.30 3.80 -2.22 Overestimation
EP4  130.18 120.11 0.02 117.24 0.67 113.79 0.34 3.79 -3.45 Overestimation
EP5 13176 11992 237 11462 222 117.50 047 3.88 2.88 Underestimation
EP6  127.83 11421 0.10 11240 052 109.73  0.36 3.80 -2.68 Overestimation

* All values are reported in dBuV /m unless explicitly indicated otherwise.

p EP1 |
EP2

g EP3 |
S EP4
Y, EPS
E EP6

& 3-8 XN T

2

D

E,
Figure 8. Peak-to-Average Ratio (%) of channel E-field strength

(Ecp) for evaluation point (EP) and mecgsurement identification (ID).

(1,1) shows a PAR above 3 due to its low average channel
exposure (E.;, = 0.5 V/m), with consistently weak signals
throughout the measurement period. Further analysis of the
EIRP data indicated that the BSA operated at reduced power,
likely due to serving users distributed over a wider coverage
area. Additionally, pairs (2,4), (3,2), and (5,6) exhibit high
PAR values due to low E ., levels during QualiPoc disruptions
0.33 V/m, 0.35 V/m, and 0.28 V/m, respectively.

E. GENERAL COMPARISONS

Fig. 9 compares EIRP-based simulations with in-situ FTP-DL
measurements across all EPs. Table 5 summarizes the
dataset used for this comparison. The three boxplots per
EP represent: (1) simulations using actual EIRP, (2) in-
situ measurements, and (3) simulations using rescaled EIRP.

VOLUME 14, 2026

The green bands, centered on the in-situ medians, show
the combined measurement and setup uncertainty (uc, 95%
CI). The median difference between measurements (X;eqs)
and actual-EIRP simulations (Xgjgp) is indicated at the
bottom for each EP (AX = Xueas — Xemrp [dB]). Key
numerical results are listed in Table 6. Overall, EIRP-based
simulations partly overlap with the in-situ uncertainty range
and generally overestimate exposure. At EP1 and EPS5,
simulations underestimate exposure, caused respectively by
destructive interference (EP1) and low recorded EIRP values,
where the BSA covered an adjacent area (EP5). Using
rescaled EIRP (third boxplot group), simulations overesti-
mate exposure at all EPs, with overlap only at EP5, consistent
with its large IQR (2.5 dB) indicating unreliable EIRP
data. While operator-provided EIRP counter uncertainties are
unknown, Fig. 9 shows that EIRP-based medians still align
reasonably with measurements, differing by 1.6 to 3.8 dB.
The 1.9 dB (k=2) figure reflects only equipment uncertainty.
In line with [9], assuming a 4 dB expanded uncertainty
places the EIRP-based medians within the acceptable in-situ
range.

F. INTER-STUDY COMPARISON

In Table 7, a comparison of the findings of this study and
similar studies has been summarized. Most existing studies
focus exclusively on simulations [13] or solely on in-situ
measurements [10], [11], [12], without combining the two
approaches. In contrast, this study integrates both simulation
and measurement methodologies, as reflected in Table 7.
We introduce an adjusted processing block for RT simulations
that incorporates EIRP data recorded from an operational 5G
network as formulated in II-A3. This allows the simulation
to account, at least partially, for dynamic beamforming,
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Figure 9. A comparison between the EIRP-based RT results, in-situ measurements, and the rescaled EIRP-based RT results
(EIRPy4x ) for each EP. A green bar centered on the median of the in-situ measurements represent the expanded uncertainty
estimation considering the setup uncertainty of 1.9 dB (k=2) and measurement data uncertainty. The difference between the
medians of the in-situ measurements and the EIRP-based results are overlaid above the horizontal axis and noted with A.

Table 7. Comparison of EMF exposure assessment literature in 5G environments.

Reference Method Scenario Reported Error (value) ICNIRP limit [%]
[13] RT + Static Power Urban, 5G DL — 4

[10] Measurement Outdoor, 5G — 7.7

[33] PMI + RT outdoor / stadium interior, SG MaMIMO — 95% =17.6

[12] Spot Meas., Extrapolation outdoor, 5G MaMIMO e=02V/m 0.5t00.6

[11] Spot Meas., Extrapolation outdoor, 5G — 0.0005-5

This work EIRP-based RT Urban, 5G MaMIMO €aps = 2.76 dB max at 0.035

This work EIRPi,ax-based RT Urban, 5G MaMIMO €aps = 4.5dB —

This work Conformity-based RT Urban, 5G MaMIMO €aps = 13.65 dB max at 0.6

power control, varying traffic loads, user distribution, and
environmental conditions. The resulting E-field estimates are
evaluated against in-situ measurements while considering
both the target and limit expanded uncertainties defined
in [9], an aspect often absent in comparable publications.
A related study in [33] also employs EIRP data for exposure
estimation, although using different commercial software.
However, our work distinguishes itself by evaluating multiple
points with diverse surrounding conditions. Each EP exhibits
a distinct set of contributing rays, providing deeper insight
into the variability of E-field estimation and the influence
of local propagation characteristics. Additionally, the inves-
tigated methods in this work have been compared to the
ICNIRP limits at FR1 for a maximum of 0.6 %.

IV. CONCLUSION

Ray-tracing simulations and in-situ measurements were per-
formed and compared across six LOS EPs, including their as-
sociated measurement uncertainty. The RT results were found
to be highly sensitive to location precision at the test site.
In-situ measurements showed that during FTP-DL routines,
exposure levels did not follow a simple distance-dependent
trend, indicating the influence of additional variables and
the relevance of advanced modelling. The low interquartile
range (< 0.5 dB) across repeated measurements demonstrated
high stability in the measurement procedure. The resulting
expanded uncertainty of the measurements remained within
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the 4 dB target. Extrapolated broadcast-beam measurements
revealed a missing contribution of combined extrapolation
factors, ranging between 8.5 and 10.3 dB, needed to match
the averaged E-field strength of the FTP-DL measurements.
Comparison between EIRP-based simulations and in-situ
results showed deviations in the range of -2.9 dB to +-3.8 dB
in median values across EPs with a few exceptions due
to disrupted protocol. Based on this, careful consideration
is required when comparing the estimations to reference
levels, as there remains a potential for underestimating actual
exposure. In this study the recorded and simulated EMF
exposure levels fall well below the ICNIRP levels with a
maximum at 0.6 % of the limits for FR1. Future work
should focus on enhancing RT accuracy through higher-
resolution, dynamic environment modelling that incorporates
trees, vehicles, and more realistic physical phenomena
(e.g., refraction and scattering). Measurement strategies
could be broadened to cover alternative traffic patterns and
multi-user scenarios. Finally, extending the investigation
across diverse microenvironments and under NLOS condi-
tions would provide a more complete picture of exposure
variability.
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