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Abstract — In this work, the electric field induced by plane
wave exposure inside a human model is numerically investigated.
The focus has been on workers exposed to electromagnetic fields
at the frequency of 26 GHz, belonging to the FR2 band of 5G
technology. The results were obtained adopting a human
anatomical model, studying an exposure scenario corresponding
to the reference levels for local occupational exposure. The
analysis was conducted on a specific anatomical region, i.e., the
wrist, in different positions of the arm. The results show how the
induced electric field may depend on the posture of the exposed
subject and their anatomical characteristics.
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I. INTRODUCTION

In recent years, the increase of technologies related to 5G
has risen concerns about exposure to electromagnetic fields
(EM) fields. Despite international guidelines, such as those
outlined by the International Commission on Non-lonizing
Radiation Protection (ICNIRP) [1], [2], as well as the
establishment of minimum safety provisions related to
workers' exposure [3], the assessment of risk for workers
remains a topic of discussion [4], [5], [6].

In this context, computational studies play a fundamental
role as they allow for the investigation of dosimetric quantities
induced by external EM fields within the human body, which
is inaccessible through experimental approaches [7], [8], [9].
For studying induced quantities in the human body at 5G
frequencies, the Finite-Difference Time-Domain (FDTD)
method can be used. This method is advantageous for such
type of studies because it allows modelling complex
geometries, taking into account their shapes, thereby obtaining
an excellent representation of the anatomy of biological tissues
in the human body.

While for frequencies below 6 GHz, the application of the
FDTD method to solve Maxwell's equations within the human
body can be adopted requiring accessible computational load,
at higher frequencies, the increase in computational cost has
led to the use of simplified 1-D anatomical models [10], [11].

This choice is justified by the fact that for frequencies
within the mmWave band (specifically close to 30 GHz), the
penetration depth of the EM field decreases, making the skin
the tissue of greatest interest for dosimetric studies. Such

simplified approaches, however, do not consider the
anatomical shape of the body and, as demonstrated in [12], [13]
the use of slabs compared to the realistic 3-D model leads to
significant differences in the results obtained (up to 2 dB).

Considering the rapid proliferation of technologies such as
Multiple Input Multiple Output (MIMO) antennas in
telecommunications [14], [15], [16], starting from the results
obtained in [13], we analyse a scenario where a base station
maintenance worker is exposed to a plane wave at the
frequency of 26 GHz, which is in the Frequency Range 2 (FR2)
of the 5G radio access of mobile networks. The study focuses
on a specific anatomical region, the wrist since it is
characterized by a prominent curvature [13].

The exposure scenario evaluated herein was set to ensure
compliance with reference levels at 26 GHz for local
occupational exposures longer than 6 minutes as suggested by
ICNIRP in 2020 [2].The induced electric field in the worker's
wrist was evaluated in three different positions showing the
role of the posture of the subject and of the anatomical
characteristics in the outcomes of this exposure assessment in
the deeper layers of the body.

II. MATERIALS AND METHODS

A. Exposure Conditions

In Fig. la an example of a possible posture adopted by
base station workers is shown. Based on a dedicated analysis
on typical operational conditions for base station workers, it
emerged that typically, maintenance work is carried out on the
electronic apparatus located beneath the radiobase site. For
this reason and considering the posture in Fig. la, we
evaluated far field exposure of the wrist, in three different
tilting positions. The 3-D anatomical model used for this study
is the Virtual Population human male model Duke (ViP, v. 3.1)
[17]. This model is representative of a 34-year-old man, 1.77
m tall and 77 kg of weight. It counts more than 300 body
structures, among which are a homogenecous layer of
epidermis and dermis, subcutaneous fat and muscle. Once the
Duke model was imported, the Poser tool was used to place
the right arm in the same horizontal position studied in [13]
(reference position) and in two additional arm positions.
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Fig. 1. a) Example of a possible posture adopted by a maintenance worker operating on a base station. b) the 3-D Model Duke with the right arm positioned in the

three cases of interest: straight arm, raised arm and lowered arm. (lateral view).

Consequently, three different simulations were performed:
one with the arm in the reference position, another with the
arm raised by +30° relative to the reference position, and a
third with the arm lowered by -10° relative to the reference
position (Fig. 1b). Here, these three positions were
respectively named "straight arm," "raised arm," and "lowered
arm," representing the three cases analyzed for this study. Far
field exposure is simulated by a plane wave as in [13].

As exposure domain within which the plane wave
propagates, a space with dimensions of 606x246x514 mm?
was simulated to contain only the arm of the anatomical model
(Fig. 2, red wireblock). As a region of interest for the exposure,
the area of the wrist (80x87x30 mm?) was selected (Fig. 2,
black wireblock).

The domain, as well as the region of interest, are the same
for the three simulations and are adapted from the conditions
assessed in previous studies [12], [13], [19], [20].

The wrist is exposed to an incident plane wave at 26 GHz,
propagating perpendicularly to the z-axis (Fig. 2). This
polarization is characterized by the triple E-H-k shown in Fig.
2, where E and H are the electric and magnetic field vectors,
respectively, and k is the wave vector. Thus, the plane wave
incidence is perpendicular in the “straight arm” scenario,
while it occurs at different angles in the “raised arm” and
“lowered arm” scenarios. This plane wave impinges with an
incident power density of 154.5 W/m? (rms), which
corresponds to the ICNIRP 2020 reference level for local
occupational exposures longer than 6 minutes at 26 GHz [2].

B. Simulation Setup

Three different simulations were performed, one for each
scenario of analysis: “straight arm”, “raised arm”, and
“lowered arm”. The FDTD method was implemented in the
simulation software Sim4Life (v. 7.2, Zurich Medtech, AG).
The EM properties of each tissue were assigned from the IT’IS
database [18] at the frequency of interest and a non-uniform

grid was applied in all the three scenarios, with a minimum
step of 0.1 mm in the anatomical area of interest and a
maximum of 0.87 mm in the rest of the domain, resulting in
1.3 GCells, 1.9 GCells, and 1.5 GCells for the “straight arm”,
“raised arm” and “lowered arm”, respectively.

Absorbing boundary conditions were set using ten layers
of perfectly matched layer (PML) material, and 20 cells of free
space were added around the voxel domain.

III. RESULTS

The results on the E-field induced in the three exposure
conditions are shown in Fig. 3 on a transversal plane crossing
the center of the wrist. The distributions of the E-field,
expressed in dB, in a slice of the wrist for the three cases of
interest can be observed. As expected for all three positions of
the arm, the maximum values of E-field occur around the
superficial skin.

To further evaluate the differences between the three
exposure conditions, we focused on a region of interest (ROI)
with a width of 15 mm and a depth of 4 mm (Fig. 3, black
squares). The trend of the E-field along a reference line here
called “Central Line”, at the center of the ROI was evaluated.
In Fig. 4, the trend of E-field for the three cases of interest
within the ROI can be observed. Comparing the behaviour of
E-field (dB) with increasing depth for the three cases (Fig. 4),
it is evident that the trends are very similar, with the maximum
values occurring at the air-skin interface.

The “Raised Arm” curve is placed between the “Straight
Arm” and “Lowered Arm” curves, with a maximum spread
close to 2 dB. Table 1 reports the induced E-field values at the
interface and at different depths up to 4 mm. Despite the high
value of E at the air-skin interface, exceeding 100 V/m for all
three cases (117.54 V/m, 10543 V/m, 101.54 V/m
respectively for “straight arm”, “raised arm”, and “lowered
arm”), the intensity of the field decreases by approximately
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Fig. 2. Investigated exposure scenarios and plane wave propagation direction: (a) straight arm, (b) raised arm, (c) lowered arm.

60% after only 1 mm of depth and loses about 90% of its
intensity after 3 mm.

The differences in the calculated values in the three cases
of interest (Table 1) can be attributed to the varying angle of
incidence of the plane wave on the wrist, determined by the
different positions of the arm.

For all the depths considered, the E-field values of
"Straight Arm” position are always the highest, while the E-

field values of “Lowered Arm” are always the lowest. At
z=1mm the difference in results between the “Straight Arm”
(reference) and “Raised Arm” positions is greater to 10%,
which is comparable to what has been obtained in [13] where
the anatomical scenario has been compared to the 1D planar
layer.
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Fig. 3. Details of the E-field in the region of the wrist and in the ROI down to 4 mm inside the tissues; incident E-field (341 V/m, peak). Left: E-field distribution
in the tissues and in the black square the region of interest (ROI). Right: ROI. The red dotted line identifies the “Central Line” along which the E-field were
calculated. (a) straight arm, (b) raised arm, (c) lowered arm.
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Fig. 4. Comparison between the E-field trend along the “Central Line” for the
3 cases of interest.

Table 1. Induced E-field value at the interface and at the various depths inside
the skin.

Einterface Ez=1mm Ez=2mm Ez=3mm Ez=4mm
(Vim) | (Vim) | (V/im) | (V/m) | (V/m)
Straight 117.15 42.90 14.56 10.84 8.32
Arm
Raised 105.43 39.68 13.58 10.82 8,28
Arm
Lowered | 101.54 36.51 12.55 9.68 7.34
Arm

IV. DISCUSSION AND CONCLUSIONS

The aim of this work was to investigate whether the
position of the arm influences the induced electric field due to
different plane wave incident direction. To carry out such
analysis we considered a particular scenario with a base
station worker exposed to a plane wave impinging on the
surface of the arm at 26 GHz. Starting from previous studies
[12], [13], [19], [20], which evaluated the local exposure of
three different body parts (i.e., back, arm and wrist) to an
impinging plane wave, we reproduced a similar scenario
focusing on the wrist. For this anatomical district three
different tilting angles of the arm were considered, which are
intended to simulate a worker performing maintenance on the
electronic apparatus located beneath the radiobase site,
allowing to consider a far-field exposure. The exposure was
set to guarantee a safety condition, which implies to consider
an incident power density equal to 154.5 W/m? that ensures
compliance with reference levels at 26 GHz for local
occupational exposures longer than 6 minutes as suggested by
ICNIRP in 2020 [2]. This assumption was intended to put us
in an initial condition where the limits were already respected.
Therefore, no further verification was carried out. The
dosimetric study of the induced electric field, on the contrary,
serves primarily to carry out a comparison with both the
reference paper [13] and the new positions herein analyzed in
the deeper layers of the body.

The results obtained show that the highest electric field
values are localized in the superficial part of the skin. As
expected for such high frequencies, the -electric field
magnitude decreases rapidly as it penetrates the biological
tissue. After just I mm of depth, the intensity calculated in the
wrist decreases by approximately 60%, and after 3 mm, by
90%. Furthermore, the differences in the calculated values for
the induced electric field in the three exposure scenarios may
depend on the posture of the exposed subject relative to the
angle of incidence of the plane wave.

The analysis carried out in this study allowed us to take
into account the effect of the body shape [12], [13], [19], [20]
by considering exposure of an anthropomorphic human body
model. As a drawback, the stratification of the skin is
neglected.

Future evaluations will be carried out to account for a more
detailed stratification of the skin, as well as the exposure
assessment related to other part of the body, that may be more
of interest in term of safety and from the protectionism point
of view. Additionally, a more in-depth study concerning other
dosimetric quantities (e.g. absorbed power density) will be
analyzed and studied in future works.
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