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Abstract — With the rapid development of electric vehi-
cles (EVs) and autonomous driving (AD) technologies,
the issue of electromagnetic exposure of passengers,
especially children, to the electromagnetic radiation gen-
erated by the positioning antennas of AD has received
increasing attention. In this study, COMSOL Multi-
physics is used to construct the models of an EV, a
positioning antenna and a child human body, and the
levels of electromagnetic exposure of a child passenger
to the positioning antenna in AD are calculated. Results
indicate that the maximum value of induced electric field
in a child’s body is 23 V/m, and the maximum value of
the SAR g of the child’s body is 0.19 W/kg. Addition-
ally, the maximum temperature rise in the child body is
0.55°C. The electromagnetic exposure levels of the child
passenger calculated in this study are all lower than the
safety limits defined by international authoritative insti-
tutions. Therefore, the electromagnetic radiation levels
from the positioning antenna comply with international
safety standards. Based on the analysis of this study,
no significant health effects on child passengers have
been observed. The results of this study can supplement
studies on the electromagnetic environment of AD in
EVs and can provide guidance for ensuring the travel
safety of child passengers.

Index Terms — Autonomous driving, child passenger,
electric vehicles, electromagnetic radiation, positioning
antenna.

I. INTRODUCTION

In recent years, the global new energy vehicle
market has experienced remarkable growth [1]. In con-
trast to traditional internal combustion engine vehicles,
electric vehicles (EVs) produce no exhaust emissions
during driving, eliminating the source of harmful gases
and contributing to the improvement of the global
ecological environment and the protection of public
health [2]. As an interdisciplinary field between artificial
intelligence and the automotive industry, autonomous
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driving (AD) EVs have achieved rapid development in
recent years [3]. High-precision positioning antennas
are critical components for ensuring the safe operation
of AD vehicles [4]. The positioning antenna provides
centimeter-level or even millimeter-level positioning
accuracy for AD vehicles by sending out precise position
signals, ensuring that the vehicles can drive safely and
stably under complex road conditions.

High-voltage electrical equipment installed in EVs,
such as inverters, power cables, and wireless charg-
ing systems, generates spatial electromagnetic fields
(EMFs) of a certain intensity during operation, exposing
passengers to this electromagnetic environment [5-7].
Meanwhile, with the rapid development of intelligent
connected technologies, modern EVs are also integrated
with various wireless communication devices, including
4/5G, C-V2X, GPS, Bluetooth, and Wi-Fi antennas.
During their operation, these wireless devices also create
a high-frequency electromagnetic environment inside
the vehicle, rendering the in-vehicle electromagnetic
environment more complex. Whilst people are enjoy-
ing the convenience of AD vehicles, passengers are
inevitably exposed to the electromagnetic environment,
and an induction field is formed in the human body [8].
As a special group, children have not yet fully developed
physically and may be more sensitive to electromag-
netic radiation [9]. Therefore, in the study of elec-
tromagnetic exposure to automobile antennas, special
attention should be paid to the physical health needs
of children to ensure that the electromagnetic exposure
level of children meets the safety standards. In view of
the physical characteristics and special electromagnetic
sensitivity of children, studying the effect of electro-
magnetic radiation generated by the positioning antenna
of AD vehicles on child passengers is crucial and
meaningful.

With the vigorous development of a new round of
global scientific and technological revolution and indus-
trial transformation, the automotive industry has entered
an era of transformation unseen in a century, and EVs
have ushered in new development opportunities [10].
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Relevant studies have shown that human exposure to
the electromagnetic environment generated by the power
system of EVs causes certain biological reactions and
physiological effects [11, 12]. The safety of human
metal medical implants exposed to the wireless power
transfer system of EVs was studied, and the results
showed that the specific absorption rate (SAR) of human
tissues around the metal medical implants would be
greater [13]. The induced electric field in different parts
of the human body for infants and adults under different
driving conditions was analyzed to compare the differ-
ences in the induced electric field in the body between
children and adults due to physical differences [14].
The electromagnetic exposure of passengers in different
positions in the carriage to the radiation of the wireless
power transfer system was studied, and the results were
all lower than the safety limits specified by Interna-
tional Commission on Non-ionizing Radiation Protec-
tion (ICNIRP) [15]. The SAR in adults and children
at different locations in the EV under the combined
radiation of rod antennas, wire harnesses and DC-DC
converters was studied, and the results showed that the
amount of electromagnetic radiation suffered by adults
and children varied [16] The electromagnetic exposure
of adults and children in different postures and positions
of the wireless charging system in the EV was evaluated,
and the results showed that the induced electric fields of
the cardiopulmonary system in lying children and the
heart in lying adults exceeded the safety limits specified
by ICNIRP [17].

In addition, the explosive development of electronic
information technology has filled the human living
environment with radiofrequency (RF) EMFs. As early
as the mid-20th century, with the emergence of RF
applications such as radar technology, scientists began to
explore initially the potential effects of radio frequency
EMFs on organisms [18]. Although no studies have
conclusively shown that RF EMFs would pose adverse
effects on human health [19], public concern is increas-
ing, and the study on the radiation characteristics of RF
EMFs is also deepening. The effect of the distance and
angle between the mobile phone antenna and the human
head on the SAR in the human head was studied [20].
Also studied was the influence of vehicle glass antennas
placed in different positions in the vehicle on the electro-
magnetic exposure of passengers [21]. SAR distribution
in the human body at different ages and positions for
V2V antennas at a frequency of 5.9 GHz was calculated
[22, 23]. SAR distributions in a human body for mobile
phone users inside a vehicle was evaluated under differ-
ent scenarios, and the results showed that the SAR value
of passengers using mobile phones in the vehicle was
5% higher than that of people using mobile phones in
free space [24].
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In this paper, the high-precision positioning antenna
in AD-EVs is selected as the exposure source. COMSOL
Multiphysics software is used to construct the vehi-
cle body model, antenna model and child model. By
analyzing the radiation characteristics of the antenna,
the distributions of the induced electric field, SAR and
temperature in the child passenger’s body are calculated,
and the results are compared with the electromagnetic
exposure limits stipulated by the international authorita-
tive institutions to evaluate the electromagnetic exposure
level in the child’s body. This study aims to provide
reference for optimizing positioning antenna design and
taking effective protective measures by evaluating the
electromagnetic exposure level of child passengers to
ensure the safety of children in AD-EVs and promote
the rapid development of AD technology.

II. MATERIALS AND METHODS
A. Numerical calculation method

As an interdisciplinary field, bioelectromagnet-
ics reveals the underlying mechanisms of interactions
between EMFs and organisms. The Maxwell equations
are the foundation of EMF theory and the key to solving
EMF problems [25]. In this study, the RF module of
COMSOL Multiphysics software based on the finite
element method was employed to solve EMF problems
by solving the Maxwell equations.

When the positioning antenna of an AD vehicle is
operational, it radiates electromagnetic waves into the
surrounding space and forms an induction field in the
human body when interacting with the human body in
the vehicle. SAR, a critical metric for quantifying the
amount of electromagnetic radiation energy absorbed by
the human body, is defined as [26]:

O 2
SAR = —|E 1

where o is electrical conductivity of the tissue (S/m), p
is tissue density (kg/m?), and E is electric field strength
in biological tissue (V/m).

Human tissues are lossy media. When exposed to an
electromagnetic environment, electromagnetic energy is
continuously absorbed by human tissues and gradually
dissipated in the form of heat [27]. Consequently, the
temperature of human tissues rises, resulting in a thermal
effect. The Pennes bioheat transfer equation is derived
from Maxwell’s equations [28]:

oT
pC— =V -(KVT)+ ppCr@p(Ty — T) + Omet + Oext

dr
(2)
where C is tissue specific heat capacity (J/[kg-°C]), T

is temperature of the tissue (°C), K is thermal conduc-
tivity (W/[m-°C]), pp, is density of blood (kg/m3), Cp is



specific heat capacity of blood (J/[kg-°C]), w;, is blood
perfusion rate (1/s), T}, is temperature of the blood (°C),
Omer 1s heat generated by metabolism, Q,,; is external
heat source (W/m?). In this paper, the initial temperature
of the human body is 36.5°C, and the external boundary
condition of the human body is set to the thermal
insulation boundary condition.

B. Dielectric parameters of human tissue

In 1996, on the basis of previous work, Gabriel
proposed a four-order Cole—Cole model to calculate the
dielectric properties of biological tissues [29]:
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where &, is complex relative dielectric constant, € is
loss factor, €. is relative dielectric constant at optical
frequency, Ag, is relative dielectric constant increment,
T, is central relaxation time (s), & is dielectric constant
of a vacuum (F/m), « is relaxation distribution time (0 <
a < 1), o; is ionic conductivity (S/m).

During human growth and development, the water
content in tissues gradually decreases with age. The
water content of biological tissues considerably influ-
ences the dielectric properties of tissues [30]. As age
increases, the downward trends of the dielectric constant
and electrical conductivity of most biological tissues
are consistent with the downward trend of the water
content in the tissues [31]. Compared to adults, children
are not fully developed, and their higher water content
and smaller body size result in higher electromagnetic
sensitivity. Given the lack of measured data on the
dielectric properties of children’s tissues, mathematical
relationships are often employed to estimate the dielec-
tric properties of children based on adult tissue data [32].
The study has found that the dielectric parameters of
7-year-old children are 26-30% higher than those of
adults [33]. Therefore, in this study, values that are 30%
higher than the dielectric parameters of adult tissues are
used as the dielectric parameters of children’s tissues.
As shown in Table 1, the parameters for the trunk are
derived from the average values of five tissue types:
skin, muscle, fat, blood and bone [34]. Additionally, the
density, specific heat capacity and thermal conductivity
of different organ and tissue are obtained from the “Tis-
sue Characteristics Database’ provided by the Virtual
Population Project [35].

C. Antenna model

In the field of AD vehicles, the Global Navigation
Satellite System (GNSS) antenna is a key component
for vehicle positioning. A circularly polarized microstrip
antenna takes the microstrip as the basic structure and
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is composed of a dielectric substrate, a metal patch and
a ground plane [36]. The metal patch is printed on one
side of the dielectric substrate, whilst the ground plane is
located on the opposite side. This configuration endows
microstrip antennas with advantages, such as compact
size, light weight and easy integration [37], making them
well-suited for GNSS antenna application.

The general microstrip antennas typically produce
linear polarization, but the circular polarization radiation
can be realized by cutting the patch radiator and adjust-
ing the actual size of the microstrip antenna to excite
two orthogonal modes with equal amplitude and 90°
phase difference [38]. GNSS antennas usually rely on
circular polarization to improve the reliability of signal
reception, and this adjustment enables the antennas to
meet the requirements of the GNSS system.

As shown in Figure 1, this study designs a coaxial
single-feed square microstrip antenna based on the posi-
tioning antenna of an AD-EV (GPS320, Harxon, China).
Circular polarization is achieved by truncating two diag-
onal corners of the patch. The antenna is excited by a
voltage source with a center frequency of 1.575 GHz,
impedance of 50 Q, and input power of 0.25 W. The
structure of the antenna is shown in Fig. 2.
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Fig. 1. Schematic of AD-EV positioning system.
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Fig. 2. Structure of positioning antenna.

Width and length of the antenna substrate are
100 mm, and relative permittivity & is 3.38. The width
of the square patch is determined by:

0 Ao
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where ¢ is speed of light, A is antenna wavelength, fj
is operating frequency of the antenna.
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Table 1: Dielectric parameters of human tissue at 1.575 GHz

Tissue Ep o (S'm) | p (kg/m®) | C (J/kg-°C) | k (W/m-°C)
Grey matter 65.732 1.645 1044.5 3696 0.55
White matter 48.565 1.072 1041 3583 0.48
Cerebellum 60.692 2.060 1045 3653 0.51
Skull 25.544 | 0.676 1908 1313 0.32
Heart 77.952 2.109 1065.4 3651.5 0.54
Liver 58.104 1.519 1078.75 3540 0.52
Lung 64.714 1.507 394 3886 0.39
Kidney 71.712 2.340 1066.25 3763 0.53
Stomach 82.703 2.012 1088 3690 0.53
Small intestine | 73.497 3.315 1030 3595 0.49
Trunk 46.264 1.251 1213 2818 0.38

In this study, the length (L) of the square patch
is set equal to its width (W). Through calculation and
according to the expected frequency, it is obtained that
L =W =50.28 mm. Once the width of the substrate
is established, the position of the feed point must be
determined on the basis of the width, which affects
the input impedance of the antenna. The feed point is
located along the edge of the rectangular patch in the
x-direction, the input impedance at x = £L/2 is the
highest, approximately ranging from 100 Q to 500 Q.
On this basis, the position of the feeding point when the
input impedance is 50 Q can be calculated. As shown in
(5), X; is the position of the feed point in the x-direction

when y = 0:
L 1
X==|1—-— 5
] 2( 8@), (%)

where &, is effective permittivity, which can be calcu-
lated by:

D=

&+1 &—1 Y\~
£ = r2 +*2 (1+12L> . (6)

When the area S of the patch changes, the condition
for the square microstrip antenna to obtain circularly
polarized waves can be determined by:

S=LxW, (7N
AS = AS| +AS, = 2, (8)

AS 1

S ®

where L is length of patch, W is width of patch, ¢ is
length of chamfer.

Based on the above, the antenna’s ground plane,
radiating patch, inner conductor, and outer conduc-
tor of the coaxial cable are set as perfect electric

Table 2: Parameters of positioning antenna

Description Parameter | Value (mm)
Substrate width L, 100
Substrate thickness h 1.524
Patch length L 50.28
Patch width w 50.28
Chamfer c 3.5
Inner conductor radius I 0.6
Coaxial cable radius 1) 1.63
Position d 10
Coaxial cable height h; 2

conductors (PEC), and the relative permittivity of the
isolator between the inner and exterior conductors is
2.1. Additionally, a perfectly matched layer (PML) is
constructed outside the spatial computational domain
as an absorbing boundary condition, simulating the
propagation of electromagnetic waves radiated by the
1.575 GHz positioning antenna to infinity.

Table 2 presents the main geometric parameters of
the antenna. By simulating the antenna model in COM-
SOL Multiphysics, the radiation characteristics of the
antenna can be obtained. Figure 3 shows the curve of the
|S11| parameter of the antenna. The optimal operating
frequency of the antenna is 1.575 GHz, and the return
loss is —17.95 dB, which meets the design requirements
of the antenna.

Figure 4 shows the radiation pattern of the axial
ratio of the designed antenna. Circularly polarized
antennas emit circularly polarized waves during oper-
ation, and the axial ratio radiation pattern reflects the
purity of these waves in different spatial directions.
Figure 5 shows the three-dimensional far-field gain of
the antenna, with a maximum gain of 6.8 dBi. All these
meet the design requirements of a GNSS antenna. As
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Fig. 3. |S11| parameters of antenna.

shown in Table 3, a comparison between the antenna
designed in this paper with those reported in other
literatures demonstrates that the proposed antenna has
excellent comprehensive performance and meets the
design requirements for GNSS antennas. The position-
ing antenna shell of the roof of AD vehicles is generally
a circular plastic shell structure, which has minimal
impact on the radiation performance of the antenna,
and can also protect the internal components from the
external environment (such as rain, dust), waterproof,
anti-ultraviolet and extend the service life of the antenna.

Axis ratio diagram (dB)
90°

Fig. 4. Axis ratio radiation pattern.

D. Finite element model

In this study, the child human body model is an 11-
year-old girl from the Virtual Population models [44].
She has a height of 1.49 m and a weight of 34.0 kg. As
shown in Fig. 6, three-dimensional modelling software
is used to obtain the seated child human body model for
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Fig. 5. Antenna gain pattern.

Table 3: Comparison of antenna parameters in this work
with other literatures

Reference Gain [S11] Axial Ratio
This Work 6.8 dBi —17.95dB <3dB
[39] 4.12 dBiC — <3dB
[40] 594dBi | <—-30dB 2.5dB
[41] 4 dBi < —15dB <2 dB
[42] 324 dBiC | < —10dB <3dB
[43] >3.8dBiC | < —15dB <3dB

calculation. This child human body model contains 10
major tissues, such as white matter, cerebellum, skull,
lung and heart.

Head Skull
Lung — 38 & \ -
Heart ) e W |
Liver ‘ » Y T jﬂ— j
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Gastrointestinal » Grey matter
system -~ { )
White matter

J/' J ‘ o
4 /.." /

~ y”'

y -

r"l 4 ) /
g ; }g./’

Fig. 6. Child human body model.
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Table 4: Main electrical parameters for the electric vehicle

ACES JOURNAL, Vol. 41, No. 3, March 2026

Material (Relative ¢,.) | Relative Permeability (1,.) | Electrical Conductivity (o, S/m)
Aluminum alloy 1 1 2.326x 107

Glass 4 1 10~ 14

Rubber 2 1 10~

Passenger

Fig. 7. Relative position of human body and antenna.

Fig. 8. Finite element model.

In reference to a real AD vehicle, a proportional
vehicle body model with the dimensions of 5207 mm
x 2034 mm x 1655 mm is established in this study.
When constructing the vehicle body model, some details
that are irrelevant to electromagnetic calculations, such
as license plates and internal components, are ignored
to facilitate the division of finite element meshes and
reduce the finite element calculation time [45]. The
simplified model of the EV is composed of the body,
windows and tires. Specifically, the body is made of
aluminum alloy, the windows are made of glass, and the
tires are made of rubber. The main electrical parameters
of the different material are listed in Table 4 [46].

The vehicle body model, antenna model and
child human body model are imported into COMSOL
Multiphysics, and their spatial positions are shown in
Fig. 7. As shown in Fig. 8, the finite element mesh
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N Ll
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division [47, 48] of the model is performed in COM-
SOL Multiphysics. A relatively fine mesh division is
performed on the child human body model and the
antenna model, resulting in a total of approximately
380,000 mesh grids. Moreover, the simulations con-
ducted in this chapter involve large-scale computational.
All calculations are performed on a computer equipped
with an Intel Core Ultra 5 processor and 128 GB of
RAM, with each simulation taking approximately 90
minutes to complete. Ultimately, all computational tasks
are successfully finished.

E. Verification of the calculation methodology

COMSOL Multiphysics is based on the finite ele-
ment method and can perform coupling analysis of mul-
tiple physical fields. In this study, the radio frequency



module and temperature field module are used to couple
the electromagnetic and thermal fields. The induced
electric field, SAR and temperature rise in different
tissues and organs of the child’s body are calculated for
the electromagnetic exposure of positioning antenna.

To verify the accuracy of the research methods
in this paper, a comparative validation was conducted
with the results from [49]. This reference focuses on
the electromagnetic exposure effects on the human
body induced by a 400 MHz dipole antenna. Following
the parameter configuration in this reference, a dipole
antenna with a diameter of 1.0 millimeter and a length
of 36.0 centimeters as the radiation source, with the
output power set to 1 W, was placed at a distance of 8
centimeters from the human neck. Finally, the SAR of
the human body was calculated. The comparative results
are shown in Fig. 9 and Table 5.

Wikg
A 051

V¥ 1.01x10™ 10003

(a) (b)

Fig. 9. Comparison of SAR distribution in (a) this paper
and (b) reference [49].

Table 5: SAR comparison and error analysis

Results Maximum SAR | Minimum SAR
This Work 0.52 W/kg 1.01 x 107* W/kg
Reference [49] 0.51 W/kg 1.00 x 10~* W/kg
Error 1.96% 1.00%

Numerical calculations show that the maximum
SAR of the human body derived from COMSOL
is 052 W/kg, with a relative error of approxi-
mately 1.96% compared with the result of 0.51 W/kg
in [49]. Meanwhile, the calculated minimum SAR is
1.01x10~* W/kg, corresponding to a relative error of
1.00% compared to the result of 1.00x10~* W/kg
in [49]. Since the calculated results are in good
agreement with the reference, the application of
COMSOL for calculating and analyzing human electro-
magnetic exposure levels in this study is reliable.
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(2)

(b)

Fig. 10. Electric field distribution on different cross-
sections inside the vehicle: (a) vehicle body material set
as air and (b) vehicle body material set as aluminum
alloy.

III. RESULTS
A. Electric field distribution inside the EV body

Figure 10 (a) shows electric field distribution on
different cross-sections inside the vehicle when the
body area is equivalent to the air (i.e., free space).
Figure 10 (b) shows electric field distribution at the
same position when the body material is aluminum
alloy. From Fig. 10 (a), it can be seen that electric field
intensity shows a trend of gradual decrease from the
antenna position to the surrounding area. Electric field
distribution on different cross-sections inside the vehicle
is relatively uniform, with a relatively high field inten-
sity, and the maximum value is approximately 139 V/m.
In contrast, when the vehicle body is aluminum alloy,
the maximum field intensity at the corresponding posi-
tions decreases significantly to approximately 79 V/m.
Therefore, it can be seen that the aluminum alloy vehicle
body has a shielding effect on electromagnetic waves,
enabling the rapid attenuation of the electric field inside
the vehicle. This result fully demonstrates the significant
value of metal materials in automotive electromagnetic
protection.
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Fig. 11. Induced electric field (|E|) distributions in the child passenger’s body: (a) |E| of the trunk, (b) |E| of the
longitudinal cross-section of the body, (c) |E| of the different organs, (d) |E| of the skull, (e) |E| of the longitudinal

cross-sections of the head, (f) |E| of the brain tissue.

B. Distribution of induced electric field in a child’s
body

Figure 11 shows distribution of the induced electric
field (|E|) in a child’s body. Figures 11 (a)—(b) are the
distribution of |E| in the child passenger’s trunk and
central cross-section, respectively. The |E| in the trunk
is relatively uniform, with a maximum value of 23 V/m.
The maximum value of induced electric field (|E|max ) on
the central cross-section of the child’s body is 7.9 V/m.
Figure 11 (c) shows the |E| in different major organs
of the body. The |E| is highest in the lungs, followed
by the gastrointestinal system and the liver, while the
|E| in the kidneys is the smallest. The larger values of
|E| are distributed on the surfaces of the organs, with a
maximum value of 4.2 V/m. Given the importance of
the central nervous system, Figs. 11 (d)—(f) show the
distribution of |E| in the skull, and different longitudinal
sections of the head and brain tissue, respectively. Brain
tissue comprises grey matter, white matter, and the
cerebellum, all of which are enclosed by the skull. The
|E| in the skull is slightly higher, with a maximum of
6.6 V/m. Given the protective effect of the skull, the |E|
in the brain tissue is relatively low, with a maximum of
6.5 V/m, and the higher values are mainly in the left-
sided region of grey matter.

Figure 12 is the |E|max in different organs and
tissues of the child passenger under the radiation of
the positioning antenna. Given differences in dielectric
properties and positions of various organs, the |E| in
different organs also varies. The |E|max in the head
tissue is slightly higher than in other tissues, which can
be attributed to the dielectric parameters of the tissue
and the proximity to the exposure source. Among other
organs, the |E|max of the lungs is slightly higher, slightly
lower in the gastrointestinal system, followed by that of
the liver and heart, while the kidneys have the smallest
value.

C. Distribution of SAR in the child’s body

When a RF EMF interacts with the human body,
electromagnetic energy is absorbed by biological tis-
sues. SAR is used to quantify the amount of electro-
magnetic energy absorbed by biological tissues. The
power of the radiation source is a critical parameter for
regulating SAR values. When the radiation frequency of
the source and the electromagnetic property parameters
of human tissue are fixed, the SAR values show a
significant positive correlation with the input power:
increased input power enhances the electromagnetic
energy absorbed by human tissue, and SAR value rises
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Liver Gastrointestinal system Kidney

Fig. 12. |E|nqy in different organs and tissues of the child passenger.

accordingly. Conversely, reduced input power induces a
decrease in SAR value. In this study, the SAR in differ-
ent tissues of a child’s body is calculated to evaluate the
exposure of child passengers to the RF electromagnetic
environment generated by the positioning antenna.

Figures 13 (a)—(b) are SAR;, distribution in the
child passenger’s trunk and central cross-section, respec-
tively. SAR;; in the child passenger’s trunk is rel-
atively uniform. The maximum values of SAR;; in
the trunk and central cross-section are 0.19 W/kg and
2.4x1072 W/kg, which remain below the safe limit for
public exposure defined by the Federal Communications
Commission’s (FCC) requirements [50]. Figure 13 (c)
shows SARj, in various organs of the child’s body,
which demonstrates that the maximum values of SAR |,
is primarily concentrated in the lungs with a maximum
of 2.2x 1072 W/kg. Figures 13 (d)—(f) are SAR|; in the
skull, and different longitudinal sections of the head and
brain tissue, respectively. The left frontal area of the
head is close to the antenna, and SAR is higher, with
a maximum value of 3.0x 10~2 W/kg. From the skull to
the brain tissue, the SARy value decreases gradually,
and the maximum values of SAR|g in the brain tissue
is 2.7x1072 W/kg. SAR | is well below the safe limit
of 1.6 W/kg for general exposure limit defined by the
FCC’s requirements.

Figure 14 is the maximum values of SAR|; in the
different organs and tissues of the child passenger. The
maximum value of SAR, in the brain tissue is approxi-
mately 2.7x 1072 W/kg, which is smaller than that in the
skull. In other organs, SAR |, is the highest in the lungs,
with a maximum of 2.2x1072 W/kg, whereas SAR,
in the kidneys is lowest. The differences of SAR{; in
different organs are due to electrical conductivity, tissue
density and distance from the radiation source. Thus,
the SAR, for all organs and tissues in the child’s body

remain below the general exposure limit of 1.6 W/kg
defined by the FCC’s requirements [50]. By calculation,
the average whole-body SAR for the child passenger
is 0.0054 W/kg, below the general exposure limit of
0.08 W/kg defined by the FCC’s requirements.

D. Temperature rise in the child’s body

When exposed to RF EMFs, the electromagnetic
energy absorbed by the human body causes the tempera-
ture to rise. To ensure that temperature increases remain
within safe limits, the ICNIRP has defined the threshold
of 1°C as the limit for adverse health effects due to tissue
temperature rise [51].

In this study, the initial temperature of the child’s
body is set to 36.5°C, and the temperature change
is calculated within 30 minutes of exposure to the
radiation from the positioning antenna. As shown in
Figs. 15 (a)—(b), the maximum temperature rise in the
child passenger’s trunk and central cross-section is
0.47°C and 0.38°C, respectively. Figure 15 (c) shows the
temperature rise in different major organs. The temper-
ature rise in the lungs is the biggest, with a maximum
value of 0.55°C, probably due to their lower density
than other organs. Figures 15 (d)—(f) are the temperature
rise in the skull, and different longitudinal sections of
the head and brain tissue, respectively. The temperature
rise of the skull is greater than that of the brain tissue,
and the maximum temperature rise in the skull is 0.38°C.
The maximum temperature rise in the brain tissues
is 0.27°C.

Figure 16 is a comparison of temperature rise in
different organs and tissues within 60 minutes under the
radiation of the positioning antenna. The temperature of
each organ increases rapidly in the early stage and then
gradually stabilizes. In brain tissue, the temperature rise
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Fig. 13. SAR distributions in the child passenger’s body:
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Fig. 14. Maximum values of SAR |, in different organs and tissues of the child passenger.

trends of grey matter, white matter, and the cerebellum
are similar. The increase is fastest within the first 0-5
minutes, then gradually slows down. Over a 60-minute
period, their temperature increase is also the smallest,
all at approximately 0.3°C. The temperature rise of the

skull increases gradually within 60 minutes, reaching a
maximum rise of 0.55°C. Compared with other organs
and tissues, the temperature rise in the lungs is the largest
with a maximum of 0.64°C. The rate of temperature rise
of other organs within 60 minutes is relatively moderate,
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Fig. 16. Temperature rise of different organs and tissues of the child passenger within 60 minutes.

between 0.3°C and 0.4°C. In summary, the temperature IV. DISCUSSION
rise in all tissues and organs of the child’s body remains With the rapid development of EVs and AD tech-
below the ICNIRP limit of 1°C [51]. nology, positioning antennas have been widely installed
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on AD vehicles. The body of a child passenger may be
more sensitive to electromagnetic radiation because it
is still growing and developing; thus, the electromag-
netic radiation level of child passengers in EVs must
be studied. Taking the positioning antenna of EV as
the exposure source, this study constructed an elec-
tromagnetic environment model including the vehicle
body, the positioning antenna and the child passenger
model. COMSOL Multiphysics was used to calculate the
electromagnetic environment of the positioning antenna
with a frequency of 1.575 GHz and to quantify the
exposure levels in different tissues and organs of the
child passenger. The results show that |E|p.x in the
child’s body is 23 V/m, and |E|max in the child’s brain
is 6.6 V/m. Moreover, the maximum of SARy, in the
child’s body is 0.19 W/kg, the maximum of SAR;,
in the child’s brain is 2.7x1072 W/kg. The SAR|,
levels calculated for the child models in this study are
all below the safety limit of 1.6 W/kg defined by the
FCC’s requirements. Within 30 minutes, the region of
the child’s body with the maximum temperature rise
is the lungs, with a maximum rise of 0.55°C, while
the maximum temperature rise in the head is 0.38°C.
The temperature rises calculated for the child models in
this study are all below the safety limit of 1°C defined
by ICNIRP 2020. The distribution of induced field is
slightly different due to different dielectric parameters of
tissues and different positions with the exposure source.
Therefore, the electromagnetic radiation generated by
the positioning antenna does not pose a threat to the
health of the child passenger. The calculation results
of this study effectively supplement research on the
electromagnetic environment of EVs and improve public
cognition of the electromagnetic environment of EVs.
In addition, it can provide reference for the revision of
electromagnetic radiation standards and the optimization
of positioning antenna design.
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