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Human Exposure to Wireless Power Transmitter
over Real Ground

Petra Rasi¢, Zoran BlaZevi¢, Dragan Poljak, and Maja §kiljo

Abstract—The paper undertakes a comparative examination
between a novel analytical methodology and a conventional nu-
merical technique to analyze human exposure to electromagnetic
fields emitted by a vertically positioned, electrically short antenna
over a real homogeneous ground. In this investigation, the human
body is represented as a vertically and horizontally positioned
homogeneous cylinder, accounting for resonant and non-resonant
frequencies, and corroborated with numerical simulations uti-
lizing realistic human body models in FEKO software. The
influence of the earth-air interface on real ground is considered
by incorporating Fresnel’s reflection coefficients. The analytical
solution entails solving the Pocklington equation using the method
of variation of constants, while the corresponding reflected field
is determined through field integral evaluations. The innovative
analytical approach adopts an approximate sinusoidal current
distribution and analytical assessment of field integrals. The
research demonstrates satisfactory alignment between these two
methodologies and extends the previous analytical model by
validating it with realistic human body models positioned over
real ground, thereby increasing its complexity and practical
applicability.

Index Terms—analytical approach, reflected near field, numer-
ical solution procedures, human exposure, WPT, ICNIRP.

I. INTRODUCTION

Accurate modeling of human exposure to electromagnetic
fields (EMFs) is critical, especially in wireless power transfer
(WPT) systems, where the transfer of larger powers may occur.
This requires precise tissue modeling and dielectric property
definitions. However, no universally accepted methods exist
for measuring exposure, complicating the process as tech-
nologies evolve. Researchers aim to develop reliable mea-
surement methods that ensure human safety without overesti-
mating risks, which could hinder system implementation [1].
Concerns about EMF exposure, particularly for frequencies
f < 400 MHz range used by WPT systems, have led to
updated safety guidelines in 2019 and 2020 [2], [3].

Mathematical modeling of human EMF exposure often
involves solving differential, integral, or variational equations,
and offers little or no possibility of connecting the exposure
parameters to the system parameters directly, through rela-
tively simple formulas as in analytical methods. However,
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analytical modeling is feasible only for simple cases, while
numerical approaches can address complex scenarios but may
introduce inaccuracies [4]. Thus, the approach to analysis by
combination of analytical and full-wave modeling could have
real-life applications in ensuring human safety around WPT
systems, such as wireless electric vehicle (EV) charging sta-
tions, medical device charging, and consumer electronics like
smartphones and wearables. It could also be used in industrial
automation, smart homes, and public transport systems to
minimize exposure to EMF while optimizing power transfer
efficiency.

Recent studies, such as [5], used Monte Carlo simulations
to explore low-frequency EMF effects on 3D human models,
while [6], [7] applied boundary element modeling to study the
influence of low-frequency (LF) fields. Other research, includ-
ing [8], [9], and [10], investigated extremely low-frequency
(ELF) fields and maternal exposure effects on child develop-
ment. Studies [11] and [12] also examine Specific Absorption
Rate (SAR) compliance, finding exposure varies with body
models and proximity to sources. [10] shows SAR remains
within safety limits for 45 W power at 8 MHz, aligning with
this paper’s findings, while [12] explores Transmitted Power
Density (TPD) for near-field exposures at lower frequencies.

This paper focuses on the challenges of near-field WPT
exposure, using an analytical modeling approach based on
antenna theory. It assesses human exposure to EMFs in a
scenario involving a human subject and an antenna over lossy
ground, transmitting at frequencies of 13.56 MHz and 86.33
MHz. The analysis includes neuromuscular simulations to
evaluate the induced electric field, SAR, and TPD, comparing
these values with international standards.

The analysis contributes to understanding human exposure
to EMFs in WPT systems by introducing a novel analytical
modeling approach based on Pocklington-type equations. This
approach compares results from analytical and numerical mod-
els, highlighting discrepancies and agreements in predicting
human exposure. Our previous studies [13], [14], and [15]
focus on developing and validating the analytical model con-
sidering its limitations, where the analytical results were tested
on straight cylinder by comparison with the results obtained
by full-wave model, King’s three-term approximate model
[16], and the far-field approximation model [4]. This study
enhances the model by validating a transmitter near a realistic
human model positioned above the real ground, introducing
greater complexity and practical significance, with a focus
on contrasting its behavior with Perfect Electrical Conductor
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(PEC) ground conditions.

Furthermore, the study evaluates WPT systems at industrial,
scientific and medical (ISM) use frequency of 13.56 MHz, and
at 86.33 MHz which is resonant frequency of the cylinder
representing an average human, ensuring compliance with
safety guidelines and addressing public health concerns. Using
anatomically realistic human models, the paper enhances the
accuracy of exposure assessments, which is crucial for reliable
safety evaluations and system design. The numerical results
of the simulations, validated against analytical predictions and
experimental data using FEKO software, confirm the reliability
of the proposed methods. The research also identifies future
investigation areas, focusing on how different human models
and distances from sources affect exposure outcomes.

The paper is structured as follows. Section II covers the
analytical framework for assessing exposure in WPT systems,
Section III details FEKO software simulations and validation,
and Section IV summarizes key findings, addressing safety
considerations and future research areas for high-frequency
(HF) transmitting antennas in WPT systems.

II. ANALYTICAL FORMULATION

Consider a mixed 1'Eo/1 M ideal point source (transmit-
ter T,) above real ground at a height A illuminating a straight
thin cylinder of the length L and the radius a not electrically
connected to the soil, as depicted in Figure 1. In this sense,
two cases are considered: a thin vertical cylinder that is
not electrically connected to the ground, and a horizontal
cylinder at a height H above the ground. The parameters of
the ground and the cylinder include their permittivity €, and
conductivity o. The complex permittivity can be represented
by the following expression:

Ec = &r — j60a A (D

A. Incident Electric Field

The illustration in Figure 1 portrays the situation of
a vertically-oriented electrically small dipole generating
T FE1o/TM1p modes at a height i above an infinite ground
plane. The radiated electric field E = Era> + Egby + E¢e_(;,
which is a function of the frequency f and the distance r [17],
[18], is calculated as:

3PZ0 1 } s §
(1+a?) Jﬁr IUESE

e [Jﬂr Jﬁr (Jﬁ?“) }Smg
el in —ipr
+ egja [gﬂr (]57) }s 9}6 J

2
where Zg = 1207 €2 is the free-space impedance, 5 = 27/\ =
27 f /¢, c being the velocity of light and A is the wavelength.

The mode ratio is o = 1]33;’; , Prg and Prj; represent

the radiated powers of TE mode and TM mode, respectively,
whereas P = Prg + Prjs is the total radiated power.
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Fig. 1. Ideal electric/magnetic point source illuminating a cylinder above a
real ground (2D view in the plane of incidence) in case of (a) vertically,
(b) horizontally positioned cylinder.

The observed field at point T in space results from the
combination of two components:

—

E(T) = Ean(T) + Bnt(T) 3)

where E;-:(T) — E (7)) the direct wave component con-
stitutes one aspect, while the component reflected from the
ground can be readily determined in cylindrical coordinates
using Modified Image Theory (MIT) as:

—

Ewi(T) = Ry |[E(F)eS| 20+ Ry { B | 22

- [Ema) e}

where r; refers to the distance from the image of a source to
a point 7" of interest.
In spherical coordinates:

—
Erwt = RuEyel + Ry (B, cos 20; — Egsin26;) &,

(5)
— Ry (E, sin20; + Egcos 26;) e

The reflection coefficients Ry and Ry are designated based
on whether the signal is horizontally or vertically polarized,
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respectively. Given that the angle of the reflected ray in relation
to the ground plane is 6; — w/2 (refer to Fig. 1), their Fresnel
plane-wave approximation can be formulated as:

(Ec cos 0; + \/e. — sin? 92‘)
Ry = (6)

(cos 0; — \/e. — sin? Qi)
(cos 0; + /e, — sin? Hi)

Ry = @)

cosl; — \/e. —sin? 6;
(costi= )

B. Current along the Cylinder

Once the incident electric field is known, the current induced
along the straight thin cylinder can be calculated. It is governed
by the Pocklington integral-differential equation [4]:

/o (312 +5> ( >9(lvl’)dl’—j47rgzs(Z)I(z):

_j47r£Ez(l)

®)

Here, E, (1) represents the excitation in the form of tangen-
tial electric field, Z, denotes the free space impedance, I (I’)
signifies the current distribution on the wire, and g (I,1") refers
to the Green function.

The surface impedance is expressed in [19] as:

Z JO (7w7<)

ZS(C) = %Jl ('Yw;a/)

€))

In this expression, Jy and J; denote the zeroth and first-
order Bessel functions, respectively, and 0 < ¢ < a. The
quantities Z and ~,, are defined as:

Jwi

Z = ———
0+ jwe

(10)

(11

Here, ¢ = ¢,g¢ represents the permittivity, where ¢, is
the relative permittivity and ¢¢ is the vacuum permittivity.
Assuming that the current varies slowly, i.e., I(I) ~ I (I'), and
vanishes at the end of the cylinder, the Pocklington equation
transforms into a simpler form of a differential equation [4]:

Yw =V jwp(o + jwe)

[82 I]Il——‘4 b E.(1)=F(l 12
G 0| 10 = —jam BV = FO) - (12)
where
L
)= L) ar 13
v = [ a1) (13)
and:
. B
2 _ p2

Analytically seeking the general solution of (12) is not
feasible due to v being a function of the position [ along
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the cylinder. The Green function for the perpendicular wire
positioned above the lossy ground is provided in [4]:

g(L1) =90 (L) + Ryl 5 9: (L1) (15)
and for the horizontal cylinder above ground:
9(L,1) =90 (1) = Rvly, _z g: (1,1) (16)
where go (,1') is the free space Green function:
o—ikr
g0 (1,V) = , a7

and g; (1,1 originates from the principles of image theory:

e—Jkri

gi (l’ l/) =

The parameters 7o and r; represent the distances from the
source and image antenna to the observation point, respec-
tively. As stated in [4], (13) can be simplified when considering
a straight thin wire perpendicular to the ground:

(18)

Ti

L
() =2 <ln — RV|A=% In 2> (19)
or parallel to ground:
L

where Ry |/, = 5 is the reflection coefficient calculated by
(6) for an angle of incidence of 90° (6; =) as in [4].
Using Fresnel reflection coefficients instead of Sommerfeld
integrals can simplify calculations, although this might come
at the cost of reduced accuracy. This approach is practical
when exact precision is not crucial, or when rapid, real-time
computations are needed. While Sommerfeld integrals offer
higher accuracy in complex environments, such as multilayer
media, they are computationally demanding. The Fresnel re-
flection coefficients provide a reasonable compromise when
prioritizing speed and simplicity, but for scenarios requiring
high precision in complex conditions, Sommerfeld integrals
are more appropriate.

Utilizing the boundary conditions for the ends of the cylin-
der, namely I(0) = I(L) = 0, the general solution for the
current flowing through the cylinder axis is provided as [4]:

1o(0) sinfy(L — 1)) + Io(L) sin(31)
sin(yL)
Here, Io(l) represents the particular solution of (12), ex-

pressed as the infinite sum of even derivatives of the excitation
function:

1) = Io(l)

2y

1 > Qn)
—*Z % 22)

2~ (jv)

Here, F(©) () denotes F(1). In its most basic form, if the
incident electric field on the cylinder changes slowly, it is
feasible to disregard all terms in (21) except the first one,

yielding Io(1) ~ F(I)/~2. This offers an approximation of the
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current that still satisfies the boundary conditions, expressed
as:

I(l) ~ % {F(l) _ F() Sinh(LSi_nl(),lI—; F(L)sin(y1) }

(23)

Here, F'(l) is obtained from (12) and is contingent upon the

distribution of the incident electric field along the cylinder.

The derived relationship represents a broader application of

the current formula compared to the scenario of plane wave
incidence detailed in [13].

C. Dosimetric Quantities

Once the axial current is determined, it becomes feasible
to compute the current density within the body. In [4], the
current density is formulated as:

10 (o) D5
27 Ji (j=/2Ba)
Here, ¢ ranges from 0 to a, and Jy and J; represent the

respective Bessel functions. The induced electric field within
the body is computed employing the method described in [4]:

IS0

o+ jwe

J(¢1) = (24)

Ein(C1) = (25)
Here, p denotes the tissue density, while o and € pertain to
the electrical properties of the human body.
Consequently, the SAR is determined as:

2
p

(26)
The SAR averaged over every 10 grams of tissue (SARog,
when considering a model like a cube, it means that the
average absorbed energy is calculated in a 10-gram volume
Viog of the cube with side length a.), expressed in Cartesian
coordinates, is provided by the expression given in [4]:

b /// SARAV,
Vleg
1 Qc Qe Qe
:7/ / / SARdx.dy.dz.
Viog Jo Jo Jo

The whole-body average SAR (SARwp) expressed in
cylindrical coordinates is determined by the expression also
provided in [4]:

SARyg, =
(27)

SARw B :%// SARdV

1 a 2 L
:—:/ /‘(/ SAR¢dCdpdl
Vv 0 0 0

Here, V' represents the volume of the cylinder, and the
surface SAR is defined as in (26). By employing Equations
(24) to (27) and making certain mathematical adjustments,
Equation (28) is expressed in integral form as:

(28)
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1 1 B \?
AP =5 oy (o)
o o (57128¢) )|’ dC

2oL |1y (j1/2Ba)|”

(29)

(1)[2d!

Here, 7 = ¢/0 denotes the charge relaxation time. Addition-
ally, the transmitted power density (TPD) is defined following
[13] as:

P =5 [ColBa@ R G0
¢

Here, o represents tissue conductivity. TPD is a quantity that
was primarily introduced for the GHz frequency range due to
surface effects being more pronounced under these conditions.
Although its primary use is in high-frequency applications, it
can also be applied in lower frequency ranges. However, it is
important to note that its relevance at lower frequencies may
be limited, depending on the specifics of the application.

By taking into account Equations (24) to (25), Equation (30)
can be formulated as:

2
TPD :ié (6&>

803 1+ (wr)? \ a2
(€29)
| 2O [ (5728¢) [ ac
7 ( 1/2[3a) 0

III. NUMERICAL RESULTS

The electromagnetic modeling of the resonant WPT trans-
mitter above ground was conducted utilizing the commercial
software FEKO, employing the Method of Moments (MoM)
for wire antenna analysis. To ensure accurate representation
of the dielectric body models with specific parameters, the
Surface Equivalence Principle (SEP) was applied, following
guidelines from the IT’IS database [19].

In the exposure scenario, an ideal short electric dipole
perpendicular to ground radiating in 7'M79 mode was selected
as the radiation source. A voltage source was applied to
port 1 at frequencies of f = 13.56 MHz (ISM band), and
of f = 86.33 MHz that is half-wave resonant with the
cylinder. This frequency choice was made considering also the
characteristics of the lossy ground, with relative permittivity
€, = 4 and conductivity o = 1 X 1073 mS/m [19], indicating
that the ground exhibits more insulator-like properties at the
considered frequencies.

In accordance with the WPT standard [20], the matched
transmitting antenna input power was set to Pg = 5 W.
This parameter serves as a reference point for assessing the
efficiency and performance of the WPT system. By employing
these specific parameters and methodologies, the electromag-
netic modeling aims to accurately characterize the behavior
of the WPT system, evaluate potential exposure levels, and
ensure compliance with safety standards and regulations.

In the electromagnetic modeling setup, the human body is
represented as a cylinder with specific geometric dimensions.
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The cylinder is 1.8 m long and has diameter of 0.18 m,
providing a simplified yet representative approximation of the
human body shape. Additionally, the wire antenna used in the
model has a radius of 8 mm, while the length of the edge of
the triangle in the human body model representation measures
35 mm. These dimensions are chosen to ensure accuracy in
simulating electromagnetic interactions with the human body.

In FEKO, a human model without arms is used to avoid cur-
rent spikes in areas with thin cross-sections. Thin regions, such
as arms, can cause undesired current jumps due to the large
difference in cross-sectional dimensions, complicating accu-
rate simulations. Modeling a human without arms, which is
geometrically more similar to a cylinder, allows for easier and
more accurate calculations as cylindrical geometry is simpler
for numerical processing and better matches the distribution
of electromagnetic fields without unexpected singularities.

In Figs. 2 and 3, the ideal short electric dipole radiating
in TMyo mode is positioned in front of the cylinder at a
height of 1.2 m. This configuration corresponds to the worst-
case scenario described in [21], allowing for a comprehensive
assessment of exposure levels and potential risks. The dis-
tances from the center of the human body model to the center
of the dipole are denoted by the values d,; = 35 cm and
dp2 = 65 cm, providing insight into the spatial distribution of
electromagnetic fields and their impact on human exposure.

28 huuman body model

Z
transmitter antenna

ground

X]

b

(@)

transmitter antenina |

ground

X human bad')z’;rftodel

3‘\

(d)

Fig. 2. (a) Simplified equivalent vertically positioned cylinder standing against
the transmitting short dipole, and (b) realistic human body model
human body model.

The results obtained from the electromagnetic simulations
and calculations are presented in Figs. 4 to 11, offering a de-
tailed visualization of key parameters such as induced electric
field, SAR104, SARw g, and TPD using relations 26, 28, 30
and 32, respectively. These figures provide valuable insights
into the distribution and intensity of electromagnetic fields
around the human body in proximity to the radiating antenna.
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By analyzing these results, researchers can gain a deeper un-
derstanding of potential exposure risks and devise appropriate
safety measures to mitigate any adverse effects. Overall, the
combination of geometric modeling, antenna placement, and
numerical simulations enables a comprehensive evaluation of
human exposure to electromagnetic fields in WPT systems.
These findings contribute to the ongoing efforts to ensure
the safety and reliability of WPT technologies for various
applications.
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Fig. 3. (a) Simplified equivalent horizontally positioned cylinder standing
against the transmitting short dipole, and (b) realistic human body
model human body model.

The analysis of the numerical data presented in the figures
indicates that the analytical results generally align well with
the numerical results across various scenarios. However, cer-
tain differences are more noticeable, especially at locations
where there are maximum peaks in the data.

When considering the simulations involving realistic nu-
merical human body models, the numerical results tend to
yield higher amplitude values compared to both the simplified
numerical model and the proposed analytical model. The
analytical model falls in between these two extremes.

One key observation is that, besides that the trend and
distribution of the results are in good agreement, when the
transmission occurs at the non-resonant ISM frequency of the
cylinder the maximum exposure can be expected at positions
closest to the Tx antenna, whereas at the resonant frequency
it is expected in the middle of the body.

As anticipated, the TPD (Figs. 8 to 11) exhibits peak
values at the closest distance to the transmitter antenna, which
is a common observation in electromagnetic field exposure
scenarios [4].
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TABLE 1
COMPARISON AMONG MAXIMUM VALUES OF SAR104 AND THE
FUNDAMENTALS OF ICNIRP [2].

- ICNIRP SARIgg limits
SAR10g (W/kg) (Wikg)
[=13.56 MHz ground free space Geuexl-al Workers
dpi dpy dyy dy2 public
proposed analytical 1.74424 | 0.26189 [ 1.83142 | 0.27498
FEKO cylinder 1.534890 | 0.23423 | 1.61163 | 0.24594
FEKO realistic 1.93384 | 0.29545 | 2.03053 | 0.31022
f=86.33 MHz dp1 dpy dp1 dpy > 10
proposed analytical | 0.26995 0.11112 | 0.28339 | 0.11665
FEKO cylinder 0.24537 | 0.09991 | 0.25756 | 0.10489
FEKO realistic 0.30124 | 025473 | 03162 0.26743
TABLE I

COMPARISON AMONG MAXIMUM VALUES OF SAR104y AND THE
FUNDAMENTALS OF ICNIRP [2].

. ICNIRP SAR10g limits
SARwg (Wikg) (Wikg)
f=13.56 MHz ground free space Genell'al Workers
dpi dyy dpy dy2 public
proposed analytical 1.42697 | 0.25930 | 1.81329 [ 0.272265
FEKO cylinder 1.51969 | 0.23191 | 1.59567 | 0.24350
FEKO realistic 1.91469 | 0.29252 | 2.01043 | 0.30715
f=186.33 MHz dyy dypz dp1 5] 2 1o
proposed analytical 0.2673 0.1100 0.2806 0.1155
FEKO cylinder 0.2429 0.0989 0.2550 0.1039
FEKO realistic 0.2983 0.2522 0.3131 0.2648
TABLE III

COMPARISON AMONG MAXIMUM VALUES OF SARy g AND THE
FUNDAMENTALS OF ICNIRP [2].

; ICNIRP SARwE limits
SARws (W/kg) (Wrke)
f=13.56 MHz ground free space Genet:al Workers
dpi dy dpr dyy public
proposed analytical | 0.01716 | 0.00257 | 0.01795 | 0.00262
FEKO cylinder 0.01518 | 0.00244 | 0.01585 | 0.00231
FEKO realistic 0.01893 0.00289 | 0.01984 | 0.002%94
f=86.33 MHz dp1 dp2 dpt dpr 408 94
proposed analytical | 0.00262 | 0.00107 | 0.00275 | 0.00112
FEKO cylinder 0.00238 | 0.00097 | 0.00249 | 0.00100
FEKO realistic 0.00292 | 0.00247 | 0.00306 | 0.00259
TABLE IV

COMPARISON AMONG MAXIMUM VALUES OF SARyy g AND THE
FUNDAMENTALS OF ICNIRP [2].

SARws (Wikg) ICN]RP(&;&E;\)W limits
f=13.56 MHz ground free space Geuell'a] Workers
dpt dpy dyy dyy public
proposed analytical | 0.01700 0.0025 0.0178 0.0026
FEKO cylinder 0.01503 0.0022 | 0.0157 0.0026
FEKO realistic 0.01874 0.0029 | 0.0196 0.0029
f=86.33 MHz dpt dpr dp1 dpy 0:08 04
proposed analytical 0.0026 0.0011 0.0027 0.0011
FEKO cylinder 0.0024 0.0010 | 0.0025 0.0010
FEKO realistic 0.0029 0.0024 | 0.0030 0.0026

The comparison among the exposure results in Figs. 4
and 5 shows that there is no significant effect produced by
introducing the real ground in the scenario (provided that the
radiated power is equal in both, the free-space and the half-
space scenario).

This is in consistence with the results of the PEC ground
scenario depicted in [13]. Therefore, it can be concluded that,
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for the fast initial assessments of the human exposure, the
free-space scenario is quite sufficient.

This conclusion is further confirmed by observing the results
in Figs. 6 and 7 for the horizontal cylinder above a real half-
space. Also, although the induced field distribution at 13.56
MHz (ISM) is different from the case of the vertical cylinder
as expected, it shows consistency when the cylinder is in
resonance. There is a significant difference between the non-
resonant ISM frequency and the resonant frequency scenario.
In the first case, the maximum exposure is determined by the
relative position of the source and the cylinder, whereas in the
second case it is always in the middle regardless of the source
position.

It is important to note that, although at the resonant fre-
quency we expect significantly lower field values compared
to the operating frequency, it is difficult to directly compare
these values. However, we observe that, while at the operating
frequency the dosimetric effect is mostly concentrated in the
area nearest to the transmitting antenna, at the resonant fre-
quency it is much more evenly distributed with the maximum
at the middle of the cylindrical body.

In the context of the analyzed parameters, the proposed
analytical approach tends to overestimate values in comparison
with cylinder human body model. This overestimation is ac-
ceptable in terms of human impact, as higher values allow for
more conservative safety measures, for example SAR which is
shown in Tables I-IV. The Tables represent specific exposure
parameters (SAR) obtained by simulations and compared with
applicable safety limits (basic ICNIRP guidelines). These
parameters are critical for ensuring compliance with ICNIRP
guidelines, for workers and professionals [2].

However, in the case of the realistic human body model
in FEKO, underestimation occurs, which is critical. For ex-
ample, as the specific absorption rate (SAR) involves thermal
effects, underestimating values can lead to incorrect exposure
assessments. Note that in two specific cases (highligted yellow
in tables I, and II) the realistic model of human exhibits the
exposure slightly above the limit, whereas the (both) cylinder
models do not predict overexposure. Therefore, special atten-
tion must be put to the parameters that show underestimation
to avoid safety oversights and ensure an accurate evaluation
of human impact.

Furthermore, from the comparison of the results for the
vertically (Figs. 4, 5) and the horizontally positioned (Figs.
6, 7) cylinder, it can be noted that the exposure is comparable
between the two. Therefore, it can be concluded that the more
complex scenarios such as a human sitting in a chair or like
that, although could be modeled analytically by introducing
proper boundary conditions, would lead only to a significantly
more complex model but without significant new insights into
the exposure issue.

The proposed analytical approach is compared with com-
mon numerical methods, including the MoM, FEM, and
FDTD. In terms of accuracy, the proposed method shows a
deviation of less than 10 % from the FEM results in calculating
SAR and TPD, no matter cylinder or realistic human body
model. This demonstrates its reliability for WPT applications.
However, FDTD, relative to FEM and MoM methods, excels
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in time-dependent scenarios and provides higher accuracy for
complex human body models in non-homogeneous environ-
ments [4].

While FEM and MoM are effective for specific problem sets
(e.g., boundary-specific conditions and steady-state solutions),
the proposed method is more convenient in sense of time
consuming for near-field modeling and scenarios involving
low-power WPT systems at high frequency bands, such as
13.56 MHz and 86.33 MHz. However, for highly detailed body
models with complex tissue structures, FDTD remains the
preferred method for ensuring precise dosimetric calculations.

IV. CONCLUSION

The comparative analysis between numerical and proposed
analytical methods shows consistent findings, validating both
approaches in characterizing the antenna system. The study
demonstrates the analytical framework’s effectiveness in cap-
turing essential electromagnetic field features, including in-
duced electric field, SAR, and TPD, while numerical simu-
lations offer a detailed understanding of complex dosimetry
interactions.

By corroborating numerical and analytical results, the study
enhances our understanding of the dosimetry phenomena over
a lossy medium. It highlights the complementary nature of
these methods, showcasing their collective ability to provide
comprehensive insights into electromagnetic phenomena.

For example, while lower field values are expected at the
resonant frequency compared to the ones at lower operating
frequency, direct comparison is challenging. Nevertheless, the
dosimetric effect at the resonant frequency is more evenly
distributed throughout the cylinder, whereas it is concentrated
in the area nearest to the transmitting antenna at the operating
frequency departed from the resonance.

Overall, the combined use of numerical and analytical meth-
ods provides a robust approach to studying antenna systems,
facilitating deeper insights into dosimetry characteristics and
aiding in the design and optimization process.
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