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Assessment of Human Exposure to High Frequency Fields Generated
by Wireless Transmitters: A Simplified Analytical Model

Petra Rašić*, Zoran Blažević, and Dragan Poljak

Abstract—This work examines the effects of high frequency radio transmission on the human body.
A magnetic point source is used to generate a signal that is transmitted through the human body
at a specified distance. The study was conducted to evaluate the health effects of exposure to high
frequency radiation, in relation to current density, induced electric field and specific absorption rate
at frequencies of 6.78MHz and 13.56MHz. The results for both an equivalent cylinder and a realistic
human body model were compared. The analytical method presumes a sinusoidal current distribution
along the cylinder and introduces the approximations of field integrals. The numerical simulations
by the commercial software FEKO confirmed the analytical results depicted in the paper. The study
shows that maximum differences between the results of the proposed analytical model and human model
(regardless being realistic or cylinder) are less than 10%. This is convenient because analytical methods
can ensure fast estimations of the exposure standard limitations.

1. INTRODUCTION

The surge in electricity use over the past half century demonstrates the vital role it plays in modern
society. Most of these contemporary devices that people use generate high intensity electromagnetic
fields that could be hazardous to human health. People worry about the possible harm that
electromagnetic fields might cause to their health. By interfering with endogenous physiological
processes, both induced and contact currents might disturb biological functioning. This might result in
neurological, muscular, and/or neurovascular activation. Its condition might induce muscular spasms,
hearing and vision perceptions, ocular coordination issues, disorientation, metal flavour, and a surge
in mental fogginess [1–3]. Electrostimulation of electrosensitive tissues predominates when they are
exposed to electromagnetic fields (EMFs) with frequencies less than 100 kHz; however, this phenomenon
could also happen when the human body is exposed to EMFs with frequencies ranging from 5 to
20MHz [1, 4]. Those currents could also generate heating consequences, a rise in the heating of organs
within or on the body’s surface, which could result in thermal injury. When the human body is exposed
to EMF frequencies exceeding 100 kHz, thermal consequences might occur. Thermal effects become the
major phenomena above 10GHz [1, 5, 6]. Due to the greater conductivity of bone tissue than muscle
tissue, flowing currents reach the maximum intensity in regions where the cross-section of the body
tightens (e.g., ankle, knee, wrist, and head). Those tend to be the most sensitive areas, where the
effects of current flow, such as resistant warming of tissue, manifest themselves first. As a result, the
key concern is determining the strength of the current that flows in the legs, particularly when the worker
touches components near the source of the EMF (hand current) [7, 8]. The impacts indicated above
could induce disruptions inside the body’s functioning, which may put at risk the security of executing
work activities and, in the case of prolonged exposure, might produce possible health issues [9–11].
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Realistic human models are highly accurate, while simplified models are faster to estimate the
radiation exposure. In order to calculate realistic human body models, it is needed to apply full wave
models which requires numerical calculation techniques like Finite Element Method (FEM) [12–14],
Boundary Element Method (BEM) [15–19], or robust methods like Finite Difference Method (FDTD).
These techniques are applied to estimate the exposure of individual body parts or entire body. These
calculations can be time-consuming, and a complicated method implementation is often needed [20–
24]. Studies have been conducted to determine the exposure levels that are safe in relation to basic
restrictions [25–30]. Simulations of the human body are performed to help understand how the body’s
wireless power transfer (WPT) antenna works. This information is used to improve the design of WPT
antennas. In [27], the authors discuss the exposure of humans to WPT systems and present evaluations
of a realistic human model which was exposed to high frequency (HF) radiation at 6.78MHz and at
100 kHz [28–32]. A dielectric box, or model of a human, was used to study how it affects the performance
of WPT systems. This was investigated in the study given in [33] where a large rectangular loop was
used as a transmitting antenna.

This paper investigates the feasibility of an analytical modelling approach by the antenna theory
for basic human exposure analysis using simplified calculations. The first step is using the human
body model that is similar to the one in [10, 11]. The model is based on Pocklington-type equations,
which can be used to calculate the effects of antennas on a person. Differences between the results
of the analysis and numerical modelling are explored and discussed. The considered scenario of
WPT environment consists of a human and an antenna. The antenna is a magnetic point source
transmitting at two different frequencies, f = 6.78MHz and f = 13.56MHz. These frequencies
fall within the range of frequencies allocated for Industrial, Scientific and Medical (ISM) purposes.
Besides the reasons of selecting standard ISM frequencies for WPT purposes, we want to address
some parameters usually occurring in International Commission on Non-Ionizing Radiation Protection
(ICNIRP) recommendations. “Old” ICNIRP recommendations refer to the frequencies below 10MHz
(which observes the induced current density) [33] and above 10MHz (which observes SAR). On the
other hand, “new” ICNIRP recommendations refer to the frequencies below 6MHz (which observes the
induced electric field) and above 6MHz (which observes SAR) [1]. The proposed cylinder model and the
realistic model were used to compare currents, induced electric fields, and specific absorption rate (SAR)
in the body caused by the external field irradiated by a radio frequency (RF) transmitting antenna.
The results of this comparison were referenced to international protection exposure standard given
in [1, 32, 33]. This simplified analytical model based on the solution of Pocklington-integral equation
derived in this paper is the first of its kind for WPT use in near field at ISM bandwidth, where
induced current density, induced electric field, and SAR are analysed as a continuation of our previous
investigation presented in [34].

The organization of paper is as follows. Section 2 presents an analytical formulation of the human
body exposure to the near field of HF transmitting antenna used for WPT. Full wave model calculation
by FEKO is discussed in Section 3, while observations are depicted and discussed in Section 4. The
paper is concluded in Section 5.

2. ANALYTICAL FORMULATION

Figure 1 illustrates the propagation geometry in relation to a human body modelled as a thin cylinder
exposed to specified RF fields. It is supposed that humans are in free space with their limbs firmly
fastened to their bodies. The human of height L = 1.8m and torso diameter 2a = 33.34 cm is modelled
as an equivalent cylinder with corresponding tissue electrical properties [35]. According to the model
assumption, the cylinder’s height L and width 2a are equivalent to the height and width of a typical
person. The homogeneous, isotropic lossy material that makes up a realistic human is modelled as being
similar to [10]. The cylinder body model has a total volume of 0.046m3. The realistic, full body model
has a volume of 0.055m3.

At frequencies of 6.78MHz and 13.56MHz, the relative permittivity of the human body is assumed
to be εr = 92, the tissue density assumed to be ρ = 1000 kgm−3, and the specific conductivity assumed
to be σ = 0.419 Sm−1 [35]. As a result, the cylinder’s complex permittivity is given by εC = εCrε0,
εCr = 92 − j1112, (ε0 is the permittivity of vacuum), where the imaginary part is significantly larger
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Figure 1. TE10 mode for near field modeling.

than the real part. This means that the body acts as a lossy conductor at the frequencies in question.
It is assumed that the permeability equals the one of free space (µ = µ0).

The skin depth can be calculated as:

δskin =

√
2

ωµσ
(1)

According to Eq. (1), the skin depth counts 29.88 cm for the frequency f = 6.78MHz and 21.11 cm for
the frequency f = 13.56MHz, indicating that the currents penetrate the entire cylinder’s cross-section.
The surface impedance is given by [10]:

Zs (ζ) =
Z

2πa

J0(γw, ζ)

J1(γw, a)
(2)

where J0 and J1 are the zeroth and first order Bessel functions, respectively, and 0 ≤ ζ ≤ a. Z and γw
are expressed as:

Z =

√
jωµ

σ + jωε
(3)

γw =
√
jωµ(σ + jωε) (4)

where ε = εrε0 is the permittivity.

2.1. Electric Field

The electrically short magnetic dipole of radiation efficiency ηrad, fed by power PG provided by a matched
generator, radiates electric field transversally electric TE10 mode at a distance r which is given by [26]:

E⃗ = −jβ
√

3PZ0

4π

[
1

jβr
+

1

(jβr)2

]
sin θe−jβr−→eϕ (5)

where Z0 = 120πΩ is the free-space impedance, θ the angle of elevation, and β = 2π/λ the propagation
constant, whereas P is the power radiated by the dipole:

P = ηradPG (6)

The antenna’s axis coincides to the z-axis of the referent coordinate system. The cylinder’s axis
can be typically found in the following directions:

−→el = cosϕC sin θC
−→ex + sinϕC sin θC

−→ey + cos θC
−→ez (7)
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With an assumption that the observed segment of the cylinder is located at l = l(r, ϕ, θ), the incident
field at the axis of the cylinder is calculated as:

El (l) = E (r, ϕ, θ)−→eϕ · −→el (8)

i.e., by inserting Eq. (7) into Eq. (8):

El = −jβ
√

3PZ0

4π

[
1

jβr
+

1

(jβr)2

]
(sinϕC sin θC cosϕ− cosϕC sin θC sinϕ) sin θe−jβr (9)

2.2. Current Density and SAR

The Pocklington integro-differential equation describes the current distribution on a thin wire of finite
conductivity (used for example in human exposure scenario or in electromagnetic compatibility to
calculate the effects of nearby thin-wire objects on WPT system), and it is given by [10]:∫ L

0

(
∂2

∂l2
+ β2

)
I
(
l′
)
g
(
l, l′

)
dl′ − j4π

β

Z0
ZS(l)I(l) = −j4π β

Z0
Ez (l) (10)

where I(l) is the current distribution on the wire, and g(l, l′) is the Green function:

g
(
l, l′

)
=
e−jβ

√
a2+(l−l′)2√

a2 + (l − l′)2
(11)

The characteristic integral from the Pocklington equation should be written as:∫ L

0
I
(
l′
)
g
(
l, l′

)
dl′ = I(l)

∫ L

0
g
(
l, l′

)
dz′ +

∫ L

0

[
I
(
ll
)
− I(l)

]
g
(
l, l′

)
dl′ (12)

Using the assumption that the current varies slowly, i.e., I(l) ≈ I(l′) [29], the first term on the right
roughly approximates the integral on the left, and thus the second one on the right can be regarded as
negligibly small. Hence, by applying Eqs. (10)–(12), the Pocklington equation changes to differential
type and becomes simpler: [

∂2

∂l2
+ γ2 (l)

]
I (l) = −j4π β

ψ (l)Z0
Ez (l) = F (l) (13)

where:

ψ (l) =

∫ L

0
g
(
l, l′

)
dl′ (14)

and:

γ2 = β2 − j4π
β

ψ (l)Z0
ZS (l) (15)

The general solution of Eq. (13) cannot be sought analytically, because γ is a function of position l on
the cylinder. However, by considering Eq. (2) and applying the low frequency (LF) approximation for
Eq. (14) given by [10]:

ψ(l) = ln
L

a
(16)

Eq. (11) can be resolved using the parameter variation method. The solution for the current on the
cylinder is given as:

I (l) = C1 (l) cos(γl) + C2 (l) sin(γl) (17)

C1 and C2 are:

C1 (l) = −
∫
F (z)

γ
sin (γl) dl +A (18)

C2 (l) =

∫
F (z)

γ
cos(γl)dl +B (19)
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where A and B are constants. One can reach a particular solution for the current I(l) = I0(l) by the
Leibniz-Feynman method of differentiating under the integral sign in Eqs. (18)–(19) an infinite number
of times, and then inserting this result into (17):

I0 (l) =
1

γ2

∞∑
i=0

(−1)i
F (2i) (l)

γ2i
(20)

with F (0)(l) = F (l) (see Appendix A for the proof). Then, by using the boundary conditions for the
ends of the cylinder, I(0) = I(L) = 0, the general solution for the current that flows through the
cylinder axis is given as:

I (l) = I0 (l)−
I0 (0) sin [γ (L− l)] + I0 (L) sin (γl)

sin (γl)
(21)

Giving the LF approximation in Eq. (16) (β
√
a2 + (l − l′)2 ≪ 1) for the human of given geometry

propositions, the applied frequency should be less than roughly 25MHz. However, some of our
simulations made for purposes of this paper but not depicted here indicate that model can be applied
with satisfied accuracy even for higher frequencies (up to 50MHz or more).

In its simplest form, it is possible to ignore all the terms in Eq. (21) and only keep the first one,
I0(l) ≈ F (l)/γ2. This provides an estimation of the current that still meets the boundary conditions,
and it is given by:

I (l) ≈ 1

γ2

{
F (l)− F (0) sin [γ (L− l)] + F (L) sin (γl)

sin (γL)

}
(22)

where F (l) is determined by Eq. (13), and it is dependent on the distribution of the incident electric
field along the cylinder. The obtained relation is a generalization of the formula for current in the case
of plane wave incidence found in [10].

It is possible to calculate the body’s current density once this axial current is known [30, 31]. In [32],
the current density is expressed as:

J(ζ, l) =
I(l)

a2π

(
βa

2

)
J0

(
j−1/2βζ

)
J1

(
j−1/2βa

) (23)

where ζ ranges from 0 to a, and J0 and J1 are the corresponding Bessel functions. The electric field
induced in the body is calculated using [36]:

Ein(ζ, l) =
J (ζ, l)

σ + jωε
(24)

where ρ is the tissue density, and σ and ε refer to the electrical properties of the human body.

SAR = σ
|Ein(ζ, l)|2

ρ
(25)

The SAR averaged per 10 g of tissue (SAR10 g) expressed by cylindrical coordinates is given by the
expression [10]:

SAR10 g =
1

V10 g

∫∫∫
SARdVc =

1

V10 g

∫ ac

0

∫ ac

0

∫ ac

0
SARdxcdycdzc (26)

The whole-body average SAR (SARWB) expressed by cylindrical coordinates is given by the
expression [10]:

SARWB =
1

V

∫∫∫
SARdV =

1

V

∫ a

0

∫ 2π

0

∫ L

0
SARζdζdφdl (27)

where V is the cylinder volume, and the surface SAR is defined as in Eq. (25).
Using Eqs. (21)–(26) and after some mathematical adjustments, Eq. (25) is given in an integral

form as:

SARWB =
σ

σ2 + (ωε)2

(
β

a2π

)2

∫ a

0
ζ
∣∣∣J0 (j−1/2βζ

)∣∣∣2 dζ
2ρL

∣∣J1 (j−1/2βa
)∣∣2

∫ L

0
|I (l)|2 dl (28)
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3. NUMERICAL FORMULATION

The commercial software FEKO (Moments — MoM Method for Wire Antenna) was used to perform the
electromagnetic modelling of the WPT system, and the surface equivalence principle (SEP) was used
to apply uniformity to the dielectric body models. A perfectly electrically conducting (PEC) magnetic
point source is used in the exposure scenario, along with a voltage source applied to port 1 at frequencies
of 6.78MHz and 13.56MHz. According to the WPT standard [37], the matched transmitting antenna
input power is selected to be PG = 5W. The wire segment length in FEKO is 8mm long, and the
radius of wire is 8mm, whereas the length of edge of the triangle in human body model representation
is 35mm. The number of triangulations in the case of cylindrical equivalent model is 2350, whereas
in the case of the realistic model it is 7774. As shown in Figs. 2(a) and 2(b), the magnetic dipole is
positioned in front of the human model at a height of 1.2m, which is like the worst case of [38]. The
nearest distances from the body surface and the centre of the dipole are represented by the values of
dp1 = 30 cm, dp2 = 60 cm, dp3 = 150 cm, and dp4 = 220 cm. The distances were chosen from the one
closest to the transmitting antenna (dp1 = 30 cm) to the near-far field edge (dp4 = λ/10).

(a) (b)

Figure 2. (a) Realistic human body model standing in free space against the transmitting short dipole,
and (b) simplified equivalent cylinder human body model.

4. DISCUSSION OF THE FINDINGS

Equation (23) and Equation (24) were used to analyse the electric field Ein induced inside the body,
and the current density J and SARWB, respectively. FEKO and Matlab were used to analyze the data
numerically. At 181 points along the model of the body, the values of the incident electric field E are
calculated. By multiplying the surface current by the triangle height in the direction of the cylinder
axis and then by integrating from zero to 2π over the circumference of the cylinder at every position
l, it is possible to determine the values of the induced current at every point of the cylindrical surface.
Figures 3 to 10 show, respectively, the calculated current density J and the electric field Ein induced on
the cylinder’s surface (ζ = a). At the distances under consideration, the maximum values of the induced
current density and electric field are shown in Tables 1 through 4, SARWB in Tables 5 through 6, and
SAR10 g in Tables 7 through 8, respectively, and Root Mean Square Error (RMSE) obtained in Matlab
is presented Table 9 to Table 16.
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(a) (b)

Figure 3. The distribution of the current density along the simulated human models at dp1 = 30 cm
at (a) f = 6.78MHz, (b) f = 13.56MHz.

(a) (b)

Figure 4. The distribution of the current density along the simulated human models at dp2 = 60 cm
at (a) f = 6.78MHz, (b) f = 13.56MHz.

Table 1. Comparison among peak values of induced current density J and the fundamentals of
ICNIRP [33].

J (A/m2)

f = 6.78MHz

Basic ICNIRP

recommendations

General public Workers

model dp1 = 30cm dp2 = 60cm dp3 = 150cm dp4 = 220cm

10 50

realistic 385.4 74.09 4.952 1.322

cylinder 351.3 69.02 4.607 1.208

proposed

analytical
427.3 83.78 5.622 1.461

King 376.5 72.35 4.806 1.285

plane wave 12.46 3.19 0.551 0.265
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(a) (b)

Figure 5. The distribution of the current density along the simulated human models at dp3 = 150 cm
at (a) f = 6.78MHz, (b) f = 13.56MHz.

(a) (b)

Figure 6. The distribution of the current density along the simulated human models at dp4 = 220 cm
at (a) f = 6.78MHz, (b) f = 13.56MHz.

(a) (b)

Figure 7. The distribution of the electric field induced in the simulated human models at dp1 = 30 cm
at (a) f = 6.78MHz, (b) f = 13.56MHz.
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(a) (b)

Figure 8. The distribution of the electric field induced in the simulated human models at dp2 = 60 cm
at (a) f = 6.78MHz, (b) f = 13.56MHz.

(a) (b)

Figure 9. The distribution of the electric field induced in the simulated human models at dp3 = 150 cm
at (a) f = 6.78MHz, (b) f = 13.56MHz.

(a) (b)

Figure 10. The distribution of the electric field induced in the simulated human models at dp4 = 220 cm
at (a) f = 6.78MHz, (b) f = 13.56MHz.
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Table 2. Comparison among peak values of induced current density J and the fundamentals of
ICNIRP [33].

J (A/m2)

f = 13.56MHz

Basic ICNIRP

recommendations

General public Workers

model dp1 = 30cm dp2 = 60cm dp3 = 150cm dp4 = 220cm

10 50

realistic 145.5 72.57 5.038 0.432

cylinder 134.5 66.18 4.694 0.396

proposed

analytical
173.1 83.8 5.791 0.506

King 140.7 69.89 4.897 0.411

plane wave 12.79 3.15 0.544 0.304

Table 3. Comparison among peak values of induced electric field inside the body Ein and the
fundamentals of ICNIRP [33].

Ein (V/m)

f = 6.78MHz

Basic ICNIRP

recommendations

General public Workers

model dp1 = 30cm dp2 = 60cm dp3 = 150cm dp4 = 220cm

78.57 172.86

realistic 909.8 174.6 11.98 2.88

cylinder 830.1 164.2 11.16 2.59

proposed

analytical
1019.1 199.1 13.37 3.29

King 880.1 166.5 11.72 2.74

plane wave 29.71 7.53 1.31 0.63

Table 4. Comparison among peak values of induced electric field inside the body Ein and the
fundamentals of ICNIRP [33].

Ein (V/m)

f = 13.56MHz

Basic ICNIRP

recommendations

General public Workers

model dp1 = 30cm dp2 = 60cm dp3 = 150cm dp4 = 220cm

78.57 172.86

realistic 342.8 65.69 4.03 0.99

cylinder 319.3 57.61 3.51 0.87

proposed

analytical
407.5 79.35 4.77 1.16

King 336.3 63.14 3.84 0.95

plane wave 30.03 7.77 1.41 0.72

In all scenarios, except for the ones at dp1 = 30 cm with high intensity deviation for both the general
and professional populations, as well as for dp2 = 60 cm for the professional population, the maximum
values of the induced electric field Ein and internal body current density J observed through numerical
and analytical calculations are lower than the recommendations specified, as shown in Table 1 to Table 8.
The SAR calculated by all considered methods is within the specified protection exposure limits. The
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Table 5. Comparison among peak values of SARWB and the fundamentals of ICNIRP [33].

SARWB (W/kg)

f = 6.78MHz

Basic ICNIRP

recommendations

General public Workers

model dp1 = 30cm dp2 = 60cm dp3 = 150cm dp4 = 220cm

0.08 0.4

realistic 0.0757 0.0194 0.0021 0.0005

cylinder 0.0623 0.0181 0.0017 0.0004

proposed

analytical
0.0852 0.02422 0.0031 0.0005

King 0.0651 0.0207 0.0024 0.0003

plane wave 0.0053 0.0015 0.0001 0.0001

Table 6. Comparison among peak values of SAR10 g the fundamentals of ICNIRP [33].

SAR10 g (W/kg)

f = 6.78MHz

Basic ICNIRP

recommendations

General public Workers

model dp1 = 30cm dp2 = 60cm dp3 = 150cm dp4 = 220cm

2 10

realistic 1.4022 0.2252 0.0055 0.0010

cylinder 1.2649 0.1961 0.0038 0.0009

proposed

analytical
1.5504 0.27301 0.0068 0.0012

King 1.3131 0.2057 0.0049 0.0015

plane wave 0.1541 0.01525 0.0003 0.0005

Table 7. Comparison among peak values of SARWB and the fundamentals of ICNIRP [33].

SARWB (W/kg)

f = 13.56MHz

Basic ICNIRP

recommendations

General public Workers

model dp1 = 30cm dp2 = 60cm dp3 = 150cm dp4 = 220cm

0.08 0.4

realistic 0.1059 0.0232 0.0024 0.0005

cylinder 0.0709 0.0199 0.0017 0.0003

proposed

analytical
0.1277 0.0314 0.0038 0.0007

King 0.0881 0.0207 0.0022 0.0004

plane wave 0.0055 0.0013 0.0001 0.0001

HF heating effect measured by SAR is therefore not present for the scenarios at f = 6.78MHz in
contrast to the expected LF neuromuscular effect estimated by the current density and induced electric
field at defined separations (dp1 = 30 cm and dp2 = 60 cm). In light of the foregoing, it can be said
that for the scenarios at f = 6.78MHz, the HF heating effect is not expressed in comparison to the
strongly expressed LF neuromuscular effect at the defined distances (dp1 = 30 cm and dp2 = 60 cm,
respectively), while the LF effect at f = 13.56MHz is indicated by the transmitting antenna specific
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Table 8. Comparison among peak values of SAR10 g and the fundamentals of ICNIRP [33].

SAR10 g (W/kg)

f = 13.56MHz

Basic ICNIRP

recommendations

General public Workers

model dp1 = 30cm dp2 = 60cm dp3 = 150cm dp4 = 220cm

2 10

realistic 1.9631 0.2702 0.006 0.0011

cylinder 1.5444 0.2071 0.004 0.0011

proposed

analytical
2.3256 0.3549 0.009 0.0014

King 1.6757 0.2157 0.005 0.0011

plane wave 0.2695 0.0138 0.001 0.0001

Table 9. Rootmean square error (RMSE) for current density at f = 6.78MHz.

RMSECD(A/m2)f = 6.78MHz

model dp1 = 30cm dp2 = 60cm dp3 = 150cm dp4 = 220cm

proposed analytical 21.5141 5.2758 0.4860 0.1328

realistic 15.7317 2.9780 0.2464 0.0849

plane wave 155.7379 38.8095 2.9323 0.7054

King 11.3760 1.9456 0.1415 0.0569

Table 10. Root mean square error (RMSE) for current density at f = 13.56MHz.

RMSECD(A/m2)f = 13.56MHz

model dp1 = 30cm dp2 = 60cm dp3 = 150cm dp4 = 220cm

proposed analytical 9.0399 6.9270 0.5261 0.0505

realistic 4.8881 4.2413 0.2464 0.0267

plane wave 59.3767 37.1500 3.0080 0.0886

King 2.9168 2.0837 0.1375 0.0106

distance (dp1 = 30 cm) as well as the HF effects. The radiated power must be between 0.25W and
less than 1W in order to comply with the LF exposure guidelines established for both professionals
and the general public at a distance of dp1 = 30 cm. It should be noted that the transmitting antenna
frequently used in WPT has a radiation efficiency that is much lower than 100%. These results would
not differentiate from the ICNIRP recommendations at any distance if a real antenna was used instead
of a PEC antenna. For instance, the radiation efficiency would be 0.017% if the same transmitting
antenna was constructed of copper and tuned to f = 6.78MHz, with the maximum current density
J = 5.13A/m2 and the maximum induced field Ein = 12.19V/m (tested by full-wave model in FEKO)
at dp1 = 30 cm.

The proposed current approximation, given as Eq. (22), is shown to somewhat overestimate the
full-wave calculation results of both real and simplified human models, whereas the cylindrical model
underestimates the predictions made on the realistic one. Therefore, the results of Eq. (22) could be
considered as worst-case in this scenario.
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Table 11. Root mean square error (RMSE) for induced electric field at f = 6.78MHz.

RMSEEin
(V/m)f = 6.78MHz

model dp1 = 30cm dp2 = 60cm dp3 = 150cm dp4 = 220cm

proposed analytical 53.7422 12.5485 0.9822 0.5232

realistic 35.9120 6.1404 0.5860 0.2153

plane wave 367.4453 92.3083 7.1546 1.4707

King 21.7867 2.9428 0.3638 0.1169

Table 12. Root mean square error (RMSE) for induced electric field at f = 13.56MHz.

RMSEEin
(V/m)f = 13.56MHz

model dp1 = 30cm dp2 = 60cm dp3 = 150cm dp4 = 220cm

proposed analytical 20.7761 7.8254 0.7535 0.1808

realistic 11.4428 4.7944 0.3877 0.0907

plane wave 140.3952 31.2037 1.6474 0.1637

King 8.1299 3.2383 0.2426 0.0622

Table 13. Root mean square error (RMSE) for SAR10 g at f = 6.78MHz.

RMSESAR10 g(W/kg)f = 6.78MHz

model dp1 = 30cm dp2 = 60cm dp3 = 150cm dp4 = 220cm

proposed analytical 0.0291 0.0769 0.0769 0.0096

realistic 0.0001 0.0003 0.0003 0.0006

plane wave 0.1373 0.2855 0.2855 0.0482

King 0.0001 0.0003 0.0003 0.0006

Table 14. Root mean square error (RMSE) for SAR10 g at f = 13.56MHz.

RMSESAR10 g(W/kg)f = 13.56MHz

model dp1 = 30cm dp2 = 60cm dp3 = 150cm dp4 = 220cm

proposed analytical 0.0631 0.1478 0.1478 0.0086

realistic 0.0001 0.0003 0.0003 0.0006

plane wave 0.4187 0.7812 0.7812 0.1313

King 0.0001 0.0003 0.0003 0.0006

Additionally, results at the end of the string in analytical scenarios have a value of zero because of a
thin wire approximation. Due to position of the transmitting antenna center, the human model’s body
area located at 1.2m suffers the highest values. The peak Ein induced current densities J , SARWB, and
SAR10 g obtained in the body area of the human model at 1.2m are also compared with the plane wave
approximation defined in [10] and with King’s three-term approximation [11] in Tables 1–8. As can be
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Table 15. Root mean square error (RMSE) for SARavg at f = 6.78MHz.

RMSESARWB(W/kg)f = 6.78MHz

model dp1 = 30cm dp2 = 60cm dp3 = 150cm dp4 = 220cm

proposed analytical 0.0134 0.0229 0.0229 0.0028

realistic 0.0001 0.0001 0.0001 0.0001

plane wave 0.0134 0.0229 0.0229 0.0028

King 0.0001 0.0001 0.0001 0.0001

Table 16. Root mean square error (RMSE) for SARavg at f = 13.56MHz.

RMSESARWB(W/kg)f = 13.56MHz

model dp1 = 30cm dp2 = 60cm dp3 = 150cm dp4 = 220cm

proposed analytical 0.0350 0.0568 0.0568 0.0172

realistic 0.0002 0.0004 0.0004 0.0001

plane wave 0.0350 0.0568 0.0568 0.0172

King 0.0002 0.0004 0.0004 0.0001

noted in Figs. 4–10, the proposed approximation and King’s approximation as well obey analytical and
numerical results, but the plane wave approximation underestimates it more as the cylinder is closer
to the transmitting antenna. It is important to note that the plane wave approximation is not good
enough for the calculation in the near field; however, as we move away from the transmitting antenna
and approach the far field limit, the results become closer in amplitude (for plane wave approximation
and proposed analytical approximation). All these can also be seen in Tables 9 and Table 10 where the
RMSE for the proposed analytical model is compared with the others (real and simplified numerical
full-wave calculation in FEKO, King approximation and plane wave approximation) which is calculated
for the current density results at both considered ISM frequencies. Note that the RMSE decreases with
distance for all models. The plane wave approximation, however, gives significantly greater error than
others until the separation between the antenna and the human model reaches the far field boundary.

5. CONCLUSION

In this work, a method for evaluating human exposure to RF fields based on a simple equivalent cylinder
representation of the human body is developed numerically (full-wave calculation in FEKO), and the
Pocklington Integral Differential Equations are analytically applied with excitation functions caused by
the HF near-fields. SARWB, SAR10 g, current density, and induced electric field are estimated using
both analytical and numerical methods. The analytical calculation proposed in this paper provides fast
validation of the phenomenon in a form of the results that are practical in a technical sense. Furthermore,
it is evident that, when using a streamlined cylindrical human body model, it is challenging to identify
peak increases in narrow regions of the cross section. The maximum torso area can still be estimated
using the cylindrical approximation. The simplicity and effectiveness of the methods described thus far
are therefore their key characteristics.
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APPENDIX A.

The second derivative of the particular solution given as Eq. (20) is:

∂2I0 (l)

∂l2
=

1

γ2

∞∑
i=0

(−1)i
F (2i+2) (l)

γ2i
=

∞∑
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γ2
(−1)i+1 F

(2i+2) (l)

γ2i

= −
∞∑
i=0

(−1)i+1 F
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γ2i+2
(A1)

Inserting Eq. (A1) and Eq. (20) into Eq. (13), while solving the left side of the equation, yields:

−
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+ γ2
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γ2i+2
+ F (l) = F (l) (A2)

Because the left side equals the right side, the proof is complete.

APPENDIX B.

The approach used by King to acquire better near fields is to first find an improved solution for the
present I(l) and then utilize it to compute the field El(l) [11, 15]:
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and fix the coefficients A1, A2, A3 by fitting this expression to the numerical solution. The required
quantities appearing in Eq. (B1) are calculated as follows [15]:
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I ′(0+) = −I ′(0−) = βA1 (B3)
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