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Abstract: The impedance variation of wireless power transfer (WPT) coils owing to the presence
of the human body may result in mismatches, resulting in a decrease of the transmission efficiency.
In addition, one of the decisive factors of the permissible transfer power in WPT systems is a
compliance assessment with the guidelines/standards for human protection from electromagnetic
fields. In our previous study, we reported that a shielded loop coil can potentially reduce human
interaction with WPT coils. In this study, first, the rationale for this reduction is investigated with
equivalent circuit models for a WPT system using a shielded loop coil operated in close proximity
to the human body. We then conducted an equivalent circuit analysis considering the capacitance
between the inner and outer conductors of the shielded loop coil, suggesting the stability of the
impedance matching. From computational results, the mitigation capability of the shielded loop coil
on impedance matching and transmission efficiency owing to the presence of the human body was
verified for 6.78 MHz wireless power transfer. Additionally, the reduction of the specific absorption
rate (SAR) with coils comprised of the shielded loop structure was confirmed in the presence of
anatomically realistic human body models. The maximum transferable power was increased from
1.5 kW to 2.1 kW for the restrictions of the local SAR limit prescribed in the international safety
guidelines/standard.
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1. Introduction

Wireless power transfer (WPT) technology is being put to practical use in various places [1–3].
For example, it will be deployed for the wireless charging of electric vehicles in parking areas [4–7].
When new emerging technology may appear, there has been concern about electromagnetic
compatibility issues, which are mainly classified into two categories: potential health effects
of electromagnetic fields and unwanted field emissions. Unlike other devices used in wireless
communications, the leaked field strength from WPT systems is non-negligible even for high
transmission efficiency because of potentially high power transfer [8,9]. The above mentioned two
issues should thus be considered carefully.

Unwanted field emissions are related to the assessment of the far-field strength, whereas the
compliance assessment of human safety standards is more related to near-field issues. Our interest
here focuses on the latter. Human safety assessment is also related to the performance of power
transfer in close proximity to the human body. Specifically, the presence of the human body may
result in a mismatch in the input impedance of the transmitting/receiving coils, resulting in degraded
transmission efficiency [10,11]. The method of reducing this interaction may be related to human safety
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because compliance assessments are, in general, conducted in a worst-case exposure, and thus in a
certain scenario where the impedance mismatch occurs.

In the International Commission on Non-Ionizing Radiation Protection (ICNIRP) guidelines and
IEEE standard [12–14] for human protection from electromagnetic fields, two metrics are mentioned:
basic restrictions and reference levels. The former involves the internal physical quantities which are
related to adverse health effects with a certain reduction factor. The latter is the permissible external field
strength, which is derived from basic restrictions in a conservative manner. Practically, the reference
level for a near-field regime is conservative by one to two orders of magnitude. At frequencies higher
than 100 kHz, the physical quantity representing the basic restriction is the specific absorption rate
(SAR) averaged over 10 g of tissue. Note that the internal electric field strength should also be evaluated
up to 10 MHz, although the former would be dominant for continuous (non-pulse) exposure in the
MHz frequency range. Thus, the evaluation of the local spatial-averaged SAR and internal electric
field is crucial in a WPT system design.

Many studies have investigated electromagnetic safety issues owing to the exposure to magnetic
fields generated by WPT systems [15–22]. Chen et al. [15] evaluated the induced electric field in a
human body model exposed to a prototype WPT system of 5 W which received power from 0.1 MHz
to 10 MHz. Shimamoto et al. [19] investigated the discrepancies in the electric field in a human body
with different postures. The differences in the SAR between adult and child models were studied
for a WPT system at 6.78 MHz [20]. In [21,22], the coupling factor, which relates the peak in situ
electric field with an applied nonuniform magnetic field, was calculated. Zhan et al. [23], Campi et
al. [24], Park et al. [25] and Kim et al. [26] proposed methods such as compensation topology and
a passive shield to reduce the leakage magnetic field of WPT systems, while Nadakuduti et al. [27]
and Ishihara et al. [28] investigated the relevant measurement methodologies. The above mentioned
studies mainly focused on the safety aspects of WPT systems but did not consider the effects of the
presence of the human body on the WPT performance based on a worse-case scenario.

A shielded loop antenna has two significant functions. One is a self-balancing effect to decrease
sensibility to an electric field of its feeding line [29]. To take advantage of this, the shielded loop antenna
has been widely used for broadcasting reception to eliminate electric field noise [30,31]. The shielded
loop antenna is also used as a sensor of magnetic fields [32–34] to ensure measurement accuracy [35].
The other is a mitigation effect from surrounding metallic objects [36]. The shielded loop antenna was
first invented for direction finding systems to overcome degradation of directivity pattern due to the
proximity of an external object (such as a metallic wall) [37]. To take advantage of this, the shielded
loop antenna is also widely used for magnetic resonance imaging (MRI) to prevent the detune of
resonant frequency due to a presence of human body [37–42]. Considering this evidence, it is expected
that the use of a shielded loop coil in a WPT system has a capability of mitigating the detune effect due
to presence of a human body.

Previously, we empirically presented a near-field WPT using a shielded loop coil [42]. This WPT
had potential features of high transmission efficiency and reduction of external electric fields, which
may be expected with the presence of the human body. However, the rationale for these features
is unclear, especially for a realistic exposure scenario where the human body exists. In this study,
we first develop an equivalent circuit model of a 6.78 MHz WPT system composed of shielded loop
coils to demonstrate its capability. We then demonstrate that the impedance characteristics and the
SAR reduction of a shielded loop coil are improved as compared to a conventional loop coil without a
shield. The permissible field strength is evaluated based on computations using an anatomically based
human model.

2. Simulation Model

To evaluate the WPT coil performance in the presence of a human body model, the commercial
software FEKO (Altair, hyperworks, Michigan, MI, USA) was used. The structure of a shielded loop
coil is shown in Figure 1a,b. The shielded loop coil is well-known and commonly used as a magnetic
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field sensor because of its ability to suppress the sensibility of electric fields [29]. A gap was made to
suppress only the electric field without suppressing the magnetic field, as is common in a shielded
loop coil [43]. Because of the gap, there was no current flow in the outer conductor, and thus current
flows only in the inner conductor. The outer conductor acted as a shield for the electric field.

Figure 1. Schematic explanation of a shielded loop coil. (a) Overall view of a shielded loop coil,
(b) sectional view of a shielded loop coil, (c) overall view of a one-turn loop coil, and (d) sectional view
of a one-turn loop coil.

To verify the effectiveness of the WPT system composed of a shielded loop coil, a one-turn loop
coil was also considered. The size of the one-turn loop coil is identical to that of the shielded loop coil,
as shown in Figure 1c. The outer diameter of the conductor in the one-turn loop coil is identical to that
of the shielded loop coil, as shown in Figure 1d.

The simple one-turn shielded loop structure was employed in this paper in order to evaluate basic
characteristics of using a shielded loop structure for WPT. In a practical use, a multi-turn shielded
loop [37] is effective to improve inductance and the coupling coefficient.

In this paper, the shielded loop structure is assumed to be made of shielded cable. In actual use,
a shielded loop structure can be realized by using a printed circuit board (PCB) [44].

To discuss the electric field suppressing effect of the shielded loop coil, a one-turn loop coil with a
parallel capacitance was also considered. This parallel capacitance simulates the capacitance between
the inner and the outer conductors of the shielded loop coil.

For each model, capacitors were connected in series to each coil to resonate at 6.78 MHz. The same
structure was used on the transmitting (Tx) and receiving (Rx) sides. By using a method-of-moment
(MoM) simulation, the input impedances of these models were calculated. In a numerical simulation,
the copper was assumed as a conductor, and then its conductivity of 5.81 × 106 S/m was assigned.
An AC power supply with an output impedance of 50 Ω was connected to the port of the Tx side.
A resistance of 50 Ω was loaded to the port of the Rx side. Delta-gap feeding was applied at the port in
the MoM simulation.

An equivalent circuit was employed to understand the impedance matching mechanism of the
shielded loop coil. Equivalent circuits of the coils are shown in Figure 2. For the one-turn loop coil
shown in Figure 2a, the coil was modeled by an inductor whose inductance was derived by the MoM
simulation at a low frequency (100 kHz). A series capacitance CS1 = 223.3 pF was determined so that
the imaginary part of the input impedance becomes zero at 6.78 MHz. For the shielded loop coil shown
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in Figure 2b, the inductance of the equivalent circuit was calculated from the MoM simulation at a low
frequency (100 kHz); this was identical to the value of the one-turn loop coil because the current flows
only in the inner conductor of the shielded loop, which is the same structure as that of the one-turn
loop coil. A series capacitance Cs2 = 157.2 pF represents the stray capacitance between the inner and
outer conductors, and was calculated by the self-resonant frequency through the MoM simulation.

Figure 2. Equivalent circuits of different coils. (a) One-turn loop coil, (b) shielded loop coil,
and (c) one-turn loop with capacitor.

For the one-turn loop coil with a shunt capacitor shown in Figure 2c, the equivalent circuit is
identical to the shielded loop. It is noteworthy that the shunt capacitor of the one-turn loop was
realized by a discrete capacitor, while the shunt capacitor of the shielded loop was realized by a stray
capacitance. The aim of the equivalent circuit analysis is to understand the impedance matching
mechanism of the shielded loop coil. Thus, only the imaginary part of the impedance was considered.

CS1 and CS2 are optimized without the human body. These values are maintained when the
human body is present. Since Cp represents the stray capacitance of the shield structure itself, this
value is not varied by the human body. Input impedance Zin for these models, calculated by MoM
and the equivalent circuit, is shown in Figure 3. The estimation error of the equivalent circuit was
calculated by using the root mean square percentage error (RMSPE) [45]:

RMSPE =

√√√√√
1
N

∑ Im
{
ZMoM

in

}
− Im
{
ZEq

in

}
Im
{
ZMoM

in

} 
2

× 100 (1)

where ZMoM
in and ZEq

in are the input impedances calculated by MoM and the equivalent circuit,
respectively. N is the number of calculation frequencies. Consequently, the RMSPE of the one-turn
loop, one-turn loop with Cp, and shielded loop was 1.61%, 3.97%, and 4.75%, respectively. Considering
that the estimation error becomes large when the denominator of Equation (1) (i.e., Im

{
ZMoM

in

}
) is zero,

the input impedance calculated by the equivalent circuit is in good accordance with that calculated
by MoM.

A schematic explanation of the power transfer scenario is shown in Figure 4. To calculate the
input impedance and transmission efficiency, a homogeneous cylinder model composed of 2/3 muscle
tissue was used as a canonical human body [46], as shown in Figure 4a.

To calculate the internal electric field and SAR, Japanese male model “TARO” developed by
National Institute of Information and Communications Technology (Japan), shown in Figure 4b, was
also considered [47]. The height and weight were 1.73 m and 65 kg, respectively; and the number of
tissues is 51. The spatial resolution of the body model was 2 mm. The separation between the coils
and human body was set to be 2 cm. This separation distance assuming the worst-case where the
receiving coil was set on a laptop computer and the transmitting coil was set on a desk. The tissues
conductivities were adopted from [48], and those of selected tissues at 6.78 MHz are listed in Table 1.
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Figure 3. Input impedances calculated by Method-of-Moment (MoM) and equivalent circuit.
(a) One-turn loop coil, (b) shielded loop coil, and (c) one-turn loop with capacitor.

Figure 4. Simulation model of a shielded loop coil in the presence of a cylindrical model imitating a
human body. (a) Simple cylindrical model and (b) realistic human body model.

Table 1. Electrical Conductivities of selected tissues of TARO model at 6.78 MHz.

Tissue Conductivity (S/m) Tissue Conductivity (S/m)

Skin 0.1471 Heart 0.4713
Muscle 0.6021 Liver 0.2936

Fat 0.0278 Lung 0.3157
Bone(cortical) 0.0393 Kidney 0.4663

Bone(cancellous) 0.1159 Stomach 0.7575
Cartilage 0.3501 Cerebellum 0.3147

Nerve 0.2064 Tendon 0.4021
Grey matter 0.2520 Gall bladder 0.9013

White matter 0.1415 CSF 0.1415

At frequencies up to 10 MHz, Maxwell’s equations can be simplified with a quasistatic
approximation [48]. As a calculation method, an in-house multigrid-based scalar potential finite
difference method was used [49,50] to solve the following partial differential equation:

∇·[σ(−∇ϕ− jωA0)] = 0 (2)



Electronics 2020, 9, 953 6 of 13

where boundary condition n·(∇ϕ+ jωA0) = 0. A0 and σ denote the magnetic vector potential of
the applied magnetic field and the tissue conductivity, respectively. The vector potential A0 was
obtained directly from the magnetic field, which was calculated by the method of moment. In this
study, the scalar potential was computed iteratively via the successive-over-relaxation and multigrid
methods [50]. The iteration stopped when the relative residual was less than 10−6. When Equation (1)
was solved, the in situ electric field (E) was calculated as E = −∇ϕ− jωA0. The in situ electric field and
SAR averaged over 10 g of tissue, which are metrics for the compliance assessment prescribed in the
exposure guidelines/standards, and were analyzed.

3. Simulation Result

3.1. Mitigation Effect of a Shielded Loop Coil on Impedance Matching Owing to the Existence of a Human Body

By using the scenario shown in Figure 4a, the input impedances of the coils were calculated.
The calculated results are shown in Figure 5. From this figure, better impedance matching was achieved
in the shield structure than that of the conventional one-turn loop coil. In addition, the impedance
of the one-turn loop coil with Cp presents almost identical behavior to that of the shielded loop coil,
suggesting that impedance matching of the shielded loop coil was achieved by the stray capacitance
between the inner and outer conductors.

Figure 5. Smith chart of input impedance of loop coils.

To precisely discuss the effect of the human body, the reflection coefficients of the loop coil with
Cp and the shielded loop coil with and without the simple cylindrical model are listed in Table 2.
The variation of the reflection coefficient owing to the existence of the human body for the shielded loop
coil was 0.14 dB, whereas that of a loop with Cp was 0.16 dB. From this result, the shielded loop coil can
mitigate the impedance mismatch effect because the shielded loop coil can suppress the electric field.

Table 2. Reflection coefficients with and without simple cylindrical model.

Model Shielded Loop with Cp

Without human body model −30.69 dB −29.34 dB
Human body model −30.83 dB −29.50 dB

Variation owing to the human body 0.14 dB 0.16 dB
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3.2. Transmission Efficiency

To evaluate the transmission efficiency, S parameters were calculated by using method-of-moment
simulation. The scenario shown in Figure 4a was assumed, in which the transmitting and receiving
coils had port 1 and 2, respectively. The frequency characteristics of the S parameters of these coils are
shown in Figure 6 when the cylindrical model was present. Assuming a source and load impedance of
50 Ω, S21 represents the transmission efficiency. The transmission efficiency of the shielded loop coil
was improved compared to the one-turn loop coil.
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The transmission efficiencies of the shielded loop coil and the one-turn loop with Cp were almost
identical. Therefore, the transmission efficiency can be confirmed to be improved by the capacitance
between the inner and outer conductors of the shield structure.

The transmission efficiencies of these coils calculated from the S parameters are listed in Table 3.
The transmission efficiency of the shielded loop coil was improved by 49.5% compared to that of
the one-turn loop coil. This is because of the impedance matching effect of the shielded loop coil.
The transmission efficiency of the shielded loop coil was improved by 0.004 points compared to that of
the one-turn loop coil with Cp. This is because of the mitigation effect on the impedance matching of
the shielded loop coil.

Table 3. Transmission efficiency and transmitting power (PT) for 1 W reception at a resonant frequency
of 6.78 MHz.

Type of Coil |S21|
2 PT (W)

One-turn loop coil 0.648 4.80
Shielded loop coil 0.969 2.12

One-turn loop with Cp 0.965 2.14

Transmitting power (PT) was supplied from the power source to the Tx coil so that power of 1 W
was received at a 50 Ω load at the terminal of the Rx coil. PT is listed in Table 3. PT of the shielded loop
coil (2.12 W) was reduced by 55.8% compared to the one-turn loop coil (4.80 W). PT of the shielded
loop coil was reduced by 0.93% compared to the one-turn loop with Cp (2.14 W).

3.3. Reduction Effect of SAR

By using a realistic human body model, the induced electric field distribution and local SAR
distribution were calculated at a 1 W reception power for all three types of coils at a resonant frequency
of 6.78 MHz. The efficiencies and transmitting powers are listed in Table 3.
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Figure 7 shows the induced electric field distributions. In all cases, hotspots appear around the
outmost layers of the chest, which was the body part closest to the transmission coil. High electric
fields could also be observed in the armpit region; this is attributable to the skin-to-skin contact [51].
When the electric fields passed through the interface of tissue layers with high-low-high conductivity
contrast, a high electric field could be observed in the less conductive tissue layer. At 6.78 MHz,
the conductivity of dry skin was about five times that of the hypodermis, resulting in a high in situ
electric field strength in the hypodermis of the armpit region.

Figure 7. Internal electric field distribution in human body.

The maximum electric field strengths are 13.78 V/m, 11.88 V/m, and 11.85 V/m for the one-turn
loop, shielded loop, and loop with capacitor, respectively. The maximum electric field strengths were
reduced by 14.0% and 13.8% for the shielded loop coil and the loop coil with a capacitor compared to
the loop coil. Figure 8 shows the SAR distributions in the human body model. The peak 10 g averaged
SARs were 1.3 mW/kg, 0.94 mW/kg, and 0.93 mW/kg for the one-turn loop, shielded loop, and loop
with capacitor, respectively. The SARs for the shielded loop coil and loop with capacitor were reduced
by 27.9% and 27.8%, respectively, compared to that of the loop coil.
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Figure 8. Local SAR (Specific Absorption Rate) distribution in the human body.

4. Discussion

In this study, we proposed using a shielded loop structure as a coil in a WPT system. Our motivation
was based on the fact that this structure is known to suppress the electric field distribution, resulting
in interaction with the human body model. We then clarify this with an equivalent circuit model
explaining why this structure may suppress the human–coil interaction. For comparison, we presented
a one-turn loop coil model with a capacitance, demonstrating that the structure is comparable to that of
the shielded loop coil. We also computationally demonstrated that the proposed structure can mitigate
the interaction of the human body.

Although the equivalent circuits of the shielded loop coil and the one-turn loop coil with
capacitance are identical, their electric field distributions are not identical. The shielded loop structure
can mitigate input impedance fluctuations. Thus, the difference between the shielded loop structure
and one-turn loop structure with the capacitance becomes much larger. In addition, a one-turn loop
structure was considered in this study for practical application as well as for simplicity. If a helix
structure is considered, the contribution of the electric field becomes large [52], resulting in greater
interaction with the human body model. Again, the shielded loop structure is more stable than a
conventional loop coil.



Electronics 2020, 9, 953 10 of 13

For human safety compliance, there are two metrics to be evaluated at 6.78 MHz: the internal
electric field for preventing electrostimulation and the SAR for heating. For compliance analysis in
terms of the in situ electric field, the metric is the 99th-percentile value of a 2 mm cubically averaged rms
electric field strength in a specific tissue. Recent studies [53–56] revealed that for nonuniform exposure,
the 99th-percentile value may underestimate the in situ field, and a value >99.9 was suggested based
on statistical analysis. In this study, the 99.9th-percentile value of the electric field in skin is considered
as the quantity to be compared with the basic restriction for a slightly more conservative estimation.
The result for the shielded loop coil is found to be 2.97 V/m.

According to ICNIRP [56], the in situ electric field at 6.78 MHz should not exceed 915.3 V/m,
and the 10 g averaged SAR should be below 2 W/kg for the general public. Based on the computed
values for the shielded loop coil, we found that the maximum transferable powers are 94.98 kW and
2.1 kW. These calculations applied basic restrictions of the in situ electric field and SAR, respectively,
suggesting that the heating effect is dominant for the scenario considered here. This is consistent with
the findings of previous studies [15,20,57]. For the one-turn loop coil, the maximum transferable power
is 1.5 kW when applying the SAR limit.

In our simulations, the separation between the torso and the border of the coil is set to be 2 cm,
which is much smaller compared to the generally used measuring distance (mostly 20 or 30 cm) specified
in IEC (International Electrotechnical Commission) 62,233 [58] for determining the electromagnetic
field around household appliances. For a WPT, such standardization is currently undergoing, and it
has not been well defined. Nonetheless, the calculated values can provide a rough (more conservative)
estimate of the exposure doses for a WPT device with similar configurations.

5. Conclusions

In this study, the mitigation capability of a shielded loop coil on impedance matching and
transmission efficiency owing to the presence of the human body for a 6.78 MHz wireless power
transfer was verified based on the suppression of the electric field. Additionally, an induced electric
field and SAR reduction effect of the shielded loop coil were confirmed.
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