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This paper presents a design of magnetic resonant wireless power transfer (MR-WPT) system operating at 6.78
MHz with flexible resonator coils. The resonator coils are fabricated on an FR-4 substrate with a very thin
thickness of 0.2 mm; therefore, they can be bent at various angles. With the bendable resonator coils, the con-
figuration of the MR-WPT system will be more flexible, thereby increasing the applicability. However, the
inductance, resistance, quality factor, and mutual inductance of the coils will be changed with the bending
angle, thereby affecting the performance of the MR-WPT system. Detailed investigations of these changes were
conducted by both simulation and experiment. Thus MR-WPT systems with flexible resonators can be
designed for optimum performance. This proposed MR-WPT system can be applied in situations where sys-
tem configuration requires high flexibility. Moreover, a bent resonator system can perform better than a flat
resonator system in the inward bending configuration.
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1. Introduction

The number of electrical and electronic devices is
increasing exponentially in modern life. Especially mobile
devices such as smartphones and smartwatches have been
closely attached to human lives. With the increase in
electronic devices, powering them becomes confusing and
complicated. Wireless power transfer (WPT) technology
provides a solution to that problem. It makes the electric
system simple and effective, increasing aesthetics and
convenience [1-5].

WPT is a technology that permits the transmission of
electrical energy without wires as a physical link [6].
Electrical energy can be transmitted wirelessly in various
ways. At long distances, the energy from the transmitting
antenna can be transferred to the receiving antenna via
far-field radiation [7]. These WPT systems have the
advantage of very long transmission distances and are
suitable for both information and energy transmission [8].
The efficiency gain of this process is quite small and is
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magnetic resonant wireless power transfer, flexible wireless power transfer, magnetic coupling reso-

only suitable for special applications such as satellites or
small power applications. At closer distances, near-field
magnetic coupling provides a greater transmission power
and no emission of hazardous electromagnetic radiation
[9, 10]. Magnetic energy is generally less harmful to
humans and the surrounding environment than far-field
radiation [11].

Research on magnetic resonant wireless power transfer
(MR-WPT) has been widely deployed over the years [12-
14]. Its operating principle can be explained by coupled-
mode-theory [15]. The inductance of the resonant coils
and the mutual inductance between them play an important
role in determining the system's performance [16, 17]. In
addition, other values, such as the loss with pure resistance
and the quality factor (Q-factor) of the resonators, are also
factors affecting the system [18]. Many studies have been
done to understand the relationship of the system
performance to the configuration, size, and environment
in which the resonant coils are located [19-21].

In many practical applications, WPT system designs
with flat transceivers cannot be used [22, 23]. With various
configurations of electrical devices, the transmitting and
receiving surfaces can take on many different shapes [24-
26]. To increase the applicability of the WPT system,
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studies on their transmission ability when the transceivers
are bent were carried out [27-32]. However, an in-depth
analysis of how the inductance, mutual inductance, and
Q-factor of the resonator are changed when bending,
thereby affecting the performance of the WPT system,
has not been conducted yet.

In this paper, we propose a design of an MR-WPT
system with flexible resonator coils to increase the
system's applicability. Detailed and complete studies of
resonator coils in various bending conditions have been
conducted by both simulation and experiment. The
parameters of the resonator coil, such as inductance,
resistance, and Q-factor, are investigated with bending
angles from 0° to 90°. The mutual inductances of two
resonator coils at different bending angles for inward and
outward configurations are also presented. The efficiency
of the WPT system improves from 60.5 % to 75.2 % in
the inward bending configuration while degrading from
60 % to 20.5 % in the outward bending configuration.
The measured performance of the WPT system is
consistent with the coil's characteristics in bending
achieved from the analysis.

2. Design and Analysis of Flexible Magnetic
Resonant Wireless Power Transfer

Figure 1 illustrates the configuration of the proposed
MR-WPT system with bendable resonator coils. The MR-
WPT system has a 4-coil construction with a source loop,
transmitter resonator (Tx), receiver resonator (Tx), and
receiver loop. The two resonators have the same design
with a spiral shape and operate at 6.78 MHz. The distance
between the Tx and the Rx coil dreryis 200 mm. The
resonator coils are bendable to increase flexibility, thereby
increasing the applicability of the MR-WPT system. The
Tx/Rx has an outer diameter of 145 mm, and the source/
load loop has a diameter of 120 mm.

In MR-WPT systems, the spiral coil structure loaded

L

Fig. 2. (Color online) (a) Design of resonator coil, (b) schematic of bending resonator coil.

A Design of Magnetic Resonant Wireless Power Transfer System using Flexible Resonator Coils — Manh Kha Hoang et al.

Fig. 1. (Color online) Schematic of the WPT system with flex-
ible resonator coils.

with an external capacitor is a model with many advant-
ages for designing a resonator coil. Figure 2(a) depicts the
resonator coil of WPT system by an 8-turn spiral resonator
loaded with a lumped capacitor. The resonator is fabricated
on a thin FR-4 substrate with a thickness of 0.2 mm and a
dielectric constant of 4.3. The thickness of the copper
layer on the FR-4 substrate is 0.07 mm. The spiral has a
strip width W =5 mm, spacing between strip S = 0.5 mm,
and the outer radius R,,, 145 mm. The total size of the
resonator is D = 160 mm. Two ends of the resonator are
connected to the back panel through two vias from which
an external capacitor can be soldered to the spiral on the
back side of the structure. The resonant frequency of the
resonator can be controlled by changing the capacitor
value. To make the WPT system operate at 6.78 MHz, a
capacitor of 150 pF was used. Thanks to their very thin
thickness, the resonator coils can be easily bent to various
curvatures. Therefore, it can increase the applicability of
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Fig. 3. (Color online) (a) Equivalent circuit of the resonator coil, (b) inductance, (c) resistance, (d) Q-factor of resonator coil under

bending conditions.

the WPT system. The response of resonator coils to the
bending is a property that needs to be investigated. Figure
2(b) shows a schematic of a bending resonator coil with
bending angle a. The angle o is formed by two lines
connecting from the center of the arc formed by the
resonator coil (O) to the two points that are the center of
the spiral (M) and the outermost point of the spiral (V). At
the configuration of a flat resonator, point O goes to
infinity, leading to angle a approaching 0°.

The resonator coil in WPT system can be modeled as
an equivalent RLC circuit, as shown in Fig. 3(a). The
internal parameters of the resonator coil, such as the
series resistance, self-inductance, and self-capacitance, are
expressed by R, L, and C,,p, respectively. When the
external capacitor is soldered, it is considered to be
connected parallel to the internal capacitor of the spiral,
thereby reducing the resonant frequency of the resonator
coil. The system to characterize the resonator coil can be
represented as a one-port network. Therefore, the properties
of the resonator can be expressed in terms of network
parameters such as S, Z, ¥, and A4BCD [33]. From the

definition of Z-parameters, the input impedance of the
resonator coil is given by:

1
Z =R+ joL+—— 1
in J C (D

The input impedance of the coil can be calculated from
the S-parameters:

Z —Z
W=ttt Z,=2, ikl (2)
an+Zo 1_Sl]

with Z, as the port impedance.

As the resonator coils in an inductive link are operated
below the self-resonant frequency, RL model is sufficient
to replace the RLC model [34]. Since the coil capacitance
is assumed to be much smaller than the inductance, we
can extract the self-inductance (L) and the resistance (R)
of the coils by the following relationship:

L=Im (Z—j 3)
(4]
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R=Re(Z,) “)

The Q-factor of the resonator coil can be calculated
from the inductance and resistance as:

oL
0= N3 5

Figures 3(b-d) show the resonator coil parameters
which were obtained from S-parameter extraction versus
the bending angle. Figure 3(b) shows the inductance of
the resonator coil at the frequency range from 0 to 15
MHz. The inductance of the coil at the planar state
corresponding to a bending angle of 0° is always greater
than a bent state. At the frequency of 6.78 MHz, the
inductance of the resonator coil at a bending angle of 0° is
8.85 uH. When the bending angle increases, the inductance
gradually decreases to 8.28 uH at the bending angle of
90°. The decrease in inductance of the resonator coil was
also obtained with square shape coils in previous studies
[35]. The coil's inductance at 90° reduces by 6.4 %
compared to the planar state. Therefore, the resonant
frequency of the coil is changed slightly. However, the Tx
and Rx are identical, so the WPT system still works
stably. Figure 3(c) shows the coil's resistance with various
bending angles. The total resistance of the coil includes
DC resistance and AC resistance. Where DC resistance is
0.2 Q and the AC resistance increases with frequency due
to the skin effect and the proximity effect caused by
closely coupled striplines. As shown in Fig. 3(c), the total
resistance of the coil does not change much following the
bending angle at the MHz frequency region. According to
the inductance and resistance, the O-factors of the coil at
different bending angles are calculated, as shown in Fig.
3(d). When the bending angle increases, the inductance
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decreases while the resistance is almost the same, which
reduces the coil's O-factor. At the frequency of 6.78 MHz,
the Q-factor reduces from 232 to 201 when the bending
angle changes from 0° to 90°.

In a WPT system, the coupling factor of the two
resonator coils is an important parameter that affects the
system's performance. After investigating the properties
of the resonator coil at bending states in the above
section, we continue to investigate the mutual inductance
of the two coils under the bending conditions. The mutual
inductance (M) of the two coupled coils can be derived
from the impedance matrix Z-parameter of a 2-ports
network as [13]:

R+jolL  joM
2-port =

6
joM R+ joL ©

The Z,.,or can be converted from scattering parameters
obtained by Vector Network Analyzer (VNA) measurement.
Figure 4(a) shows the mutual inductance of two resonator
coils under the inward bending conditions (the configuration
shown in Fig. 5(b)). When the bending angle increases
from 0° to 90°, the mutual inductance increases from 0.28
pH to 0.42 pH. That can be explained by, in the inward
bending mode, the effective distance between the resonator
coils will be closed while the bend angle increases. In
contrast, in the outward bending mode (the configuration
shown in Fig. 5(c)), the mutual inductance decreases from
0.28 puH to 0.14 pH when the bending angle changes
from 0° to 90°. This change in mutual inductance will
lead to a change in the coupling coefficient between the
two resonators and thus affect the overall performance of
the WPT system. When the mutual inductance between
two resonator coils is greater, there will be a correspondingly
larger coupling coefficient, and the WPT system will
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Fig. 4. (Color online) Mutual inductance of two resonator coils under various bending angles; (a) inward bending, (b) outward

bending.
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Fig. 5. (Color online) Field distribution in WPT system for
three configurations; (a) flat resonator coils, (b) inward bend-
ing, (c) outward bending.

obtain better performance and vice versa with a smaller
mutual inductance.

Electromagnetic (EM) simulations are performed to
investigate the field distribution in WPT system at the
resonant frequency of 6.78 MHz when the resonator coil
is bent in both inward and outward cases. Figure 5(a)
shows the magnetic field distribution around the original
WPT system. A magnetic field is generated around Tx
due to the resonant current flowing in the coil. The
magnetic field strength tends to decrease at locations
farther from Tx. However, at the position of Rx, the
magnetic field strength increased quite large, although
smaller than the Tx side. This proves that energy has been
transferred from Tx to Rx through near-field interaction.
Magnetic field strength on the Rx side is smaller than on
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the Tx side due to the Ohmic loss occurring at the Tx and
Rx coils, which reduces the energy transfer efficiency.
Figure 5(b) presents the field distribution of a WPT
system when the resonator coil is inward bending with an
angle of 45°. The result shows that the strength of the
magnetic field at Rx is larger than the flat case. On the
contrary, the magnetic field strength around the resonators
has been reduced compared with the flat and inward
bending case in the outward bending configuration, as
shown in Fig. 5(c). The obtained results can be explained
by: (i) bending coils reduce the magnetic field concentration
on a flat cross-section; (ii) the effective distance bend
dryrx becomes smaller in the inward bending and larger
in the outward bending case. The stronger or weaker
magnetic field strength on the Rx side will improve or
reduce the transfer efficiency of the WPT system.

3. Experiment Results

A MR-WPT system with flexible resonator coils was
implemented to confirm the analysis in previous sections,
as shown in Fig. 6. The system's configuration is similar
to the analysis and simulation parts, as shown in Fig. 1,
with the distance between two resonator coils is 200 mm.
The Tx, Rx coils are fabricated by PCB technique on an
FR-4 substrate with a thickness of 0.2 mm, thus minimizing
fabrication errors and easily replicating. The FR-4 substrate
is a rigid material with a large thickness, for example,
above 1.6 mm. However, at a thin thickness of 0.2 mm, it
becomes semi-flexible and can be easily bent with good
elasticity. Thanks to such thin thickness, the Tx and Rx
can be bent with angles from 0° to 90°. The resonant
frequency of Tx and Rx is 6.78 MHz, which is tuned by

Fig. 6. (Color online) Experiment setup for the proposed WPT
system with flexible resonator coils.
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Fig. 7. (Color online) The comparison between simulation and measurement results of resonator coils under bending conditions; (a)

inductance, (b) resistance, (c) Q-factor, (d) mutual coupling.

external capacitors. The characteristic of the WPT system
is measured using the Vector Network Analyzer (Keysight
ENA Network Analyzer ES080B 9 kHz-20 GHz) with a
standard 2-port calibration technique. After removing the
impedance mismatch by adjusting the distance from Tx
and source loop (Rx and load loop), both S;; and Sy, are
less than -10 dB. Therefore the transfer efficiency of
WPT system can be estimated using |S,;|* [36].

In order to validate the findings of the previous
theoretical analysis, the parameters of the resonators,
including inductance, resistance, Q-factor and mutual
coupling under bending conditions, were measured and
compared against the simulation results. The values of
these parameters at the operating frequency of 6.78 MHz
are illustrated in Fig. 7. Figure 7(a)-(c) shows the simulation
and measurement results of coil’s inductance, resistance
and Q-factor under the bending angle from 0° to 90°. The
results demonstrate that there is a strong correlation
between the inductance values obtained from simulation
and measurement. Meanwhile, the resistance value
obtained from the measurement is slightly higher than

that of the simulation (about 3 %). This can be explained
by manufacturing and measurement errors. As a
consequence of the variation in resistance values, the O-
factor of the resonator also undergoes a similar change
with the resistance but in the opposite direction. Figure
7(d) shows the results of mutual inductance with two
configurations of inward and outward bending, indicating
a good agreement between simulation and measurement.
Figure 8 compares the measured efficiency of WPT
system in different configurations, inward and outward
bending with various angles. At the bending angle of 0°
corresponding to the flat case, the transfer efficiency of
WPT system was achieved at 60.5 %. The black curve
depicts the efficiency of WPT system in the inward
bending configuration. The efficiency improves from 60.5
% to 75.2 % when the bending angle increases from 0° to
90°. Although, the QO-factor of the resonator coils is
reduced at bending. The mutual inductance between the
two resonator coils is increased, leading to the system
performance being improved. In the outward bending
configuration, the efficiency drops from 60.5 % to 20.5 %
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Fig. 8. (Color online) Measured efficiency of WPT system as
a function of bending angle.

with the respective bending angles, as shown by the red
curve. In this case, the efficiency degraded sharply due to
both the O-factor and mutual inductance being decreased.
The measurement results are consistent with the field
distribution simulations shown in Fig. 5.

Flexible resonator coils have potential applications in
WPT, particularly in situations where traditional rigid
coils would be impractical to use. The flexibility of the
coils allows for easier integration into complex shapes
and surfaces, making them suitable for a range of appli-
cations in complex electrical and electronics systems,
such as wearable devices, IoT systems, or implantable
medical devices. Additionally, the bending coils can
improve the efficiency of WPT systems in some bending
configurations. The size of the resonator coils may vary
to suit specific applications, however, the same analysis
can be used in the design. While a thin substrate can
enhance flexibility and minimize the loss of resonator
coils, it may result in a slight decrease in durability
compared to a rigid substrate.

4. Conclusion

In this paper, we propose and analyze a MR-WPT
system with flexible transmitter and receiver coils
operating at MHz frequency. The changes in resonator
coil properties, such as inductance, resistance, and Q-
factor when subjected to bending, have been thoroughly
investigated. In addition to the above parameters, the
mutual inductance between the two bending resonator
coils also affects the WPT performance. The field
distribution obtained from EM simulation shows that the
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magnetic field strength increases in the inward bending
and decreases in the outward bending configuration. The
transfer efficiency improves from 60.5 to 75.2 % in the
inward bending configuration due to the increase of
mutual inductance even though the Q-factor of resonator
coil is reduced. In the case of outward bending, both the
O-factor and mutual inductance decrease, so the efficiency
of the WPT system is sharply reduced from 60.5 to 20.5
%. The study results can provide useful information for
designing WPT systems applied to devices with non-
planar transmitting and receiving surfaces, especially arc-
shaped surfaces.
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