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Abstract—In this paper, a high-efficiency wireless energy transmis-
sion via magnetic resonance is experimentally implemented in a res-
onator with the various sizes of transmitting and receiving coils and
the receiving coil having two shapes of rectangular and circular types.
The transmission efficiency is analyzed by varying the transmission dis-
tance. The resonance between the transmitting and receiving coils is
achieved with lumped capacitors terminating the coils. The transmis-
sion efficiency of the resonator consisting of a circular transmitting coil
with a diameter of 60 cm and rectangular receiving coil with a one side
length of 10cm is about 80% at the transmission distance of 20 cm.
The transmission efficiencies of the wireless energy transmission res-
onator consisting of a receiving coil with the size of iPhone4 are about
75% and 40% at the transmission distances of 20 cm and 50 cm.

1. INTRODUCTION

In recent years, there has been increasing interest in the research and
development of wireless energy transmission technology to eliminate
the last cable due to its wide range of applications in charging
ubiquitous electronic devices such as MP3 players, PDA, tablet
PC, mobile phones, and household robots without a cord. The
portable devices are still constrained to the use of batteries or some
other form of energy storage. Even with advances in the reduction
of power consumption, the batteries are typically the largest and
heaviest component in modern portable devices. The wireless energy
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transmission can enable the creation of ambient power, where the
devices send and receive the power to each other [1,2].

Presently, the most popular wireless energy transmission
technologies are the electromagnetic induction and microwave energy
transmission. However, the electromagnetic induction has a short
range and, and the microwave energy transmission has a low efficiency
as it uses radiation. Recently, a highly efficient mid-range wireless
energy transmission technology using magnetic resonance coupling
has been proposed by WiTricity. It wirelessly transmits the energy
in high efficiency at the mid-range. However, this wireless energy
transmission technology has used large transmitting and receiving
coils. Therefore, it has not been used to wirelessly charge small-
sized ubiquitous electronic devices due to the large size of the receiving
coil [3-6].

In this paper, we have simulated and measured the wireless energy
transmission resonators consisting of various sizes of transmitting
and receiving coils and the receiving coil having two shapes of
rectangular and circular types. Also, the wireless energy transmission
resonator consisting of the receiving coil with the size of iPhone4 is
experimentally implemented to charge mobile phones.

2. COMPARISON ON TRANSMISSION EFFICIENCY
BETWEEN CIRCULAR AND RECTANGULAR
WIRELESS ENERGY TRANSMISSION RESONATORS

As shown in Fig. 1, the wireless energy transmission resonator having
large transmitting and small receiving coils has been simulated by
varying the transmission distance. The transmitting and receiving
coils have a circular shape. The diameters (Drg1, Drg2) of coupling
and resonance loops in the transmitting coil are 40 cm and 60 ¢cm, and
the diameters (Dpgg1, DRgy2) of coupling and resonance loops in the
receiving coil are 10cm. The widths (Wrp,, Wg,) of transmitting
and receiving coils are 3cm and 0.5cm. The separation (S7,) of
transmitting coil varies as the transmission distance for impedance
matching. The separation (Sg;) of receiving coil is 0.5cm. The
capacitors (Cry1, Cpre3) terminating the resonance loops in the
transmitting and receiving coils generate the resonance between
the transmitting and receiving coils. The capacitors (Cgz1, CRa2)
consisting of the coupling loop in the receiving coil have been used
for 502 matching network. The inductance of resonance loop and
capacitance of the capacitor terminating the resonance loop are given
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Figure 1. Wireless energy transmission resonator having large circular
transmitting and small circular receiving coils. (a) Side view. (b) Front
view.
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The inductances of resonance loops in the transmitting and receiving
coils are 8.61 uH and 0.293 uH. The capacitances of Cp,1 and Cr.3 are
16 pF and 470 pF. The capacitances of Cr,1 and Cryo are 470 pF and
100 pF' at the transmission distance of 20 cm. The capacitance of Crzo
decreases as the transmission distance increases. The values of St are
24 cm, 29 cm, and 34 cm at the transmission distances of 20 cm, 30 cm,
and 40 cm.

Figure 2 shows the simulated s-parameters versus the transmission
distance of the wireless energy transmission resonator consisting of
large circular transmitting and small circular receiving coils. The
simulation has been implemented by using the High Frequency
Structural Simulator (HFSS). The transmitting power of all data
specified in this paper is 5 W. As shown in Fig. 2, and the transmission
properties (S21) are —0.81dB, —1.367dB, and —1.898dB at the
transmission distance of 20cm, 30cm, and 40 cm. The transmission
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Figure 2. Simulated s-parameters versus transmission distance of
wireless energy transmission resonator consisting of large circular
transmitting and small circular receiving coils. (a) 20cm. (b) 30 cm.
(c) 40 cm.

efficiency has been calculated by So;, then the transmission efficiencies
at the transmission distance of 20cm, 30cm, and 40cm are about
83.0%, 73.0%, and 64.6%. The resonance frequency is 13.56 MHz.

As shown in Fig. 3, the wireless energy transmission resonator
having large circular transmitting and small rectangular receiving
coils has been simulated by varying the transmission distance. The
diameters (Dry1, Drg2) of coupling and resonance loops in the
transmitting coil are 40 cm and 60 cm, and the lengths (Dgy1, Dra2)
of one side of coupling and resonance loops in the receiving coil
are 10cm. The widths (Wp,, Wg,) of transmitting and receiving
coils are 3cm and 0.5cm. The separation (Sr;) of transmitting
coil varies as the transmission distance for the impedance matching.
The separation (Sgy) of receiving coil is 0.5cm. The capacitors
(Crz1, CRres) terminating the resonance loops in the transmitting and
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Figure 3. Wireless energy transmission resonator having large circular
transmitting and small rectangular receiving coils. (a) Side view. (b)
Front view.

receiving coils generate the resonance between the transmitting and
receiving coils. The capacitors (Cry1, Crz2) consisting of the coupling
loop in the receiving coil have been used for 50 €2 matching network.
The inductances of resonance loops in the transmitting and receiving
coils are 8.61 uH and 0.353 uH. The capacitances of Cp,1 and Cr.3 are
16 pF and 390 pF. The capacitances of C'r;1 and Cprye are 390 pF and
100 pF at the transmission distance of 20 cm. The capacitance of Cryo
decreases as the transmission distance increases. The values of St are
20 cm, 24 cm, and 28 cm at the transmission distances of 20 cm, 30 cm,
and 40 cm. The resonance frequency is 13.56 MHz.

Figure 4 shows the simulated s-parameters versus the transmission
distance of the wireless energy transmission resonator consisting of
the large circular transmitting and small rectangular receiving coils.
As shown in Fig. 4, the transmission properties (So21) are —0.706 dB,
—1.226 dB, and —1.7dB at the transmission distance of 20 cm, 30 cm,
and 40cm, then the transmission efficiencies at the transmission
distance of 20cm, 30cm, and 40cm are about 85.0%, 75.4%, and
67.6%.

As shown in these results, the transmission efficiency of the
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Figure 4. Simulated s-parameters versus transmission distance of
wireless energy transmission resonator consisting of large circular
transmitting and small rectangular receiving coils. (a) 20cm. (b)
30cm. (c) 40 cm.

wireless energy transmission resonator having a circular transmitting
coil with a resonance loop of 60cm in diameter and a rectangular
receiving coil with a resonance loop of 10cm in one side length is
superior to that of the wireless energy transmission resonator having
a circular transmitting coil with a resonance loop of 60 cm in diameter
and a circular receiving coil with a resonance loop of 10 cm in diameter
because the length of the resonance loop with a rectangular receiving
coil is longer than that of the resonance loop with a circular receiving
coil in the same square area. Namely, the inductance of the resonance
loop with a rectangular receiving coil is larger than that of the
resonance loop with a circular receiving coil in the same square area.
Therefore, the capacitance of the capacitor terminating the resonance
loop in the rectangular receiving coil is smaller than that of the
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capacitor terminating the resonance loop in the circular receiving coil,
which is the reason that the transmission efficiency of the wireless
energy transmission resonator using a rectangular receiving coil is
superior to that of the wireless energy transmission resonator using
a circular receiving coil.

Figure 5 shows the fabrication of the wireless energy transmission
resonators using large circular transmitting and small circular receiving
coils and large circular transmitting and small rectangular receiving
coils. The wireless energy transmission resonator having a circular
transmitting coil with a resonance loop of 60cm in diameter and a
circular receiving coil with a resonance loop of 10cm in diameter
and the wireless energy transmission resonator having a circular
transmitting coil with a resonance loop of 60cm in diameter and a
rectangular receiving coil with a resonance loop of 10cm in one side
length have been fabricated on the copper pipes with the widths of
3cm and 0.5cm. Fig. 6 shows the measured s-parameters of the
wireless energy transmission resonators at the transmission distance of
20 cm. As shown in the measured results, the transmission properties
(S21) and transmission efficiencies of the wireless energy transmission
resonators using the large circular transmitting and small circular
receiving coils and the large circular transmitting and small rectangular

(b)

Figure 5. Fabrication of wireless energy transmission resonators. (a)
Large circular transmitting and small circular receiving coils. (b) Large
circular transmitting and small rectangular receiving coils.
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receiving coils are —1.068dB and 78.2%, and —0.991dB and 79.6%
at the transmission distance of 20cm. The resonance frequency is
13.56 MHz. The impedance matching is perfectly implemented by
adjusting the separation between the coupling and resonance loops of
the transmitting coil and by the matching circuit on the coupling loop
of the receiving coil in two wireless energy transmission resonators.
Also, the measured results are similar to the simulated results. Fig. 7
shows the comparison on the transmission efficiency between the
wireless energy transmission resonators using the small circular and
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Figure 6. Measured s-parameters of wireless energy transmission
resonators at transmission distance of 20cm. (a) Large circular
transmitting and small circular receiving coils. (b) Large circular
transmitting and small rectangular receiving coils.
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Figure 7. Comparison on transmission efficiency between wireless
energy transmission resonators using small circular and rectangular
receiving coils.
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rectangular receiving coils as increasing the transmission distance. As
shown in this result, the transmission efficiency of the wireless energy
transmission resonator using a rectangular receiving coil is superior
to that of the wireless energy transmission resonator using a circular
receiving coil. The reason of this result is mentioned in the simulation
results.

3. ANALYSIS ON TRANSMISSION EFFICIENCY OF
VARIOUS SIZES OF WIRELESS ENERGY
TRANSMISSION RESONATORS

As shown in Fig. 8, the wireless energy transmission resonators having
the various-sized circular transmitting and receiving coils have been
fabricated and measured at the transmission distance of 20cm. In
first case, the diameters (Drp,1, Dps2) of coupling and resonance loops
in the transmitting coil are 40cm, and diameters (Dgy1, Dpgy2) of
coupling and resonance loops in the receiving coil are 10cm. In
second case, the diameters (Dr,1, Drg2) of coupling and resonance
loops in the transmitting coil are 20 cm, and diameters (Dpgy1, DRe2)
of coupling and resonance loops in the receiving coil are 10cm. In
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Figure 8. Wireless energy transmission resonators having various-
sized circular transmitting and receiving coils. (a) Side view. (b)
Front view.
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third case, the diameters (Dpg1, Dry2, Dre1, Dre2) of coupling and
resonance loops in the transmitting and receiving coils are 10 cm. In all
cases, the widths (Wyp,, Wg,) of transmitting and receiving coils are
0.5 cm. The separations (S, Sgy) of transmitting and receiving coils
are 0.5cm. The capacitors (Cr.3, Cre3) terminating the resonance
loops in the transmitting and receiving coils generate the resonance
between the transmitting and receiving coils. The capacitors (Cry1,
Cr22, Cra1, CRre2) consisting of the coupling loops in the transmitting
and receiving coils have been used for 502 matching network. In
first case, the inductances of resonance loops in the transmitting and
receiving coils are 3.257 uH and 0.314 uH. The capacitances of Cryq
and Cpry1 are 42.3 pF and 439 pF, and capacitances of Cpyo and Crao
are 42.9pF and 47pF at the transmission distance of 20cm. The
capacitances of Cp,3 and Cpry3 are 42.3 pF and 439 pF. In second case,
the inductances of resonance loops in the transmitting and receiving
coils are 0.918 uH and 0.315 uH. The capacitances of Cp;1 and Cpryt
are 150 pF and 437 pF, and capacitances of Cp,o and Cgyo are 39 pF
at the transmission distance of 20cm. The capacitances of Cp,3 and
ChRre3 are 150 pF and 437 pF. In third case, the inductances of resonance
loops in the transmitting and receiving coils are 0.334 uH and 0.334 pH.
The capacitances of Cpz1 and Cge1 are 470 pF, and capacitances of
Crgzo and Cpgyo are 39 pF at the transmission distance of 20 cm. The

/,{ ,’ 3 v

(b)

Figure 9. Fabrication of wireless energy transmission resonators
having various-sized circular transmitting and receiving coils. (a)
DTxl = DTxQ = 40CH1. (b) DT:cl = DTJ;Q = 20 cm. (C) DTxl =
DTxQ = 10 cm.
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Figure 10. Measured s-parameters of wireless energy transmission
resonators having various-sized circular transmitting and receiving
coils at transmission distance of 20cm. (a) Dpy1 = Dpgo = 40 cm.
(b) DTml = DTxQ = 20 cm. (C) DTxl = DTxQ = 10 cm.

capacitances of Cp,3 and Cr,3 are 412 pF. In all cases, the resonance
frequency is 13.56 MHz.

Figure 9 shows the fabrication of the wireless energy transmission
resonators having the various-sized circular transmitting and receiving
coils. Fig. 10 shows the measured s-parameters of the wireless energy
transmission resonators having the various-sized circular transmitting
and receiving coils. As shown in Fig. 10(a), the transmission property
(S21) and transmission efficiency of the wireless energy transmission
resonator having a circular transmitting coil with coupling and
resonance loops of 40cm in diameter and a circular receiving coil
with coupling and resonance loops of 10cm in diameter are —1.2dB
and about 75.86% at the transmission distance of 20cm. As shown
in Fig. 10(b), the transmission property (S2;1) and transmission



232 Choi and Seo

efficiency of the wireless energy transmission resonator having a
circular transmitting coil with coupling and resonance loops of
20cm in diameter and a circular receiving coil with coupling and
resonance loops of 10 cm in diameter are —1.673 dB and about 68.03%
at the transmission distance of 20cm. As shown in Fig. 10(c),
the transmission property (S21) and transmission efficiency of the
wireless energy transmission resonator having circular transmitting
and receiving coils with coupling and resonance loops of 10cm in
diameter are —2.779 dB and about 52.73% at the transmission distance
of 20cm. Fig. 11(a) shows the measured transmission efficiency as
increasing the diameter of the transmitting coil in the receiving coil
with the diameter of 10cm at the transmission distance of 20 cm.
As shown in the result, when the diameter of the transmitting coil
increases above a certain threshold, it is expected that the contribution
of increase of the transmitting coil size is progressively less significant.
It is evident that increasing the diameter of the transmitting coil
above a certain threshold does not produce any further improvement
of the transmission efficiency in the short range. Additionally,
the wireless energy transmission resonators having the same-sized
circular transmitting and receiving coils have been experimented at
the transmission distance of 20cm. In first case, the diameters
(D121, Dryo, DRre1, DRge2) of coupling and resonance loops in the
transmitting and receiving coils are all 20cm. In the second and
third cases, the diameters are 40 cm and 60 cm. The other dimensions
and conditions are the same as above experiments. Fig. 11(b) shows
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Figure 11. (a) When diameter of receiving coil is 10 cm, transmission
efficiency as increasing diameter of transmitting coil at transmission
distance of 20 cm. (b) Transmission efficiency versus diameter of same-
sized transmitting and receiving coils at transmission distance of 20 cm.
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Figure 12. Wireless energy transmission resonator consisting of
receiving coil with size of iPhoned4. (a) Side view. (b) Front view.

the measured transmission efficiency versus the diameter of same-
sized transmitting and receiving coils at the transmission distance of
20cm. When the diameters of same-sized transmitting and receiving
coils are 20cm, 40 cm, and 60cm, the transmission properties (S21)
and transmission efficiencies are —0.695 dB and 85.2%, and —0.395dB
and 91.3%, and —0.252dB and 94.36%. The resonance frequency is
13.56 MHz. As shown in the result, when the diameter of same-sized
transmitting and receiving coils increases above a certain threshold,
the size increase of the transmitting and receiving coils does not
produce any further improvement of the transmission efficiency in the
short range. Therefore, the diameter of the coil must be selected
by considering the transmission efficiency, transmission distance, and
resonator size for preventing the unnecessary increase of the coil size.

As shown in Fig. 12, the wireless energy transmission resonator
consisting of the receiving coil with the size of iPhone4 has been
fabricated and measured to experimentally implement the mobile
phone charging at the transmission distances of 20cm and 50 cm.
The diameters (Drpg1, Drg2) of coupling and resonance loops in
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Figure 13. Fabrication of wireless energy transmission resonator
consisting of the receiving coil with the size of iPhone4.
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Figure 14. Measured s-parameters of wireless energy transmission
resonator consisting of receiving coil with size of iPhone4 at
transmission distances of 20 cm and 50 cm. (a) 20 cm. (b) 50 cm.

the transmitting coil are 40cm and 60cm, and the lengths (Dpgy1,
Dpyo) of length and width of coupling and resonance loops in the
receiving coil are 11.52cm and 5.86 cm. The widths (Wrpy, Wg,) of
transmitting and receiving coils are 3cm and 0.5 cm. The separation
(Stz) of transmitting coil varies as the transmission distance for
the impedance matching. The separation (Sg;) of receiving coil
is 0.5cm. The capacitors (Cry1, Cre3) terminating the resonance
loops in the transmitting and receiving coils generate the resonance
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Table 1. Summary of transmission efficiency of wireless energy
transmission resonators.

Resonance Transmission Transmission

Parameters Frequency Distance Efficiency
(MHz) (cm) (%)
20 79.60
Circular Tx (60 cm) 13.56 30 70.40
Rectangular Rx (10 cm) ’ 40 62.60
50 56.20
20 78.20
Circular Tx (60 cm) 356 30 66.50
Circular Rx (10cm) ' 40 56.20
50 47.30
Circular Tx (40
ircular Tx (40 cm) 13.56 20 75.86
Circular Rx (10 cm)
Circular Tx (20
ircular Tx (20 cm) 13.56 20 68.03
Circular Rx (10cm)
Circular Tx (10 cm) 13.56 20 5973
Circular Rx (10 cm)
Circular Tx (20
frcular Tx (20 cm) 13.56 20 85.20
Circular Rx (20 cm)
Circular Tx (40
ircular Tx (40 cm) 13.56 20 91.30
Circular Rx (40 cm)
Circular Tx (60
ircular Tx (60 cm) 13.56 20 94.36
Circular Rx (60 cm)
Circular Tx (60 cm) 13.56 20 75.00
Rectangular Rx (iPhone4) ’ 50 40.00

between the transmitting and receiving coils. The capacitors (Cgy1,
CRy2) consisting of the coupling loop in the receiving coil have been
used for 50€) matching network. The inductances of resonance
loops in the transmitting and receiving coils are 9.371uH and
0.353 uH. The capacitances of Cr,;1 and Cg,s are 14.7 pF and 390 pF.
The capacitances of Cgry1 and Cpryo are 392pF and 43pF at the
transmission distance of 20 cm, and those of C'r,1 and Cryo are 390 pF
and 35 pF at the transmission distance of 50 cm. The capacitance of
CRyo decreases as the transmission distance increases. The values of
St are 15cm and 29 cm at the transmission distances of 20 cm and
50 cm. The resonance frequency is 13.56 MHz.
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Figure 13 shows the fabrication of the wireless energy transmission
resonator consisting of a receiving coil with the size of iPhone4. Fig. 14
shows the measured s-parameters of the wireless energy transmission
resonator consisting of a receiving coil with the size of iPhone4. As
shown in Fig. 14, the transmission properties (S2;) and transmission
efficiencies are —1.25dB and about 75%, and —3.98 dB and 40% at the
transmission distances of 20 cm and 50 cm.

The summary of the transmission efficiency of the wireless energy
transmission resonators consisting of various sizes of transmitting and
receiving coils and the receiving coil with two shapes of circular and
rectangular types is shown in Table 1.

4. CONCLUSIONS

A high-efficiency wireless energy transmission via magnetic resonance
is experimentally implemented in a resonator with various sizes of
transmitting and receiving coils and the receiving coil having two
shapes of rectangular and circular types. The transmission efficiency
is analyzed by varying the transmission distance. The resonance
between the transmitting and receiving coils is achieved with lumped
capacitors terminating the coils. The transmission efficiency of the
wireless energy transmission resonator with a rectangular receiving
coil is superior to that of the wireless energy transmission resonator
with a circular receiving coil. Increasing the diameter of the
transmitting coil above a certain threshold does not produce any
further improvement of transmission efficiency in the short range. The
diameter of the coil must be selected by considering the transmission
efficiency, transmission distance, and resonator size for preventing the
unnecessary increase of coil size.
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