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Magnetic Resonant Wireless Power Transfer

with Rearranged Configurations
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Abstract

We investigate the indirect-fed magnetic resonant wireless power transfer (MR-WPT) system for wireless charging for mobile devices by

rearranging the loops and coils. Conventional MR-WPT is difficult to apply to consumer electronic products because of the arrangement

of the resonators. In addition, there are restrictions for charging using a wireless technology, which depend on the circumstances of the

usage scenarios. For practical applications, we analyzed the transfer efficiency of the MR-WPT system with various combinations and

positions of resonators. Three rearranged configurations (Ou#-Out, Out-In, In-In) have been considered and experimentally investigated

using hollow pipe loops and wire copper coils. There were four types of loops and two types of coils; each one had a different diameter

and thickness. The results of the measurements show that the trends of the transfer efficiencies for the three configurations were similar.

A transfer efficiency of 82.5% was achieved at a 35-cm distance between the 60-cm diameter transmitter (Tx) and receiver (Rx) coils.

Key Words: Indirect-Fed, Magnetic Resonant, Resonator, Wireless Power Transfer.

[. INTRODUCTION

After the successful demonstration of non-radiative wireless
power transmission (WPT) by Professor Marin Soljacic's group
at Massachusetts Institute of Technology in 2007, extensive
research and standardization activities were carried out [1]. The
conventional WPT, which uses the magnetic resonant coupling
method, is difficult to apply to consumer electronic products.
Several technical issues should be resolved to achieve a charging
efficiency that is comparable with a wired charging apparatus.
These issues include impedance matching, controlling the dis-
tance between the resonators, and aligning the resonators on the
central axis. In addition, there are restrictions in terms of charg-
ing in a wireless technology, which depend on the circumstances
of the usage scenarios. For the non-radiative strongly coupled

magnetic resonance WPT (MR-WPT) discussed in [1], the

charging can be done in the near-field range between the
transmitting station and the receiving devices. The charging
efficiency of the WPT can be determined by several elements,
such as distance, alignments and angles of the coils and loops,
matching circuits, and the physical parameters of the copper [2].
In fact, the alignments, arrangements, and angles of the coils
and loops in the transmitting and receiving parts of the WPT
can vary in practical circumstances. For example, to charge a
mobile device, one may have to turn device either in an alternat-
ing direction or to a position that is opposite to the transmitting
part for the electricity charging. These scenarios depend on the
practical usage of the MR-WPT-embedded products. Thus, it
seems essential to investigate the change in efficiency due to
reconfiguring the positions of the coils and loops.

With regard to the efficiency of the MR-WPT, the material

parameters of the coils and loops are also of significance. In [3],
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the influence of the physical parameters of copper on the charg-
ing efficiency was analyzed. To enhance the efficiency, the hol-
low pipe-based copper could be used for the coils and loops.

In this paper, we investigate the indirect-fed MR-WPT by
rearranging the locations of the loops and coils using theoretical
analysis, three-dimensional full wave simulation, and measure-
ment analysis. The typical arrangement in the MR-WPT,
source—transmitter (Tx) coil and receiver (Rx) coil—load, is
limited for applications because the receiver part, which includes
the Rx coil and load, would take up too much space in a mobile
device or the Rx coil would be used as a repeater between the
Tx part and mobile device with only load. Therefore, three re-
arranged configurations, Ouz-Out, Out-In, and In-In, have been
considered for realistic applications. In general, the MR-WPT
consists of circular resonators. We also study the effects of using
various dimensions for the load, either a hollow pipe or thick
copper wire, for each rearranged configuration.

This paper is organized as follows. The modeling and equiva-
lent circuit theories are presented in Section 1I; simulated circuit
parameters and the specifications of the coils and loops are also
discussed. Section III shows the measurement results of the
three kinds of rearranged MR-WPT configurations. An analy-

sis of the measurement results follows in Section IV.
II. MODELING OF REARRANGED MR-WPT

In general, the source and load loops are placed outside the
Tx and Rx coils in a conventional MR-WPT. This configura-
tion is well known and widely used. In this study, novel MR-
WPT configurations are proposed as shown in Fig. 1. The dis-
tance between the Tx coil and the Rx coil is defined as the
transfer distance (TD). Depending on the position of the source
and load loops, the proposed MR-WPT are classified into three

configurations. Fig. 1(a) shows the conventional system, which
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Fig. 1. Three rearranged magnetic resonant wireless power transfer
(WPT) configurations. (a) Ouz-Out configuration, known as a
conventional WPT, (b) Out-In configuration, and (c) In-In

configuration.
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Fig. 2. The development of spiral coils for Tx and Rx resonators. (a) A
spiral coil with pipe and (b) a spiral coil with wire.

we call the Ouz-Out configuration. In this configuration, the
source and load loops are placed outside the Tx and Rx coils.
One can also place either one or two loops inside the two reso-
nant coils, which is called the Ouz-In and the In-In configura-
tions as shown in Fig. 1(b) and (c), respectively.

1. Specifications of Coils and Loops

The strongly coupled MR-WPT is composed of two loops
and two coils. The loops operate as the source and the load.
Spiral coils are used for the Tx and Rx resonators. In this study,
the spiral coils were made of copper pipes or copper wires. The
copper pipe is hollow, and the diameter of the cross section of
the pipe is 10 mm. The diameter of the cross section of the
copper wire is 5 mm. Examples of fabricated spiral coils are
shown in Fig. 2. One is made of a copper pipe and the other is
made of copper wire. The diameter of each spiral coil is 60 cm.
The pitch is 15 mm and the number of turns is 5.

We fabricated four types of loops with different dimensions
as shown in Fig. 3 and Table 1. The diameters of the loops
made of copper pipe are 20 cm, 30 cm, and 40 cm. A loop 40
cm in diameter was made of copper wire for comparison of per-
formance in MR-WPT with a pipe loop of 40 cm in diameter.
A pair of loops with the same diameter was constructed and
used at the same time for the source and load.

2. Capacitance of Coils and Loops
All coils and loops were connected with capacitors to operate
at the desired frequency. In the case of the spiral coils, the more

(b)

Fig. 3. Fabricated loops for the source and load. (a) Pipe loop 20 cm in
diameter (b) pipe loop 30 cm in diameter, (c) pipe loop 40 cm
in diameter, and (d) wire loop 40 cm in diameter.
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Table 1. RLC and Q-factor of coils and loops

Diameter(cm) R(Q) L (nH) C (nF) Q factor
20 0.02 386.45 - 147.20
Pipe loop 30 0.04 659.45 - 125.24
40 0.07 955.33 - 89.59
Wire loop 40 0.07 1,123.88 - 112.06
Pipe coil 60 0.33 15,532.79 24.68 2,005.14
Wire coil 60 0.36 16,826.08 19.01 1,991.09
Table 2. Capacitance values connected to coils and loops own in Table 1, there was a difference between the simulation
Diameter ~ Simulated output value  Experimental results and the experimental values of resistance (R), inductance
(cm) (pF) value (pF) (L), capacitance (C), and quality factor (Q factor).
20 14359 1,500.0
Pipe loop 30 835.6 820.0 3. Equivalent Circuit of the Rearranged MR-WPT
40 576.8 560.0 The MR-WPT can be analyzed using two representative
. methods: the Z-matrix and the ABCD-matrix [7]. In this paper,
Wire loop 40 490.3 470.0 the Z-matrix was used for the equivalent circuit analysis. Fig. 4
Pipe coil 60 10.0 6.0 depicts the equivalent circuits for the three configurations of
Wire coil 60 13.0 10.0 MR-WPT shown in Fig. 1. The coils and loops were repre-

windings, the higher the intrinsic capacitance obtained in the
coils [4]. This is called self-capacitance. However, this self-
capacitance value is so small as to be negligible [5]. Therefore,
the coils and loops were connected with external capacitors in a
series. Capacitors play important roles in achieving a resonant
frequency at 6.78 MHz. This industrial, scientific, and medical
(ISM) frequency has been declared to be the operating frequen-
cy band for the MR-WPT in the Alliance for Wireless Power
(A4WP) version 1.0 baseline system specification [6]. For con-
venience, we numbered the resonators (loops and coils) in an
arranged order (source loop, Tx coil, Rx coil, and load loop)
from 1 to 4. The resonant frequency of the coils and loops can
be expressed by the inductance and capacitance as follows:

1

fi=—
2y LC (where i =1-4) 1)

The capacitance C; can be calculated using the desired reso-
nant frequency and the inductance of the coils or loops. Each
coil or loop can be simulated using the three-dimensional full-
wave electromagnetic wave simulator (Ansoft HFSS version
12.0) to determine the inductance values. The capacitance is
obtained using (1). The capacitor is connected to the coils or
loops for matching resonant frequency. However, as shown in
Table 2, the choice of the lumped capacitor shall be determined
according to the commercial capacitor kits, because it approxi-
mated the value of a ready-made commercial capacitor. As sh-
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sented by lumped R;, L, and C; (i=1-4), respectively. Rsand R
(Rs=R;=50 Q) were input and output port impedances, re-
spectively. Cross-coupling factor % values, such as 43, 414, and
ka4, were neglected for simplicity [8, 9].

In realizing the system, the Tx and Rx are kept symmetrical
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Fig. 4. Equivalent circuits of rearranged magnetic resonant wireless
power transfer systems. (a) Ouz-Out conventional system, (b)
Out-In configuration, and (c) In-In configuration.
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and, thus, Rs+ Z;=R; + Z,, and R,=Rs. The transmitter part
has a source loop and a Tx coil. Likewise, the receiver part has a
load loop and an Rx coil. This is explained in the following sec-
tion. The equivalent circuit of Fig. 4(a) is expressed by the KVL

matrix.

-1

1, Ry + R, joM,, 0 0 V,
I, JoM,, R, JoM 0 0
Ll | 0 joM, R joM,| |0
I, 0 0 JjoM,, R, +R,| |0 (2)

To obtain the transfer efficiency (TE), we shall use the alter-
nating currents of the source and load loops. Therefore, we can
solve the KVL matrix using the substitution method to obtain I;
and I, as follows:

Vs

Il = det A {Rcoilleonp - Rz‘oil (ja)M34 )2 - R/oo]72 (ja)MB )2 }
V. . . .
I,= detSA HjoM,)(joM)(joMsy,)} 3)

Mj; is the mutual inductance that is generated between the
and /™ loops or coils. It can be calculated as:

M. =k |LL,
P INTI (=123, j=i+1,0< &< 1). (4)

Mutual inductances happen on all occasions, such as M3, M,
and M. As stated above, it was assumed that the cross-
coupling factor £ values, such as 413, 414, and 424 were 0. There-
fore, the mutual inductance, M, was 0.

The Q factor, is another critical parameter with the coupling
factor £ The higher the Q factor and coupling factor %, the
greater the TE of the MR-WPT and the greater the TD [2].In
this symmetric system, paired coils and loops were used. This
means that the source loop and the load loop have the same Q
factor. The same is true for the coils. The Q factor can be ob-
tained from:

a)l700 a)Lcni
pr = ﬁ Q‘oil = R_l
it (j =1,4&%=5,1) ol ©)

Using (3), mutual inductance (4), and Q factor (5), it is possi-
ble to express the ratio of input and output voltage as:

V, _LQRAR)_ jeM,)jaM,)joM,)
Voo LR+R)  R,’R,,—R,,(joMy) —R,  (jed,)
i Dy Qo R Re

Iewilzlelwp + Cdc&‘choi/ \/ Qvil Quop \/Iewil loop + aiCZS&UOpZQUiIRwil (6)

Finally, the equation between 7 and Sy was derived from the
(6) for the TE of the MR-WPT [10].

Pu _ V' /(R +R) ~ 15[
21

P, V/{4(R +Ry)}

in

’ @)

Using the Eq. (7) and the RLC values in Table 1, the calculat-
ed TE values for the four cases of MR-WPT with Tx and Rx
pipe coils were obtained as shown in Fig. 5. The TE values were
plotted according to the coupling factor between the Tx and Rx
pipe coils. For a high coupling factor, the TE of a system with
relatively large resonators for the source and load was high.
Conversely, for a low 4, the TE of a MR-WPT with relatively
small loop as source and load was relatively low.

By measuring the $>1 measured by the network analyzer, one
can calculate the TE for the MR-WPT using Eq. (7). Note that
the analysis of the Ouz-In and In-In systems can be carried out
in the same manner as described above. It can be determined
that the results of Out-In and In-In configurations will be the
same as for the Ows-Out configuration. Both have the same
equation sets to describe them. Therefore, the three configura-
tions of the MR-WPT can be simulated using the same analyti-
cal equations.

II. MEASUREMENT OF REARRANGED MR-WPT

This section shows the detailed measurement method Used
to determine the TEs of the rearranged MR-WPT systems.
Previous studies have reported on the analysis of the results of
efficiencies [11]. In these previous works, for the measurements
of the TEs for various distances, the locations of both the source
and load loops were simultaneously controlled by changing the
gap between the loop and coil. And the gaps between the loop
and coil in Rx and Tx parts are same [2, 12, 13]. In this study,
the source loop was 6 cm from the Tx coil in all three configura-
tions (Out-Out, Out-In, and In-In). Only the load loop was
moved back and forth from the Rx coil to determine the opti-
mal coupling factor 4. Note that the highest §x and the lowest
S11 can be observed when the impedance matching condition is
achieved with the optimum coupling factor .

100
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0
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Fig. 5. The calculated TE of MR-WPT with Tx and Rx coils accord-
ing to the coupling factor.
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~~~~~
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Fig. 6. The measurements of magnetic resonant wireless power transfer
system. The locations of the coils are fixed, while that of the
loops is changed, such as Ou# or In location of source and load.

Table 3. The list of measured rearranged configurations

Rearrangfad Coil Source and load (diameter size)
configuration
Out-Out Pipe Pipe loop (D = 20, 30,40 cm)
Wire loop (D = 40 cm)
Wire Pipe loop (D = 20, 30,40 cm)
Wire loop (D = 40 cm)
Out-In Pipe Pipe loop (D =20, 30,40 cm)
Wire loop (D = 40 cm)
Wire Pipe loop (D = 20, 30,40 cm)
Wire loop (D = 40 cm)
In-In Pipe Pipe loop (D = 20, 30,40 cm)
Wire loop (D = 40 cm)
Wire Pipe loop (D =20, 30,40 cm)

Wire loop (D = 40 cm)

As discussed in Section II-1, two types of coils and four types
of loops were used (Fig. 6). Each measurement was carried out
by changing the TD from 15 cm to 100 cm in steps of 5 cm. At
each distance, the gap between the Rx coil and the load loop
was optimized to get the highest Sx response. An Agilent vec-
tor network analyzer (E5071B) was used to measure the §-
parameters. The input power level and impedance were set to 1
mW (0 dBm) and 50 Q, respectively.

The optimization was conducted by symmetrically changing

the distance between the loop and coil for a high TE. Even
though the TDs are same, the reflection coefficiency, S, is dif-
ferent according to the distance between the loop and coil. We
marked the highest TE at each TD through optimization.

For the purpose of TE comparisons, we defined a measure-
ment frequency for each configuration. When the TD was 100
cm, we measured the resonance frequency (fi0) and Sx. For
the In-In case, Sy was measured up to 30 cm because there was
not enough space between the coils due to the location of the
loops. Therefore, at o, the Sx was measured. At a given dis-
tance, the maximum §5; value and the corresponding frequency
were also measured. For analysis of the three different configu-
rations, Sy (dB) was converted to # (%) using Eq. (7). Table 3
summarizes the experiments we carried out. For each configura-
tion, eight different combinations of coils and loops were con-
sidered. Experiments for measuring the TE were executed se-
quentially according to Table 3.

IV. ANALYSIS OF MEASUREMENT RESULTS

This section describes the measurement results of MR-WPT.
The resonant frequencies for the pipe coils and wire coils when
the TD was 100 cm were 6.92 = 0.003 MHz and 7.03 &+ 0.004
MHz, respectively. There was a slight difference in resonance
frequencies (110 kHz) depending on the material used for the
coil. We found that the actual inductance of the pipe coil was
slightly larger than that of the wire coil, even though they were
intended to be the same. Also, it is acknowledged that variations
of these frequencies for either the pipe or wire coil were negligi-
bly small, 3—4 kIz, regardless of the diameter of the loop. Be-
cause the system operates with magnetic resonance, the reso-
nance frequency remained almost the same irrespective of loop
size.

Table 4 shows the measured TE for the given frequency (fi00.»)
for all the experiment combinations. There was a significant
difference in the TE for the two different types of coils. The TE
values for the pipe coils were typically higher than for the wire
coils because of the skin effect and the surface of the structure.
The surface has an effect on the current of the coils that gener-

Table 4. The transfer distance (TE) and the transfer efficiency (TD) between two coils of the MR-WPT at fioom

In-In Out-In Out-Out
Loop (diameter size)
TE (%) TD (cm) TE (%) TD (cm) TE (%) TD (cm)
Pipe coil Pipe loop (D =20 cm) 30.94 95 34.72 100 33.03 95
Pipe loop (D =30 cm) 67.87 65 71.60 60 68.20 65
Pipe loop (D =40 cm) 76.51 45 80.33 35 77.87 40
Wire loop (D =40 cm) 77.74 40 77.88 40 74.30 35
Wire coil Pipe loop (D =20 cm) 21.48 80 21.41 80 23.97 80
Pipe loop (D =30 cm) 64.31 65 64.03 65 63.95 65
Pipe loop (D =40 cm) 75.53 45 82.57 35 74.20 45

80



KANG and JUNG: MAGNETIC RESONANT WIRELESS POWER TRANSFER WITH REARRANGED CONFIGURATIONS

ate the magnetic field. To effectively analyze the measurement
results, the three rearranged configurations, the types of coils
and loops used, and the resonant frequency were investigated.
The details are discussed in the following sections.

1. Comparisons of MR-WPT for Different Rearrangements

The TE for each TD was measured at fipoen. Fig. 7 shows the
comparison results of the TEs for the three configurations (Ouz-
Out, Out-In, and In-In) for different diameters and types of
loops. Figs. 8 and 9 show the trends in TE according to the loop
resonators in the MR-WPT systems using pipe coils and wire
coils. Regardless of the configuration types, the efficiencies were
almost the same.

From these experiments, it was found that changing the posi-
tions of the source and load loops had little effect on the MR-
WPT. A slight difference among the three configurations oc-
curred due to the cross-coupling factor £, such as 413, 424, and 4us,
which were not included in this study. When the wire coils were
used as the Tx and Rx, the analysis produced the same conclu-
sions as shown in Figs. 7-9.

2. Comparisons of Performance of MR-WPT for Different Coils
and Loops

Fig. 7 displays the TE versus TD for different types of coils
and loops. Based on these measurement results, we recognize
that the larger the diameter of the loops, the higher the TE of
the MR-WPT irrespective of the type of coils used in the sys-
tem. However, as the TD increases, the TE decreases. In addi-
tion, the trends in TE according to the thickness of the cross-
section of the resonators are almost the same.

5= [—FP
X fox 1 (8)

According to Eq. (8), the skin depth is 0.65 pm at 6.78 MHz,
where the resistivity (p) is 1.678 x 10 Q'cm and the absolute
magnetic permeability () is 47 x 107 H/m. If the skin depth at
the resonant frequency, 6.78 MHz, is enough (Fig. 10), the radi-
us of the resonator is the critical dimension that affects the per-
formance of the MR-WPT. We obtained the same results as
previous studies [9]. It was a common phenomenon with either

pipe or wire coils in the Tx and Rx.

3. TE of the MR-WPT with Respect to the Resonant Frequency

As the TD decreases, the splitting of the resonant frequency
occurs because of mutual inductance M,; between the two coils.
The two resonances are odd mode and even mode [2]. Resonant
frequencies of odd mode and even mode are expressed as /.. and
Jfeveny respectively, as follows:
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Fig. 7. The transfer efficiency (TE) according to the types of loops used
as source and load. (a) In-In with pipe coils, (b) Out-In with
pipe coils, (¢) Out-Out with pipe coils, (d) In-In with wire coils,
(€) Out-In with wire coils, and (f) Out-Out with wire coils.

81



JOURNAL OF ELECTROMAGNETIC ENGINEERING AND SCIENCE, VOL. 17, NO. 2, APR. 2017

100
= In=In
80 —— ===Qwi-In
5 ey — Qut-Out
& 60
= 40
20
0
0 20 40 60 80 100
TD (cm)
(a)
100
e I-In
80 -==Qut-In
s, L Ow-Out
T 60 i
£ 40
20
0
0 20 40 60 80 100
TD (cm)
(b)
100
e fn-In
80 === Out-In
oo | — Out-Out
e 60
£ 40
20
0
0 20 40 60 80 100
TD (cm)
(©
100
e In-In
80 === Out-In
— Out-Out
3 60
g a0 -~
. /
0
0 20 40 60 80 100
TD (cm)
()

Fig. 8. The trends in transfer efficiency (TE) according to the loop
resonators in magnetic resonant wireless power transfer system
using pipe coils. (a) Wire loops 40 cm, (b) pipe loops 40 cm, (c)
pipe loops 30 cm, and (d) pipe loops 20 cm.
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As the TD decreases, the Mb;3 increases. There are two peaks
of 8§y for the left (f,u) and right (fx..,) around fiogm. According to
the measurement results, the highest Sx appeared at f., rather
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than at fioem [2].

With regards to the TE, there were two aspects to consider.
One was the S at fio0, and the other was the highest Sy at fren.
So far, the TE mentioned was the value 7 (|$x|%) at fioon. In this
section, we made a comparison between fiop.» and feen.

Fig. 11 depicts the measurement results of the TE for the
Out-Out configuration at the two frequencies. It compares the
TE at fio0.n with the highest TE at the same TD. The results for
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Fig. 9. The trends in transfer efficiency (TE) according to the loop
resonators in magnetic resonant wireless power transfer system
using wire coils. (a) Wire loops 40 cm, (b) pipe loops 40 cm, (c)
pipe loops 30 cm, and (d) pipe loops 20 cm.
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(d)
0A/m (H-field) 0.5 A/m
0 A/m (Surface current) 3.0 A/m

Fig. 10. The distributions of surface current and H-field of the spiral
coil. (a) Surface current of a spiral coil with a 10 mm thickness,
(b) surface current of a spiral coil with a 5 mm thickness, (c)
spiral coil with a 10 mm thickness, and (d) spiral coil with a 5

mm thickness.

systems with pipe coils are shown in Fig. 11(a) and (b), while
the results for systems with wire coils are given in Fig. 11(c) and
(d). The trend of TE at fioe in Fig. 11(a) and (c) show a rapid
decrease as the two coils come closer to each other. Conversely,
the highest efficiencies for the pipe and wire coils remain rela-
tively constant compared with the region of falling edge in Fig.
11(a) and (c).

The frequencies for the highest $x for different TDs are
measured and illustrated in Fig. 12. In the case of the system
with pipe coils, the resonant frequency changed from 6.92 MHz
to 8.09 MHz and from 7.03 MHZz to 8.14 MHz for the system
with the wire coils as the TD decreased. When the TD was
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~0-pipe loops (20cm)  -2-pipe loops (30cm)
-o-pipe loops (40cm) = wire loops (40cm)

Fig. 11. The comparison between the transfer efficiency (TE) at fioon
and the highest TE at the same transfer distance (TD). (a) The
TE of pipe coils at fioon, (b) the highest TE of pipe coils, (c) the
TE of wire coils at fion, and (d) the highest TE of wire coils.

decreased from 100 cm to about 40 cm, the resonant frequency
in the two systems with wire coils and pipe coils changed 0.120
MHz and 0.114 MHz, respectively. This means that the fre-
quency for the highest TE is almost constant and reaches fipam
unless the TD goes below 40 cm. However, below 40 cm, the
fractional change in the frequency for the highest TE increases
to 90%.

According to the measurement results, when the TD increas-
es, the frequency for the highest TE converges to average fiom
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8.4

== MR-WPT with wire coils
—MR-WPT with pipe coils
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Fig. 12. The change in resonant frequency as transfer distance (TD)

60 70 80 90 100

decreases. The results were divided into two groups according
to the types of coils used.

values.
V .CONCLUSION

In this paper, we investigate feasible MR-WPT configu-
rations, such as Ous-Out, Out-In, and In-In, with respect to ana-
lytical theories, different coils and loops, their combinations, and
their resonance frequencies. When the three configurations were
compared, the power efficiencies are almost the same. This
means that the position of the resonator has less impact on the
TE of the MR-WPT system. This result came up with solu-
tions for applications to wireless charging of mobile devices at
the space restriction using proposed MR-WPT with rearrang-
ing resonators. This study can contribute to a wide variety of
wireless charging applications for mobile devices.

This work was supported by the National Research Foun-
dation of Korea Grant funded by the Korean Government
(No.2016R1D1A1B02012957).
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