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ABSTRACT In recent years, the requirement for a compact wireless power transfer (WPT) system that can
supply power to multiple devices in various practical usage scenarios has been attracted many researchers.
The receiver (Rx) misalignment problem is contributory to the power transfer efficiency (PTE) degradation.
Moreover, in a multiple-output WPT system, the overall system efficiency is also affected by cross-coupling
between receivers. This paper proposes a dual-band free-positioning transmitting coil (FPDB- Tx) for
multiple-receiver WPT. A three-dimensional Tx structure is modeled by investigating the current direction on
each coil loop to adapt the Rx angular and axial misalignment. The Tx configuration is designed following a
wireless charging box concept, where multiple Rx devices can receive energy freely without a null efficiency
point. The mutual inductance is examined by a mathematical method in various Rx orientations to verify the
free-positioning characteristic. Furthermore, an equivalent circuit model of the WPT system is theoretically
analyzed to obtain dual operating frequency bands and then maximized the PTE. The experimental results
show that the proposed WPT system achieves a stable PTE in various Rx positions. Especially, the WPT
system has a maximum PTE of 97.27% and 91% at 6.78 MHz and 13.56MHz, respectively.
INDEX TERMS Wireless power transfer, free-positioning WPT, multiple-receiver WPT, dual-band WPT,
mutual coupling, impedance matching network.

I. INTRODUCTION

Wireless power transfer (WPT) is a promising solution to
safely supply power to consumer device in various applications [1]–[4]. Near-field magnetic resonant coupling (MRC)
is the most widely studied and has been broadly adopted in
many commercial products due to its high performance and
high power capabilities [5].
In a practical MRC-WPT system, the changes in positions of receiver (Rx) devices cause the variation on mutual
coupling because the magnetic field of a typical transmitter (Tx) coil is not uniformly distributed [6]–[15]. Therefore,
the power transfer efficiency is drastically reduced when or
moving Rx far from Tx. Moreover, the Rx orientation is
also a significant consideration because a planar structure
just receives power the most effective when aligned perpendicular to the generated field vectors. In [6], the authors
proposed a planar Tx coil for free-positioning WPT to multiple devices. By adjusting the space in each parallel coil
The associate editor coordinating the review of this manuscript and
approving it for publication was Luyu Zhao
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loop, the proposed WPT system achieved a uniform power
to each load irrespective of radial displacement. However,
the Rx angular misalignment has been a significant challenge
for a planar Tx structure when the energies flow in one
direction. In [7], a cubic transmitter was proposed for an
omnidirectional WPT. Meanwhile, in [8], the authors optimized a magnetic structure was to obtain a uniform power
distribution and improve the PTE. These structures can provide power equally to the Rx moving around Tx. However,
the proposed system was just appropriated to the Rx device
placed parallel with the Tx structure. Moreover, the authors
did not investigate the changes on PTE by rotating Rx. In [9],
a bowl-shaped transmitter coil was proposed and optimized
to provide sufficiently strong and nearly uniform field distribution. The proposed wireless charging bowl achieved both
spatial freedom and good efficiency. However, the proposed
system required an additional controllable circuit to control
the current on multiple Tx coils, making the system complex.
In [11], a quadrature-shaped Tx coil was investigated for 2D
and 3D omnidirectional WPT system. However, the proposed
system requires an additional controllable circuit to adjust
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properly electric current phase and magnitude. Moreover,
the power transfer efficiency of the 3D system when three
loads are placed inside the charging bowl was not addressed
properly. In [12], a dynamic wireless power transfer system was proposed to charge a moving Rx device. The proposed system was investigated based on the rotation field of
the DD-coil structure. However, the proposed dynamic Tx
provided a limited charging space as the changes on PTE
by varying the transceivers separation were not considered.
In [13], a half-rectangular prism structure was proposed with
three single-loop coils to obtain field distribution in multiple
directions. However, the magnetic field generated by the
proposed system still presents the dead zone in some cases
of Rx orientation.
Several researches have been conducted based on Zenneck
wave and microwave power transmission to supply power
to Rx device in a wide transmission range. However, these
solutions still exhibit some drawbacks. In [16] the concept of
Zenneck wave in non-coupled wireless power transmission
was introduced. The proposed system can supply power to
Rx devices in long range of transmission distance. However, the proposed system is complex and not suitable for
portable applications. In [17], a metal surface guided WPT
was proposed for portable application. However, the changes
in Rx orientation caused a 30%-35% output voltage reduction, which corresponds to a reduction of 51%-58% of power
transfer efficiency. In [18], the authors introduced a ubiquitous power source (UPS) for microwave wireless power
transmission at 2.45 GHz. The UPS was implemented on
ceiling edges and transmit a uniform power density to charge
mobile devices in a room. However, the UPS system has a
relatively large dimension of 5.8 × 4.3m2 . Moreover, due to
the human safety problem, the power density is very low,
which requires a high-efficiency rectenna.
Recently, with a rapid increase in the number of consumer
devices, a wireless charger that can accommodate and supply
power simultaneously to multiple Rx devices has also been
paid much attention [19]–[23]. However, at a single operating
frequency band, in a short separation, cross-coupling among
Rxs may cause a reduction in the individual PTE of each Rx.
To cope with this problem, multi-bands WPT system schemes
have been proposed in some studies [24]–[27]. In previous
researches [8], [9], [11], [12], the transmitter coil can supply
power effectively on a dynamic range of Rx movement. However, the problem of multiple-receiver was not considered
properly.
In this paper, a dual-band free-positioning transmitter
(FPDB- Tx) coil, which can transfer power effectively to
multiple Rx devices in various coil arrangements, has been
proposed. As shown in Fig. 1, a double reversed coil loop
configuration has been investigated to adapt Rx angular and
lateral misalignment. A mathematical model has investigated
the mutual inductance to demonstrate the free-positioning
characteristic of the proposed Tx. Furthermore, we propose
a compensation network (CPN) on the Tx side and the
impedance matching networks (IMNs) on the Rx sides to
VOLUME 9, 2021

obtain a dual operating frequency band and then improve the
PTE. Two frequencies of 6.78 MHz and 13.56MHz, which
are the industrial-scientific-medical (ISM) bands in many
countries [28], have been chosen as the operating frequencies
of the proposed FPDB-Tx and two Rx coils. The dual-band
multiple-receiver WPT system has been analyzed theoretically by the circuit theory to obtain the power transfer function. Finally, experimental verification has been implemented
to verify the system’s performance.

FIGURE 1. (a) Dual-band multiple-receiver WPT system,
(b) Free-positioning WPT sytem using double reversed coil.

This paper is organized as follows. In section II, the theoretical analysis is implemented to explain the chosen Tx
coil configuration, the free-positioning characteristic of the
proposed WPT system, and the PTE of the dual-band WPT
system. In section III, the proposed FPDB-Tx and Rx coils
are fabricated and measured. The measurements are implemented in various Rx positions to extract the PTE of single
and multiple Rx. Finally, the measured results are compared
with the previous researches.
II. DUAL-BAND FREE-POSITIONING WIRELESS POWER
TRANSFER TO MULTIPLE RECEIVERS

A typical planar Rx coil can receive the most power from the
Tx coil when the generated field vectors are perpendicular to
the Rx plane. The coil-to-coil PTE of a WPT system depends
on the mutual inductance and the compensation networks.
The mutual inductance is evaluated based on the coil configurations and coil arrangements. To obtain a free-positioning
WPT system with high performance, the field intensity
should be strong and distributed in multiple directions to
adapt to the Rx lateral displacement and angular misalignment. The mutual inductance variation is optimized to an
acceptable range that does not significantly affect scattering
parameters. Furthermore, the impedance matching networks
are implemented to match the coil impedance to optimal
source and load impedance that can improve the PTE. In this
work, we aim to obtain a free-positioning WPT system that
can supply power to both of single and multiple Rx device
without a null efficiency point.
107299
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FIGURE 2. Magnetic field vectors in various Rx orientations a) Conventional Tx without reversed coil loop, b) proposed Tx with single reversed coil loop, c)
proposed Tx with double reversed coil loop.

A. FREE-POSITIONING TRANSMITTING COIL USING
DOUBLE REVERSED COIL LOOP

Fig. 1 illustrates the proposed FPDB-Tx configuration in
two verification scenarios of a single receiver and multiple receivers. In the first scenario, the system performance
will be evaluated in various Rx arrangements. The Rx coil
is placed freely inside a charging box limited by the proposed FPDB-Tx dimensions. The FPDB-Tx is configured
by a 0.5-mm radius Litz-wire with an overall dimension of
110mm × 110mm × 120mm. The proposed Tx consists of a
pair of orthogonal sub-coil supplied by a single power source,
as shown in Fig. 1(a). Each Tx sub-coil is constructed by two
coil loops connected in series. Three prototypes, including
without reversed coil loop, single reversed coil loop (when
the current direction of coil loop in one sub-coil is reversed),
and the proposed FPDB-Tx with double reversed coil loop,
are investigated by generated field vectors as shown in Fig. 2.
The more coil turn and the larger coil pitch, the stronger the
magnetic field. However, by increasing the number of coil
turn and coil pitch, the Tx coil can add extra volume [29].
Therefore, in this study, the coil turn number of each loop
and the coil pitch are set to five turns and 5mm, respectively.
Conventionally, the Tx coil is constructed without reversed
coil, in which the current direction on the inner and outer coil
loop is the same as shown in Fig. 2(a). By using this coil
prototype, the Rx coil can be coupled well with Tx at the
angle of θz = 45o . However, when Rx is placed in parallel to
a Tx sub-coil, the transmission range is limited. The magnetic
field strength decreases gradually when moving Rx far from
the Tx sub-coil. On the other hand, in the case of a single
reversed coil loop prototype, as shown in Fig. 2(b), the field
generated by the reversed sub-coil is enhanced significantly.
The coupling characteristics at the angle θz = 0o and θz =
45o are acceptable. However, the field at the angle θz = 90o
is weak when the Rx is parallel to the Oxz plane. Finally,
in the last case shown in Fig. 2(c), the field generated by a
107300

FIGURE 3. Mutual inductance by varying coil loop separation.

double reversed coil loop is presented. The Rx can be coupled
well with the Tx in all Rx angles when the field vectors are
perpendicular to the Rx surface. Moreover, the generated field
is relatively strong in the verification range, which is bounded
by the charging box dimension, without a power null point.
Therefore, the Tx coil configuration with a double reversed
coil loop is chosen as the proposed Tx structure.
In this study, the dimension of each outer and inner coil
loop is set to 110mm × 120mm and 55mm × 70mm, respectively. One more time, a larger separation between two coil
loops can generate a strong magnetic field. Fig. 3 shows
the mutual inductance between proposed FPDB-Tx and Rx
coil by varying the coil loop separation at two θx = 0o
and θx = 45o , where wp and lp are set to the same in our
study. It is obvious that, in a distance of 60mm between two
coils, by increasing the loop separation, the mutual inductance enhance slightly. However, due to the limitation on the
charging box dimension, we choose 8 mm as the separation
between two coil loops to accommodate the five-turns inner
and outer coil.
VOLUME 9, 2021
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FIGURE 5. Mutual inductance verification results with a) axial
misalignment, and b) angular misalignment.

A vector represents each segment with the same direction as
the electric current on the corresponding coil turn. The vector
coordinates are demonstrated based on the coil configuration.
The total mutual inductance between equation simplified to
an algebra equation:

FIGURE 4. Schematic diagram of free-positioning WPT system.

B. MUTUAL INDUCTANCE CALCULATION

Mti =

The mutual inductance between two coils is calculated by the
Neumann’s formula [30]:
Z Z
µ0
d Elt d Eli
Mti =
(1)
4π Ct Ci rti
where Mti is mutual inductance between two coils, C1 and
C2 represent the Tx and Rx coil loop, d Elt and d Eli are the
infinitesimal vectors of the Tx and Rx coil respectively, r12
is distance between two vectors, and µ0 is the free-space
permeability. Fig. 4 illustrates the schematic diagram of the
proposed free-positioning WPT system, where ls = 120mm,
ws = 110mm, lp = wp = 8mm. The coil bundles of the Tx
and Rx are simplified to the thin wire structures. The Rx coil
is placed freely inside the proposed Tx coil. The Rx position is
illustrated by the rotation angles θx , θy , θz , and the movement
vector (ρx , ρy , ρz ).
In order to calculate the mutual inductance, the FPDB-Tx
and Rx coil turns are partitioned into multiple segments.

(2)

j=1 k=1

where uEj and uEk represent the vectors on Tx and Rx coil
segment respectively, N1 and N2 are the numbers of segment. Assume that the Rx vector is initialized as uEk =
(xint , yint , zint ), the Rx coordinate at an arbitrary position can
be calculated by the matrix equation (3), as shown at the
bottom of the page. Consequently, the mutual inductance
between an Rx coil segment and the Tx inner and outer coil
loops are derived respectively by equation (4)-(5), as shown
at the bottom of the page.
where:
wt = ws − 2wp ;

lt = ls − 2lp

(6)

Finally, the total mutual inductance between Rx coil and
the proposed FPDB-Tx is given by:
Mti =

N2
µ0 X
(M1k + M2k )
4π

(7)

k=1

    
cosθx sinθy sinθz − sinθz cosθx sinθz sinθy sinθx − cosθz sinθx
xint
ρx
sinθz sinθy sinθx + cosθz cosθy sinθz sinθy sinθx − cosθz sinθy  × yint  + ρy 
cosθy sinθx
cosθy cosθx
zint
ρz
1
1
−q
]
= 2ls zk × [ q
xk2 + y2k + (zk − ls )2
xk2 + y2k + (zk + ls )2

  
xk
cosθz cosθy
yk  =  sinθz sinθy
zk
sinθy
M1k

N1 X
N2
uEj uEk
µ0 X
4π
rjk

(3)

1
1
1
1
−q
+q
−q
]
+ws xk × [ q
2
2
2
2
2
2
2
(xk − ws )2 + yk + zk
(xk + ws )2 + yk + zk
xk + (yk − ws )2 + zk
xk + (yk + ws )2 + z2k
(4)
1

1

M2k = 2lt zk × [ q
−q
]
xk2 + y2k + (zk − lt )2
xk2 + y2k + (zk + lt )2
1
1
1
1
+wt xk × [ q
−q
+q
−q
]
(xk − wt )2 + y2k + z2k
(xk + wt )2 + y2k + z2k
xk2 + (yk − wt )2 + z2i
xk2 + (yk + wt )2 + z2k
(5)
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TABLE 1. Extracted lumpled element values.

FIGURE 6. Equivalent circuit of dual-band multiple-receiver WPT system.

On the other hand, by changing the Tx vector directions,
the mutual inductance between Rx and Tx coil without
(1)
reversed coil loop Mti , and between Rx and Tx coil with
(2)
single reversed coil loop Mti can be calculated by:
(1)

Mti =
(2)

Mti =

N2
N2
µ0 X
µ0 X
(M1k − M2k ) = Mti −
M2k
4π
2π

(8)

µ0
4π

(9)

k=1
N2
X

k=1

(2)

(M1k − M2k )

k=1

where:
1
(2)
M2k = 2lt zk × [ q
xk2 + y2k + (zk − lt )2
1
+q
]
2
2
xk + yk + (zk + lt )2
1
+wt xk × [ q
(xk − wt )2 + y2k + z2k

C. DUAL-BAND COMPENSATION NETWORK

Conventionally, a dual-band resonator topology is constructed by an LC branch and an LC tank with a pair of capacitors [24] with a pair of capacitors. However, it is difficult
to obtain two near frequency bands with the same inductance on the LC branch and LC tank. In this paper, we propose a CCL compensation network (CCL-CPN) as shown
in Fig. 6. Two Tx sub-coils are utilized as the resonant branch
and resonant tank, respectively. The self-inductance of each
sub-coil is represented by Lct1 and Lct2 respectively. In our
study, two sub-coils have the same configuration. Therefore,
the self-inductance value the Tx sub-coil is demonstrated by
Lct1 = Lct2 = Lct . In the resonant branch, the Tx sub-coil
is connected in series to a capacitor C1 . Meanwhile, in the
resonant tank, the sub-coil is connected in parallel with a pair
of an inductor (L1 ) and capacitor (C1 ). In this compensation
network, L1 helps increase the equivalent capacitance of the
resonant tank easily by reducing the equivalent inductance.
The equivalent impedance of resonant tank can be calculated by:
Ze =

1

+q
]
(xk + wt )2 + y2k + z2k

(10)

Fig. 5 shows the verification results of mutual inductance
in various Rx arrangements. The Rx coil is fabricated as
illustrated in Fig. 8(a), while the Tx parameters are set to ls =
120mm, ws = 110mm, wp = lp = 8mm. It is clear that the
mutual inductance is stable in most of regardless of moving
or rotating Rx. The lowest Mti = 650nH is demonstrated
at the distance ρy = 110mm at the angle θz = 90o . On the
other hand, the mutual inductance achieves the highest value
of Mti = 850nH at the angle θz = 45o , when the Rx is placed
at a distance of 30mm from two Tx sub-coil. Furthermore,
by rotating Rx around Ox and Oy axis, Mti is kept stable when
the highest and lowest values are about 700nH and 800nH ,
respectively.
107302

(11)

ωoc = 2πfoc

(12)

where:

1
+wt yk × [ q
xk2 + (yk − wt )2 + z2k
1
+q
]
2
xk + (yk + wt )2 + z2k

jωoc Lct2 (L1 C2 − 1)
C2 (Lct2 − L1 )

is the center angular frequency, that is located between the
low and high operating frequency.
The operating frequencies are determined by:

1


p
 fol =
2π (Lct1 + LZe )C1
(13)
1


p
 foh =
2π Lct1 (C1 ||CZe )
where:
LZe = Ze /(jωoc ); CZe = 1/(jωoc Ze )

(14)

In our work, the compensation network is adjusted to
achieve fol = 6.78MHz and foh = 13.56 MHz. The operating
frequency of resonant branch and resonant tank are given
respectively by:
fbr =

1
√
2π Lct C1

(15)
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networks (CCL-IMN) on the Rx side. Mt1 is mutual inductance between FPDB-Tx and low-frequency Rx (LF-Rx),
while Mt2 is the mutual inductance between the proposed Tx
and high-frequency Rx (HF-Rx). The Rx coil self-inductance
are given by Lcr1 and Lcr2 . Rcr1 and Rcr2 are the total
intrinsic resistance of each Rx coil and lumped elements on
IMNs, while Rt represents the equivalent resistance on the
Tx side. The equivalent impedance on the Tx and Rx sides
are given by:
Zt = Rt +

1
+ jωLct1
jωC1

(22)
(23)

ZLct = jωLct1
Ztk

1
= jωL1 +
jωC2

(24)

Zi = Rcri + jωLcri +
ZCi2 =

1
+ jωLi1
jωCi1

1
jωCi2

(25)
(26)

where ω is an arbitrary angular frequency.
By applying the Kirchoff’s voltage law on the Tx and Rx
side, we have the current ratio:
FIGURE 7. Reflection coefficient by varying mutual inductance of
a) FPDB-Tx coil, and b) Rx coils.

ftk =

1
√
2π L1 C2

RL2 +
I12
ZMt1
=
×
I22
ZMt2
RL1 +
(16)

Assume that:
C2
C1
foc
foc
=
; Fr2 =
fbr
ftk

Dc =

(17)

Fr1

(18)

By substituting (14) to (13), the dual-band operating
frequencies can be determined by:
fol2 =

fbr2
1+

(19)

1
2
Dc Fr1
1−
2
1−Fr2

2
foh
= fbr2 × (1 +

1
1
2
Fr1

+

Dc
2
1−Fr2

)

(20)

From (19) and (20), the dual-band operation condition is
given by:
0<

2
Dc Fr1
2
1 − Fr2

<1

(21)

D. MULTIPLE-RECEIVER WPT SYSTEM

As shown in Fig. 6, the dual-band multiple-receiver WPT
system is implemented with the CLC impedance matching

RL2
ZC22
RL1
ZC12

+1
+1

= DI

Furthermore, the power transfer function is derived as
equation (28), where VL1 is determined as the voltage on RL1 .
By substituting two operating frequencies to (28), as shown at
the bottom of the page. we have relation between the voltage
at the single-band WPT system and dual-band WPT system:
VL1 (ωol , ωol )
ZC22 (ωoh )
ωol
∼
=
VL1 (ωol , ωoh )
ZC22 (ωol )
ωoh
VL (ωol , ωol ) 2
PTEll
=[ 1
]
PTElh
VL1 (ωol , ωoh )

(29)
(30)

where PTEll and PTElh are the individual PTE of
multiple-receiver system when the system is on single and
dual operating band, respectively. From (29) and (30), it is
obvious that the output voltage is proportional to the frequency ratio. Therefore, in a multiple-receiver WPT system,
the output voltage of one receiver can be enhanced by adjusting the operating frequency. Consequently, the output power
received by each Rx is maximized by spreading the operating
frequency gap.
Finally, the transmission coefficient of the ith can be calculated by:
s
RS
VLi
|×
(31)
Si1 = 2 × |
VS
RLi

VS
1
1
1
1
ZMt2
RL2
= −(Ze + Zt ) × (1 +
+
) + ZMt1 ×(
+
) + DI ×
× (1 +
)
VL1
ZC12
RL1
RL1
ZC12
RL1
ZC22
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FIGURE 9. Multiple-receiver WPT system experimental setup.

FIGURE 8. a)-b) Fabricated FPDB-Tx with compensation network, and c)
Rx coils with impedance matching networks.

where RS and RL are the source and load impedance, which
are set to the 50 characteristic impedance of the vector
network analyzer in this paper. The PTE of the ith Rx is given
by [31], [32]:
PTEi =

|Si1 |2
× 100%
1 − |S11 |2

(32)

where S11 is the reflection coefficient at the Tx port. If the
input and output ports are matched well, the PTE equation
can be simplified to [31]–[33]:
PTEi = |Si1 |2 × 100%

(33)

Fig. 7 verifies the changes on reflection coefficient at the
Tx and Rx ports by varying the mutual inductance. As we can
see, at two operating frequency bands of 6.78 and 13.56 MHz,
the reflection coefficients are smaller than -10dB in all verification cases. Therefore, we can use equation (33) to evaluate the coil-to-coil PTE when changing Rx position and
orientation.
III. EXPERIMENTAL VERIFICATION
A. FREE-POSITIONING WPT SYSTEM

The proposed FPDB-Tx and Rx coils are fabricated as shown
in Fig. 8. Two identical Rx coils are fabricated on a 60mm ×
60mm Taconic TLY substrate (εr = 2.2) with a thickness
of 0.5 mm. The Rx number of coil turn is six turns, while
the distance between two consecutive turns is 5 mm. The
compensation network and impedance matching network are
implemented on the separated circuits. The lumped element
values are given in TABLE 1. The additional lumped components are ‘‘Murata chip multilayer ceramic capacitor’’ and
‘‘Murata chip inductor LQG18H series’’, which do not effect
to the mutual inductance between transceiver coils. In a practical scenario, the compensation and impedance matching
networks can be implemented on the backside of transceiver
coils. The scattering parameters are verified by a vector
107304

FIGURE 10. Transmission coefficient of single LF-Rx by a) rotating θz , b)
rotating θx and θy .

network analyzer (VNA Protek A333) when the FPDB-Tx
and Rx coils are connected respectively to port 1 and port 2
of the VNA, as shown in Fig. 9. In a single-receiver WPT
system, each LF-Rx and HF-Rx coil is verified independently
to extract the transmission coefficient.
Fig. 10 shows the transmission coefficient results of the
LF-Rx coil. It is obvious that the transmission coefficient is
relatively high at 6.78 MHz and stable in various Rx arrangements. Specifically, S21 achieves the highest value of -0.18 dB
at θz = 45o , ρx = 30mm. The transmission coefficient
has the lowest value of -1.8dB at the angle of θz = 135o ,
ρy = 90mm. On the other hand, by rotating the Rx coil around
Ox and Oy axis, the transmission coefficient is also stable.
The highest value of -0.12 dB is recorded at θy = 90o when
the Rx coil is placed on the charging box floor. The lowest
VOLUME 9, 2021
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FIGURE 11. Transmission coefficient of single HF-Rx by a) rotating θz , b)
rotating θx and θy .
FIGURE 13. Power transfer efficiency of single LF-Rx coil versus a) lateral
misalignment, and b) angular misalignment.

FIGURE 12. Output power level experimental setup.

value is recorded at θy = 30o with a value of -1.8dB. The
LF-Rx coil can received the power from FPDB-Tx on the high
operating frequency. However, the transmission coefficient at
the high operating frequency is relatively low compared with
the results recorded at the low frequency when the average
gap approximates to -10dB.
When placing HF-Rx coil inside FPDB-Tx, the transmission coefficient result is also stable on most of Rx arrangement as shown in Fig. 11. By rotating Rx around Oz axis,
the highest S31 of -0.5dB is recorded at θz = 90o , ρy = 20mm,
while the lowest value of -1.8dB is extracted at θz = 45o ,
ρy = 30mm. On the other hand, by rotating Rx around Ox
and Oy axis, the highest S31 = −0.41dB at θx = 90o and
the lowest S31 = −1.85dB at θx = 60o . The difference
in transmission coefficient between low and high operating
frequency is around -20dB, which is lower than the case of
LF-Rx coil.
VOLUME 9, 2021

FIGURE 14. Power transfer efficiency of single HF-Rx coil versus a) lateral
misalignment, and b) angular misalignment.

By using equation (33), we can calculate the PTE directly
by the transmission coefficient. However, in this paper,
107305
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TABLE 2. Summarized PTE results of dual-band multiple-receiver WPT
system.

by the Rx coil is measured by a portable spectrum analyzer (Tektronik RSA306B) when the input port is connected
directly to the Rx coil, and the measured results are displayed
on a desktop monitor through a USB cable. The PTE is
demonstrated based on the power levels by equation (34).
PTE = 10(Pr −Pt −Pcab )/10 × 100%

(34)

where Pr , Pt and Pcab are the received power, supplied power
and the cable loss, respectively.
Fig. 13 and Fig. 14 shows the PTE results of single LF-Rx
and HF-Rx, respectively. In both of 6.78 MHz and 13.56 MHz
Rx coil, the PTE remains the values of higher than 60% for
all Rx arrangement scenarios. The PTE achieves the highest
value of 97.27% at θy = 90o . On the other hand, the HF-Rx
reaches the highest PTE of 91% at θz = 90o , on the distance
of 20 mm. On the distance of 110 mm, the PTE records the
lowest value of 65.61% for LF-Rx coil at θz = 135o , 70.98%
at θz = 135o for HF-Rx coil.
B. DUAL-BAND MULTIPLE-RECEIVER WPT SYSTEM

TABLE 3. Performance comparison.

the PTE is also demonstrated by the output power level
received by each Rx coil. The experiment is implemented as
shown in Fig. 12. The FPDB-Tx is supplied power by a signal
generator (Agilent E4436B). The output power level received
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Fig. 15 shows the magnetic field distributions in the
multiple-receiver WPT system. It is obvious that the system exhibits couplings between two Rx coils when they
are in critical arrangements. In a conventional single-band
WPT system, these cross-couplings may cause a significant reduction in the individual PTEs. However, by adopting
a multi-band system, the effects of cross-coupling can be
reduced and then improve the individual PTEs. The dual-band
multiple-receiver WPT system is verified by the VNA as
shown in Fig. 9. The system configuration has been also illustrated in Fig. 1(a). Due to the limitation on the VNA port, one
of two Rx is connected to broadband terminated load (ZL =
50), while the other Rx is connected to port 2 of VNA [19].
The transmission coefficient Si1 and reflection coefficient Sii
of each Rx coil are recorded progressively. Fig. 16 shows the
scattering parameters of the multiple-receiver WPT system
shown. The LF-Rx position is demonstrated at θz = 0o , ρx =
20mm, while the HF-Rx is oriented at θx = 90o . The verification results show good reflection coefficients when S11 is
lower than -10dB at two operating frequencies of 6.78 MHz
and 13.56 MHz. On the Rx side, the S22 represents the reflection coefficient of LF-Rx, while the reflection coefficient of
HF-Rx is recorded by S33 . It can be seen that the Rx ports
are matched well when both of S22 and S33 are lower than 10dB at targeted frequencies. There is a slight shift in the S33
result because of the fabrication tolerance and the quality of
lumped elements. Because of the well-matched at the input
and output ports, the PTE of each Rx coil can be evaluated by
the transmission coefficients. Specifically, the transmission
coefficient measured at the LF-Rx port achieves -0.16 dB,
which corresponds to a PTE of 96.38%. On the other hand,
S31 achieves -0.41 dB at 13.56 MHz, which corresponds to
a PTE of 91%. However, S21 and S31 still exhibit dual peak,
which may cause the reduction of the individual PTEs when
the Rx coils are in critical arrangement.
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FIGURE 15. Schematic diagram and magnetic field vectors of multiple-receiver WPT system. The implementation
scenarios are illustrated in TABLE 2.

using an FPDB-Tx structure presets a high PTE on both
single-receiver and multiple-receiver WPT systems.
IV. CONCLUSION

FIGURE 16. Scattering parameters of multiple-receiver WPT system
in Fig. 9 and Fig. 15(d).

TABLE 2 summarizes the PTE results of dual-band
multiple-receiver WPT systems in various verification cases.
It is obvious that the individual PTEs of each Rx are highest
on the last case when the HF-Rx is placed in the Oxy plane,
and the HF-Rx leans on the Oxz plane, which is orthogonal
to the LF-Rx. On the other hand, when two Rxs are in
perfect alignment, the PTE of HF-Rx reduces significantly.
Specifically, the LF-Rx PTE is 89.13%, while the HF-Rx
PTE is 67.6%. It is caused by the dual-peak on S21 and
S31 as mentioned above. The efficiency gap can be reduced
by increasing the operating frequencies. However, as the
operating frequency increased, the PTE will be sensitive to
the variation of mutual inductance. Therefore, we choose
6.78 MHz and 13.56 MHz as operating frequencies to maintain an individual PTE of higher than 60% for all verification
cases.
TABLE 3 shows a performance comparison of this
work with previous studies on the free-positioning WPT,
multiple-receiver WPT, and dual-band WPT. It is obvious that the proposed multiple-receiver WPT system
VOLUME 9, 2021

This paper proposed a dual-band free-positioning transmitter
coil (FPDB-Tx) structure multiple-receiver wireless power
transfer (WPT) system. The theoretical analysis showed that
the proposed Tx could achieve the Rx lateral and angular misalignment by utilizing the double reversed coil loop configuration. Significantly, the verification mutual inductance was
stable and high on most Rx orientations. An equivalent circuit
of dual-band multiple-receiver WPT system was theoretically
analyzed with compensation and impedance matching networks to obtain the power transfer function. The experimental
results show that the proposed system can transfer power
effectively for both the single-receiver and multiple-receiver
systems, when the individual PTE is higher than 60% in all
verification cases without a null efficiency point. Precisely,
the proposed FPDB-Tx delivers power with the coil-to-coil
efficiency of 97.27% at 6.78 MHz and 91% at 13.56 MHz.
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