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ABSTRACT This study aims to realize an efficient system operation usingwireless sensor networks (WSNs),
which have been increasing in demand in recent years. To achieve this, a cavity resonance-enabled wireless
power transfer (CR-WPT) technique has been proposed. The CR-WPT system is a WPT system that utilizes
the cavity resonance phenomenon inside the cavity. This study solves the impedance mismatch problem
caused by the resonance frequency changes depending on the installation condition of objects in the cavity
resonator, which results in a power transmission efficiency(PTE) decrease. We propose the implementation
of J -inverters and additional resonators outside and inside the cavity resonator and the configuration of a
three-stage band-pass filter(BPF) to achieve broadband matching. The EM analysis results show that adding
the J -inverters and additional resonators produces three poles in the reflection characteristics, verifying the
proposed system operates as a three-stage BPF. A broadwidth of the power-supply frequency is realized.
With a 2W power input in the 117–122 MHz band, the bandwidth was broadened from approximately 0.6 to
2.0 MHz, which is approximately thrice the bandwidth of the previous system.

INDEX TERMS Cavity resonators, wireless power transmission, wireless sensor networks, band-pass filters.

I. INTRODUCTION
The usage of wireless sensor networks (WSNs) has recently
been introduced into our daily lives [1], [2], [3], [4], [5], [6],
[7], [8]. WSNs are used in a wide range of applications, from
monitoring inside structure’s temperatures to monitoring
production equipment in factories. The sensors comprising
WSNs are powered by batteries; hence, periodic battery
replacement is required for system operation. However, the
battery replacement timing for each sensor is not always the
same, and frequent battery replacements negatively affect
the system productivity. The WSNs demand is expected to
increase with the rapid spread and use of the Internet of
Things, requiring battery replacement for a large number of
sensors in the future.Wireless power transfer (WPT) has been
proposed as a solution to this problem. The electric field
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coupling method for short distances and the rectenna method
for wide area coverage have been proposed as WPT methods
suitable for supplying power to mobile devices and outdoor
sensors. The electric field coupling method is resistant to
the transmitter and receiver misalignment and requires only
the use of electrodes on opposite metal plates. It can be
used for indoor WPT as the transmission distance is only a
few centimeters. The rectenna method is a WPT approach
that uses radio waves and can supply power if the radio
waves can propagate. The power transmission efficiency
decreases significantly when the power receiver is placed out
of the line of sight [11], [12], [13], [14], [15]. Therefore, the
WPT method, which utilizes the resonance phenomenon of
the structure in which the sensor is installed, is attracting
attention [16], [17], [18], [19], [20]. One proposed method
is placing a pillar with a capacitor inside a metallic structure
and resonating the electric field inside this structure [16],
[17]. The advantages of this method include a high power
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supply efficiency and an easy adjustment of the power supply
frequency. In addition, a single transmitter can drive multiple
sensors; thus, power transmission efficiency(PTE) can be
achieved even when the sensors are located far away or
out of sight from the transmitter. This method requires the
installation of a pillar within the structure, which limits the
location of sensors and equipment. Herein, we propose a
WPT that utilizes the principle of a cavity resonator and the
resonant modes generated inside a metallic structure [21],
[22], [23]. In this method, low-frequency electromagnetic
waves are confined within a structure made of metal mesh
walls. High-frequency signals for wireless communication
can be exchanged inside and outside the cavity resonator,
making it suitable for remote monitoring of conditions within
the structure. Another advantage is that a pillar does not need
to be installed within the structure. The system assumes that
manufacturing equipment and wireless sensors are inserted
inside the cavity resonator and not that the human body is
inserted. Previous studies have not focused on environmental
changes inside the cavity resonator, such as changes in the
number of power receivers [16], [17], [18], [19], [20], [21],
[22]. In CR-WPT, the wave impedance changes depending on
the installation state of objects inside the structure. Moreover,
the optimum frequency for the power supply changes. This
system uses the cavity resonance phenomenon; therefore,
the frequency that can be used for the power supply is a
very narrow band. In a system with a fixed power supply
frequency, the PTE will drop to almost 0 %, if the resonance
frequency changes. To solve this problem, this study proposes
a system design based on wideband bandpass filter design
theory to widen the transmission frequency without reducing
PTE. It has not been proposed or proven that BPF theory
can be applied to feed power to a receiver with resonators
placed inside a large resonator space. The proposed method
is a structure with a new resonance structure in the resonator,
and it is not clear whether such a structure can be designed
using BPF theory and J -inverter. As far as we could find,
we could not find any such prior literature, and our study
here is novel. Our study is novel here. With our novel design
theory, a broadband of the feeding frequency can be achieved.
The novelty of this study is the design theory that applied
filter design theory to CR WPT. Other CR WPT systems
have been designed by optimization, but proposal theory can
design CR WPT systems theoretically.

This work demonstrates the theory using a gable-shaped
cavity resonator with a 1500 mm width, 1800 mm depth,
and 1960 mm height(Fig.1). This is a scaled-down model
simulating a manufacturing section with safety fencing in a
factory and is worked as a cavity resonator. The walls are
made of a 10 mm square aluminum mesh.

II. SYSTEM CONFIGURATION AND DESIGN
METHODOLOGY
This chapter describes the design method of the proposed
system. First, the operating frequency of the WPT system
is determined utilizing the cavity resonance. The resonance

FIGURE 1. Cavity resonator with a mesh wall.

FIGURE 2. Basic configuration of the proposed system.

modes occurring in the cavity resonator are calculated, and
the frequency at which the resonance mode produces a
strong electric field in the range where the power supply is
desired is adopted. Fig.2 depicts the basic configuration of
the proposed system. Three resonators, namely, one cavity
resonator and two resonators for incorporation are coupled by
J -inverters. The J -inverter is a circuit element that converts
the impedance. The proposed theory was verified using a
cavity resonator with dimensions shown in Fig.1. In the
CR-WPT system, the appropriate power transmitter and
resonant circuit were mounted on the cavity resonator wall,
while power receivers and resonators were positioned inside
the cavity resonator. Fig.3 illustrates the equivalent circuit of
the CR-WPT system. The equivalent circuit element values
can be derived using circuit simulation software by fitting
the gradient method so that the scattering matrices of the
experiment and the equivalent circuit match. Fig.4 presents
the equivalent circuit of the system in which the resonator is
implemented in this equivalent circuit.

In order to design the proposed circuit, it is necessary to
clarify the equivalent circuit parameters of only the cavity
resonator. This chapter uses EM analysis to derive equivalent
circuit element values. The position where the transmitter is
inserted is shown in Fig.5. First, we calculate them using
EM analysis. The transmitter and the receiver(Fig.6) were
installed in the cavity resonator. Next, the element values
with scattering matrices that matched the equivalent circuit
in Fig.3 were derived. The transmitter and the receiver
were mounted on FR-4 boards with 35 µm copper foils.
The transmitter used a 100 mm×100 mm substrate, while
the receiver employed a 30 mm×30 mm substrate. The
size of the transmitter and receiver was set to the smallest
size which would not lower the PTE while checking the
result of the EM analysis. The scattering matrices obtained
from the EM analysis software were fitted to the equivalent
circuit in Fig.3. The frequency used for the WPT was in
the 120 MHz band, which is the TE110 mode that occurs
in the cavity in Fig.1. This is the dominant resonant mode
in which dense regions of electric field occur throughout
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the cavity [23]. The equivalent circuit element values were
derived using the gradient method in the circuit analysis
software. Table 1 lists the derived element values. The CTX
and CRX were open stub-like elements that depended on the
size and length of the transmitter and receiver, respectively.
C12 denotes the electric field(J -inverter) coupling between
the transmitter and the cavity resonator. C23 denotes the
electric field(J -inverter) coupling between the receiver and
the cavity resonator. C12 and C23 vary with the electrode
dimensions of the transmitter and receiver respectively. Cr2,
Lr2, and Rr2 represent the cavity resonance phenomena of
the TE110 mode. These values varied depending on the
mode used. From the obtained element values, additional
resonators and J -inverters shown in Fig.4 are designed using
equation (1)–(6). Conventional CR-WPT systems use match-
ing circuits to suppress the power reflections at only
one frequency. The proposed system can set arbitrary
bandwidth and PTE as numerical values by applying the
theoretical design equation of the resonant coupled band-pass
filter(equation (1)–(6)) to the CR-WPT system.
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where ω0 is an angular center frequency; gi is the i-th
g-parameter; w is the specific bandwidth; and impedances ZA
and ZB denote the input and output ports, respectively. The
ω0 was set to 119.3 [rad/s] from the WPT frequency. The
g-parameters were calculated with Chebyshev character-
istics of 0.46 dB ripple, 2.0 MHz bandwidth, 50 �

input port impedance, and 100 � output port impedance.
Then, from (1) to (6), the element values of the newly
added resonator and J -inverter were designed using the
g-parameters and WPT frequency. To operate the WPT
system as a BPF, the design frequency was set to the WPT
frequency. The input/output impedance was determined so
that the fabricated prototype could be measured with a
vector network analyzer(VNA). The bandwidth is wider than
conventional, and the ripple is set to the smallest possible
value. The element values of the equivalent circuits shown
in Tables 1 and Table 2 were calculated by respectively
fitting the EM analysis results and the measured results to

the equivalent circuits. Then, from equation (1) to (6), the
element values of the newly added resonator and J -inverter
were designed using the g-parameters. The designed elements
were attached to the transmitter and receiver, and EM
analysis was performed. The resonant circuit connected to the
analytical model of the transmitter and receiver is shown in
Fig.6. Fig.7 presents the results(S11) of setting the element
values obtained by the equivalent circuitization and resonator
design to the EM analysis model. In Fig.7(a), the proposed
method generated three poles, which the conventionalmethod
matched at a single frequency point. In Fig.7(b) proposed
method operated with the three resonators coupled with
electromagnetic fields, whereas the conventional method
operated in such a way that they could be matched at a single
point. A discussion of experimental and analytical errors will
be added as an error analysis. The average error between
the circuit analysis and EM analysis was 7.42pt. The error
is caused by the resonance frequency of added resonance
circuits changed due to the effect of transmission lines. The
abovementioned results show that the CR-WPT system can
be designed based on the filter design theory from the EM
analysis.

FIGURE 3. Equivalent circuit of the system.

FIGURE 4. Equivalent circuit with additional circuits.

TABLE 1. The values of equivalent circuit elements for CR-WPT(Analysis).

III. EQUIVALENT CIRCUIT METHOD IN THE EXPERIMENTS
As revealed in the previous section, the equivalent circuiti-
zation is necessary for the CR-WPT system design based
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FIGURE 5. Placement of transmitter and receiver in EM analysis.

FIGURE 6. Transmitter and receiver geometries.

on the filter design theory. However, it was not possible to
measure the scattering matrix on the receiver side inside the
cavity. Only the scattering matrix on the transmitter side
can be measured. In the proposed method, the value of the
load connected to the power-receiving device is varied in
multiple patterns, and the equivalent circuit element values
are estimated from the one-port measurement results of
multiple patterns. The F-matrix in Fig.3 is calculated as
follows using equation (7).
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With the F to S matrix conversion, the scattering matrix
on the transmitter side is expressed in equation (8). From
equation (8), in which the scattering matrix on the transmitter
side varies with the port impedance on the receiver side.
Therefore, to derive the element values of the equivalent
circuit from the measurement results, ZB was varied to the
seven patterns of 24, 51, 100, 150, 201, 300, and 1000 �,
and one-port measurement was performed. Fig.8 shows the
setup in which the scattering matrix is measured in one-port.
The equivalent circuit of the differential power receiver was
indirectly calculated by deriving the element values matching

the equivalent circuit of the obtained one-port measurement
results in Fig.3. Table 2 presents the equivalent circuitization
results. The proposed theory of equivalent circuitization is
considered to be correct, as it is in close agreement with the
results of the EM analysis, Table 1. The above results indicate
that the proposed equivalent circuit method for the actual
device was completed and the equivalent circuit element
values were estimated.

TABLE 2. The values of equivalent circuit elements for
CR-WPT(Experiment).

FIGURE 7. Analysis results of adding resonators to EM analysis software.

FIGURE 8. One-port measurement setup.

IV. MEASUREMENT OF THE SCATTERING MATRIX ON
REAL EQUIPMENT
In this chapter, the external resonators were designed and
experimented with based on the filter design theory. Fig.9
illustrates the transmitter and the receiver with the fabricated
resonators and J -inverters. The meander-shaped transmitter
and spiral-shaped receivers were used in previous studies
[23]. However, the patch shape shown in Fig.9 did not
significantly change the scattering matrix, so the patch shape
was adopted for ease of fabrication. Again, the size of the
transmitter and receiver was set to the smallest size which
would not lower the PTE while checking the results of
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the EM analysis. The resonators for implementation in the
power transmitter and the receiver were designed using the
equivalent circuit element values presented in Table 2 and
equations (1) to (6). A resonator with three stages, 0.46 dB
ripple, 2 MHz bandwidth, and 118.9 MHz center frequency
obtained from the one-port measurement was designed and
optimized to have a high PTE using the equivalent circuit
analysis. Table 3 shows the resulting element values. The
structure of the additional resonator is shown in Fig. 10.
The additional resonator was constructed using chip element
capacitors and air-core inductors, taking into account the
effect of the Q–value. Fig.11 shows the measurement results
of the scattering matrix when the LC components shown in
Table 3 aremounted on a board. Theoretically, there should be
three poles, but in Fig.11(a) there are two. The Smith chart for
Fig.11(b) depicts that it behaved as if one pole was reduced
from the trajectory in Fig.7. It is considered that the two poles
are due to the low Q factor of the inductor and variations
in the element values of C12 and C23. The inductors were
hand-wound and yielded a Q-factor of approximately 150 at
around 120 MHz. The capacitors were chip elements with
a Q-factor of approximately 3000. The low Q-factor of the
inductor was the reason for the two poles.

FIGURE 9. Transmitter and receiver with resonators and J-inverter.

TABLE 3. Resonator newly implemented and J-Inverter element values.

FIGURE 10. Additional resonator structures.

Fitting the equivalent circuit in Fig.4 to the experimental
results, a circuit analysis of the PTE yielded the results

demonstrated in Fig.12, suggesting that a PTE of approxi-
mately 50% can be obtained. The PTE is derived from S21
obtained by circuit analysis as in equation(9).

PTE = S21 × S21 × 100[%] (9)

FIGURE 11. Experimental results with additional resonators.

FIGURE 12. Circuit analysis of WPT.

V. CONFIRMATION OF POLES IN THE EXPERIMENT
This chapter, confirms the generation of three poles in the
actual machine, which was not confirmed in the previous
section. The two poles in the previous section were generated
due to the low Q-factor of the device for implementation
and the element value variation of C12 and C23. Accordingly,
the transmitter and the receiver were fabricated and adjusted,
such that C12 and C23 had the same value. The designs of the
resonators and J -inverters were not changed, only the elec-
trode sizes of the transmitter and receiver were changed. The
experiment was conducted using the transmitter and receiver
shown in Fig.13. These were expected to result inC12 andC23
values close to those of the simulation. The equivalent system
circuitization by the fitting as before resulted in the element
values shown in Table 4. The resonance circuit designed by
equation (1)–(6) was implemented. The scattering matrix was
then measured and the results are shown in Fig.14. The figure
shows three generated poles and three circles on the Smith
chart. Therefore, it can be seen that in the actual device, a total
of three resonators, consisting of a cavity and two additional
resonators, are combined to operate as a bandpass filter.

VI. DESIGN AND MEASUREMENT OF RECTIFIER CIRCUITS
To provide DC power to a load, a rectifier circuit must be
connected to the power receiver. Rectification is performed
herein using the voltage doubler rectifier circuit shown in
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FIGURE 13. Transmitter and receiver shapes.

TABLE 4. The values of equivalent circuit elements for
CR-WPT(Experiment).

FIGURE 14. Results of connecting the resonator to the actual machine.

FIGURE 15. Circuit diagram of a voltage doubler rectifier circuit.

FIGURE 16. Voltage doubler rectifier circuit.

Fig.15. In the circuit, a matching circuit is inserted in its
first stage because the input impedance of the rectifier circuit
alone is far from 100 �, and connecting it directly to the
electrode resulted in a large power reflection. A rectifier
circuit with 100 � input and 2500 � output was realized
by implementing the element values listed in Table 5.

Fig.16 shows the rectifier circuit. The output resistance of
2500� was adopted, which has the highest rectification
efficiency based on circuit analysis of load characteristics.
A balun circuit for the rectification efficiency measurement
was connected to the circuit in Fig.16. The frequency was
designed to provide the highest commutation efficiency
at 120 MHz. Fig.17 shows an experimental system for
measuring the rectification efficiency of a rectifier circuit.
The circuit analysis and experiment results obtained from
implementing the elements in Table 5 to Fig.18 are provided
here. Both the experimental and analytical results were in
excellent agreement with each other, depicting rectification
efficiencies of 40%–60%. The power consumed by the load
is proportional to the square of the voltage, so the higher
the voltage, the greater the error. In other words, the RF–DC
efficiency is the result of multiplying the RF–RF efficiency
in Fig.12 by the rectification efficiency, defined as the WPT
efficiency of the proposed system. The operation of the
rectifier circuit obtained from the circuit analysis is shown
in Fig.19. The output voltage Vout is approximately twice the
differential voltage Vin input to the rectifier circuit.

FIGURE 17. Experimental system for rectifier circuits.

TABLE 5. Rectifier circuit element values.

FIGURE 18. Rectification efficiency.

VII. POWER TRANSMISSION EXPERIMENT
In this chapter, WPT was performed from the transmitter to
the receiver. Fig.20 and 21 illustrate the CR-WPT system
used in the experiment. In this study, 2 W power at 120 MHz
was applied to the cavity. The signal generator frequency
was swept between 116 and 122 MHz in 0.2 MHz steps.
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FIGURE 19. Rectifier circuit operation.

FIGURE 20. CR-WPT block diagram.

FIGURE 21. Experiment environment.

FIGURE 22. Position of a single power receiver.

First, the PTE was measured for the single power receiver.
Then, a power transmission experiment was conducted with
the receiver installed at the position shown in Fig.22. Fig.24
presents the RF–RF efficiency obtained by the circuit analysis
software and experiments. The average error between the
circuit analysis and the experimental results for the RF–RF
efficiency is 1.5 pt, indicating that the PTEworks as expected.
The electric field distribution calculated by the EM simulator
is shown in Fig.23. The closer to the center in the cavity
resonator, the stronger the electric field is obtained. RF–RF
efficiency (PTE) is derived as in equation (10) using Vout
measured by the voltmeter of the receiver, the load resistance
RL , and the rectification efficiency ηRC of the rectifier circuit.

The circuit analysis and experimental results showed a close
agreement, proving that the equivalent circuit configuration
was correct and operated according to theory.

Next, a comparison with the conventional method was
performed [23]. The case involving the installation of one
power receiver in a cavity was compared with that involving
the installation of eight power receivers. Fig.25 demonstrates
the installation position with an increased number of
receivers. Fig.26 shows the RF–DC efficiencies obtained.
In Fig.26(a), the proposed method had a wider bandwidth and
a higher maximum efficiency than the conventional method.
High efficiency can be achieved with the proposed method
bandwidth, even if the frequency at which the maximum
efficiency can be achieved shifts due to the changes in the
environment inside the cavity resonator(e.g., an increase in
the number of power receivers in Fig.26(b)). The proposed
method achieved an efficiency of approximately 10% at
119.5–121 MHz, indicating that it can achieve almost the
same characteristics as the systemwith a fixed feed frequency
of 119 MHz. A comparison of bandwidths shows that
efficiencies of more than 10% can be achieved at a wider
range of frequency than with conventional ones.

TABLE 6. PTE at the feeding frequency of 118.8 MHz.

TABLE 7. Comparision of reported WPT system.

TABLE 8. Comparision of other methods of WPT system.

This is followed by verification against the strength of
the position misalignment of the receiver. The receivers are
placed in turn at the four locations in the cavity resonator
shown in Fig.27 and the change in PTE is measured. Fig.28
shows the results of the strength of the position shift for
the conventional and proposed methods. The PTE at a feed
frequency of 118.8 MHz is shown in Table 6. At three
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FIGURE 23. Electric field distribution in cavity resonators.

FIGURE 24. Efficiency comparison of the circuit analysis and experiments.

FIGURE 25. Positions of eight power receivers.

FIGURE 26. Difference in the efficiency depending on the number of
power receivers(RF-DC efficiency).

positions, the PTE was found to be improved by the proposed
method over the conventional method and was found to be
more resistant to the position misalignment of the receiver
than the conventional method.

Compared with conventional methods, a wideband system
can be built with a single receiver. As the number of receivers
increases, the peak value of PTE shifts to lower frequencies
than before. However, it has the advantage of being able
to provide WPT with higher efficiency for larger spaces
than previously possible. Comparisons with other studies are
shown in Table 7. There is a trade-off between the size of
the receiver and the PTE. A comparison of the fractional

FIGURE 27. Position of the receiver to verify the strength of the position
misalignment.

FIGURE 28. PTE at each position.

bandwidth shows an improvement over previous studies.
Therefore, it is possible to supply power to numerous power
receivers without adjusting external circuits. Table 8 shows a
comparison with other WPT systems. The advantage of the
rectenna method is that the feed frequency does not change
depending on the number of power receivers, but the input
power available is restricted by law and efficiency is low.
This makes it difficult to charge several sensors at a time.
CR WPT can input power higher than the rectenna method
due to the suppression of leakage electromagnetic fields [23]
because the power is transmitted within a shielded space. This
means that power can be supplied to many sensors at once.
The proposed method maintains high efficiency even with
variations in the number of power receivers, as opposed to
other CRWPT systems that are specifically tuned to a certain
frequency. It is believed that the proposed method is more
suitable for WSNs than other methods.

PTE =
V 2
out

Pin × RL × ηRC
× 100[%] (10)

VIII. CONCLUSION
This study developed a design theory of systems based on
the design theory of filters to popularize systems that use
WSNs. First, the CR-WPT system was modeled and made
into an equivalent circuit using the EM analysis software.
Next, the obtained equivalent circuit element values were
combined with the band-pass filter design theory to design
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a resonant circuit for incorporation into the CR-WPT system.
Three poles were generated after the appropriate elements
were set, and an EManalysis was performed. The filter design
theory can clearly be theoretically applied. The transmission
experiments showed that the proposed method can achieve
a bandwidth of 2.0 MHz while the conventional method can
achieve a PTE of 20% at approximately 0.6 MHz, which is
approximately thrice its bandwidth.
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