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Abstract: This study proposes a patch antenna with an H-shaped slot with direct matching and
harmonic tuning (rejection) functions for microwave power transfer. This antenna enables an in-
tegrated active antenna in which the power amplifier and antenna are directly connected without
using a matching circuit for the fundamental frequency and harmonic rejection filter to improve
the efficiency of the amplifier. The integrated design also reduces the total size of the amplifier and
antenna, allowing for a higher-density array antenna. Characteristic mode analysis was performed to
explain the working principle of the harmonic rejection function. The designed antenna at 5.8 GHz
was fabricated to study its harmonic tuning function. The magnitude of the reflection coefficient
of the proposed antenna was at a fundamental frequency of —40.4 dB for an amplification device
with an optimum load impedance of 100 Ohm. At the second harmonic frequency, the magnitude
and phase of the reflection coefficient at the second harmonic frequency were —0.79 dB and —177.6°,
respectively; at the third harmonic frequency, they were —0.92 dB and —179.5°, respectively. Finally,
the designed antenna was integrated into an amplifier circuit to verify that it achieved similar drain
efficiency as when using the impedance tuner. It was confirmed that the harmonic rejection function
of the proposed antenna increases the drain efficiency of the integrated power amplifier by 5.5%. The
measurements revealed that this antenna is suitable for use in microwave power transfer because of
its fundamental matching and harmonic-processing capabilities.

Keywords: microstrip patch antenna; microwave power transfer; active integrated antenna; class-F
load; harmonic tuning antenna; characteristic mode analysis (CMA)

1. Introduction

In recent years, microwave power transfer technology has attracted increasing atten-
tion. This technology transmits power over long distances and is used for solar power
generation in space and power transfer to moving objects, such as drones and airships [1].
At the transmitter side of the microwave power transfer system, it is crucial to reduce the
switching losses of power amplifiers to enhance efficiency. Harmonic tuning filters, such
as class-F load circuits, are commonly used for this purpose [2,3]. There are two types of
class-F load circuits: concentrated constant circuits and distributed circuits. Distributed
constant circuits use open or short stubs [4,5], whereas concentrated constant circuits use
capacitors and inductors [6]. However, both configurations increase the circuit size, which
is a considerable problem when it consists of an active planar array antenna because the
element spacing is limited by the size of the integrated amplifier.

Conventional amplifiers and antennas are designed with an input/output impedance
of 50 () and are connected using an interconnect. This method is effective for low-frequency
systems; however, at high frequencies, losses occur at the interconnect. To solve this prob-
lem, active antennas consisting of a power amplifier element, an F-class load circuit, and a
power transmission antenna on the same substrate are widely adopted [7,8]. Accordingly,
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the antenna and amplifier are designed as a single unit, eliminating the requirement for an
interconnect, and reducing system cost and loss. Thus, the integrated design of a power
amplifier and antenna is practical. In this case, the antenna impedance is designed to be
the optimal load impedance of the power amplifier. The antenna is directly connected to
the power amplifier without using a matching circuit or interconnect cable.

A harmonic rejection function in an antenna is a vital technology consisting of an active
antenna. Numerous harmonic rejection structures have been proposed for suppressing
harmonic radiation. Common examples include defected ground structures (DGSs) [9-11]
and electric bandgaps (EBGs) [8,12]. However, these methods change the structure of the
ground plate of the feed line and combine it with an antenna element, resulting in a larger
size. Several harmonic-processing patch antennas with different patch-element geometries
have been proposed [13-15]. Both antenna miniaturization and harmonic processing have
been achieved. However, the magnitudes of the harmonic reflection coefficients and the
phase adjustments are crucial for improving the efficiency of the amplifier. As the phase of
the reflection coefficient cannot be adjusted in these methods, it is insufficient to improve
the efficiency of the amplifier. More recently, research has been conducted to provide
antennas with a class-F load circuit to reduce the size of active antennas and enhance
the efficiency of amplifiers [16]. A class-F load patch antenna and a planar inverted-F
antenna (PIFA) have achieved the impedance of a class-F load circuit [17,18]. Both of them
have high efficiency and small sizes because the antenna element functions as a class-F
load circuit. However, because these antennas have wide directivity, they are suitable for
communication systems but not microwave power transfer.

To address this problem, a high-gain patch antenna with the impedance of a class-
F load circuit with short pins was reported for microwave power transfer [19,20]. The
proposed antenna simultaneously achieves a higher efficiency for the amplifying element
and a high gain. However, the three-layer structure and the use of short pins caused
manufacturing errors that adversely affected the performance of the antenna.

A two-layer patch antenna with an H-shaped slot that has a class-F load impedance
is proposed in this study. This antenna comprises a two-layer structure, which elimi-
nates manufacturing errors. A patch antenna with two H-shaped slots [21] matches the
fundamental reflection coefficients with open third-harmonic reflection coefficients and
satisfies some of the conditions of the class-F load impedance described in Section 2. In
this paper, we propose an improved version of the patch antenna with two H-shaped slots.
This antenna satisfies the conditions for the magnitude of the second-harmonic reflection
coefficient, as well as fundamental and open third-harmonic matching. First, the design
criteria and optimization results are presented. Then, the operating principle is explained
by means of a characteristic mode analysis. Finally, measurements of the antenna alone,
and experiments with an antenna integrated with an amplifying element, are performed.

2. Design of H-Shaped Slot Antenna

To improve efficiency in power-amplification elements, class-F amplifiers are com-
monly employed. The F-class loading conditions are described as follows:

1. Match for fundamental frequency;
2. Open for odd harmonics;
3. Short for even harmonics.

Under condition (2), the third-order harmonics are more power-dominant than the
higher harmonics (fifth and seventh orders). Similarly, under condition (3), the second-
order harmonics are more dominant in terms of power than the higher harmonics (fourth
and sixth orders). Considering these conditions, the class-F loading conditions for the
loading impedance of the proposed antenna are as follows:

1.  Match impedance for fundamental frequency (5.8 GHz);
2. Short impedance for second harmonic (11.6 GHz);
3. High reflection coefficient for third harmonic (17.4 GHz).
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Figure 1 illustrates the proposed antenna. The antenna comprises a two-layer structure.
As shown in Figure 1, an H-shaped slotted patch element and microstrip line were placed
on the top layer, and the bottom layer was the ground plate. The drain of the amplifying
element is assumed to be connected to the microstrip line end. The materials of the
conductor and the details of the substrate are shown in Table 1, and the variable ranges
of the dimensions in the optimization are presented in Table 2. The input impedance of
the microstrip line was set to 100 (), which is the optimal load for the amplifying element.
The operating frequency of the proposed antenna was set to 5.8 GHz. The parameters in
Figure 1 were determined for each part to satisfy the three conditions via optimization.
A method using moment-based electromagnetic simulation software was employed for
this analysis.

Figure 1. Proposed antenna model and its parameters.

Table 1. Material and dimension of the substrate during optimization.

Material of the Conductor PEC
. Rogers RT5880
Material of the substrate (6 = 2.2, tan 8 = 0.0005)
Thickness of the substrate 0.787 mm
Area of the substrate Infinite plane
Table 2. Designed range and definition of each parameter.
Parameters Definition Variation Range (mm)  Designed Value (mm)

s Length of the strip line 10-30 18.32
w Width of the strip line 0.75 0.75

I Horizontal dimension of the 10-20 16.05
patch element

L Vertical dimension of the 10-35 28.30
patch element

I3 Penetration length 0.5-5 3.45

Horizontal dimension of the
M H-shaped slot 0.1-6 203

Vertical dimension of the
hy H-shaped slot 1.0-8.0 3.40

h3 Width of the H-shaped slot 0.1-1.5 0.76
dq Location of the H-shaped slot 0-10 8.525
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3. Simulation Result

In this section, the proposed antenna is compared with a conventional microstrip
patch antenna without a slot to demonstrate the functionality of the H-shaped slot in the
antenna. Figure 2 presents the simulated reflection coefficients of the conventional MPA
and the proposed antenna. The conventional patch antenna contains the structure of the
proposed antenna minus an H-shaped slot. The reference impedance was set to 100 (), the
optimum load for the amplifying element. The reflection coefficients of the fundamental
waves are lower than those of the conventional patch antenna, whereas those of the second-
and third-harmonic waves are higher than those of the conventional antenna. This confirms
that the H-shaped slot in the patch antenna enables it to handle the harmonics.
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Figure 2. Reflection coefficient of the proposed patch antenna and conventional patch antenna
(simulation).

Figure 3 illustrates the simulated reflection coefficients of the antenna at the funda-
mental frequency, second harmonic, and third harmonic. The reference impedance was
100 ), the optimum load for the amplifying element. At the second harmonic, the phase
and magnitude of the reflection coefficient were —0.25 dB and —179.9°, respectively. Those
at the third-harmonic frequency were —0.48 dB and 178.8°, respectively. It can be confirmed
that the proposed antenna satisfies the class-F loading conditions (1), (3), and part of (2).
At the third-harmonic frequency, the phase of the reflection coefficient can be changed by
adjusting the microstrip line length.

=R o f0

i1

Figure 3. Impedance of the proposed patch antenna at fundamental (f0) and second (2f0)- and third
(3f0)-harmonic frequencies (simulation).
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Subsequently, the gain was simulated to confirm the function of the antenna. The
gains of the antenna for the E and H planes are illustrated in Figure 4. The maximum gain
was 7.52 dBi in the frontal direction of the antenna. The efficiency of the proposed antenna
was 95.0%.

Figure 4. Antenna gain pattern (simulation).

Figure 5 illustrates the current distribution at the fundamental, second-harmonic, and
third-harmonic frequencies.

(©)

Figure 5. Current distribution of the proposed patch antenna. (a) Fundamental frequency. (b) Second-

harmonic frequency. (¢) Third-harmonic frequency.
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In Figure 5a, the current is an anti-node at the center of the patch element and a
node at the edge of the patch element, which corresponds to the behavior of a typical
patch antenna.

Figure 5b,c depict that the current on the patch element was very low at the second-
and third-harmonic frequencies, indicating that the radiation from the patch element
was low.

4. Characteristic Mode Analysis

In this section, the principle of operation is examined from the viewpoints of modal
significance and eigenmode current. To investigate the effect of the H-shaped slot, the
proposed model was compared with one in which the H-shaped slot was removed.

The relationship between the modal significance and the reflection coefficients is
illustrated below. Figure 6 presents the frequency response of the modal significance of
the model with removed slots. Figure 7 presents the frequency response of the modal
significance of the proposed model.
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Figure 6. Modal significance of the proposed patch antenna without slot.
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Figure 7. Modal significance of the proposed patch antenna with the slot.

When comparing the frequency characteristics of the two modes, it is evident that
the frequencies at which the maxima of each mode occur are different. These changes are
most likely caused by the slots. The frequency of the TM (transverse magnetic) 01 mode
shifts slightly to a lower frequency. Following the frequency shift, the TM01 mode reaches
a maximum of 5.8 GHz. It is assumed that this leads to a lower reflection coefficient at
5.8 GHz. Subsequently, we observed that the frequency of the TM02 mode remains almost
unchanged. Therefore, we can ascertain that the slot had minimal effect on the TM02 mode.

The frequency of the TM03 mode shifts significantly to a lower frequency. After the
frequency shift, the TM03 mode reaches a maximum at a frequency away from the third-
harmonic frequency (17.4 GHz). Accordingly, the reflection coefficient at the frequency of
the third harmonic is considered to have increased.
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Figure 8 illustrates the current distribution of the TM01 mode. The length of the
bypassed current path corresponds to a half-wavelength of 5.8 GHz. Accordingly, the TMO01
mode is assumed to have reached its maximum value at 5.8 GHz.
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(b)

Figure 8. Current distribution of the TM01 mode. (a) Conventional patch antenna. (b) Proposed
H-slot antenna.

The current distribution in the TM02 mode is shown in Figure 9. The current distribu-
tion in the TM02 mode remained almost unchanged because of the slotting of the nodes of
the current distribution, as illustrated in Figure 10. Accordingly, the frequency at which the
TMO02 mode reached its maximum value also remained unchanged.

}W it W .,.M{ | 1 by ! FB
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Figure 9. Current distribution of the TM02 mode. (a) Conventional patch antenna. (b) Proposed
H-slot antenna.
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Figure 10. Current distribution of the TM03 mode. (a) Conventional patch antenna. (b) Proposed
H-slot antenna.

The current distribution in the TM03 mode is depicted in Figure 10. In the TM03 mode,
as shown in Figure 10, most of the current is diverted because a slot is added to the belly of
the current distribution. The length of the diverted current path was longer than that of the
third-harmonic frequency. Accordingly, the TM03 mode has an extremely low maximum
frequency compared to the other modes.

For this antenna, the vertical length of the patch was designed to be smaller than the
half-wavelength of the frequency used, 5.8 GHz. The antenna was designed such that
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resonance occurred at frequencies higher than 5.8 GHz and at integer multiples of these
frequencies. Additionally, the resonance frequency changes with the addition of slots.
By changing the resonance frequency, the TM01 mode resonates at 5.8 GHz. Therefore,
the reflection coefficient is small at the operating frequency of 5.8 GHz. The TM03 mode
resonates at approximately 16.5 GHz, which is far from the third-harmonic frequency of
17.4 GHz. Therefore, the reflection coefficient is larger at the third-harmonic frequency.

5. Measurement Result of Proposed Antenna

Figure 11 displays a photograph of the fabricated antenna. Figure 12 shows the
magnitude of the reflection coefficient when the frequency was swept from 5 to 18 GHz.
The reference impedance was 100 (2, the optimum load for the amplifying element. The
resonance frequency was 5.8 GHz for the analysis value and 5.83 GHz for the measurement,
resulting in an error of 0.5%. In Figure 12, it is clear that the analytical and measured values
are almost identical.

Figure 11. Photograph of the fabricated antenna.
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Figure 12. Reflection coefficient of the proposed patch antenna (measurement and simulation).

Figure 13 illustrates a Smith chart plot of the reflection coefficients at the fundamental,
second-harmonic, and third-harmonic frequencies. At the fundamental frequency, the
magnitude of the reflection coefficient was —30.0 dB. At the second-harmonic frequency, the
magnitude and phase of the reflection coefficient were —0.79 dB and —177.6°, respectively.
At the third-harmonic frequency, they were —0.92 dB and —179.5°, respectively. These
results are extremely close to the analytical values, and the fabricated antenna satisfies the
class-F loading conditions (1) and (3), as well as part of (2).
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Figure 13. Impedance of the proposed patch antenna at fundamental and each harmonic frequency
(measurement and analysis). The reference impedance is 100 ohm, the optimal load impedance of the
integrated power amplifier.

Figure 14 illustrates the measured radiation pattern in the E and H planes at the
fundamental frequency. The analytical and experimental values of the co-polarization and
cross-polarization agreed in the E and H planes, respectively. The maximum measured
gain in the E plane was 6.38 dBi, and that in the H plane was 7.82 dBi. The analytical and
measured values for cross-polarization were less than —20 dBi in both the E and H planes.

— sim. co-pol - == sim. cross-pol
—— meas. co-pol - — - meas. cross-pol

150

180 180

210 210

240 300 240 300
270 270

(a) (b)
Figure 14. Antenna gain at fundamental frequency (5.8 GHz). (a) E plane. (b) H plane.

6. Discussion

This study proposed a harmonic-processing antenna as a transmitting antenna for
microwave power transfer. The motivation for this is that the antenna has some of the func-
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tions of the amplifier, and the integrated design with the amplifier facilitates minimizing
the size of the system. Therefore, an H-shaped patch antenna was proposed, analyzed,
and measured. We also investigated the principle of harmonic processing using CMA to
understand the mechanism of harmonic rejection.

Table 3 presents a comparison of the antennas proposed in this study with those
described in [9,13-16]. The table compares them in terms of the reflection coefficient at
each frequency with and without phase adjustment, gain, and antenna efficiency. From this
comparison, it is evident that the fundamental matching performance, gain, and efficiency
of the proposed antenna are suitable for MPT. The harmonic-processing performance of the
proposed antenna is worse than that of other antennas; however, it is superior to that of
a phase-tuned antenna [16]. Therefore, it is possible to reduce the switching losses of the
amplifier and enhance its efficiency.

Table 3. Comparison with other harmonic-suppression antennas.

Design . Antenna
Technique Phase |r(fO) ‘ (dB) |r(2f0)| (dB) ‘r(3f0)| (dB) Gain (dB) Efﬁciency (o/o)
. —30.0 —0.79 —0.93 7.82 +
This Work ~ H-Shaped Slot O 404t _025 1 _048t 750t 95.0
[9] Stub, DGS X —25*F —0.1*F —0.3*F NA NA
[13] U-Shaped Slot X —14* —0.5* —-0.2* 6.18 NA
[14] Edge Patch X —-175* —-0.1*% —0.6* 7.6 79.0*
—22.0* —0.96 —-1.1
[15] U-Shaped Slot X _a 0t _oa7t o067t 4.0 83.1
[16] PIFA X —24* -0.3 -0.2 6.7 NA
[18] Shorting Pins O -11.1t —28t 291 NA NA

* Read value from figure. t: simulation value. (): with adjustment function. x: without adjustment function.
NA: not designated.

The proposed antenna is capable of handling harmonics by providing H-shaped
slots to conventional microstrip antennas. This principle was investigated using CMA.
By introducing the H-shaped slot, the anti-node of the current path is bypassed at the
fundamental frequency, and the current path is longer than the length of the patch element.
The H-shaped slot is located at a node in the current distribution at the second- and third-
harmonic frequencies and does not affect the current path. Thus, by introducing H-shaped
slots in the patch element, which has the function of processing the second and third
harmonics, only the current path of the fundamental wave is affected, and the fundamental
wave is also matched. This technology could be used in antennas for beyond-5G and other
microwave power transfer systems to process more harmonics.

7. Experimental Results of Power-Amplifier-Integrated Antenna

Measurements were performed to evaluate the performance of the power-amplifier-
integrated antenna and the effectiveness of the proposed antenna. Figure 15 displays
a photograph of the fabricated power-amplifier-integrated antenna, which integrates a
two-layer patch antenna with an H-shaped slot with a power amplifier. The proposed
harmonic tuning antenna is directly connected to the drain of the power amplifier element
without using a matching circuit because the harmonic tuning antenna has the optimal
load impedance of the power amplifier. Although the optimal load impedance is a complex
value, the imaginary part is realized by the bias circuit. Thus, the H-shaped slot antenna
provides real impedance for the fundamental frequency. The reflection phase of the harmon-
ics can be tuned by the connecting line length between the power amplifier chip and the
antenna element without having to worry about the fundamental wave impedance change.
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Figure 15. Photograph of the fabricated power-amplifier-integrated antenna.

The performance of the power amplifier inside the power-amplifier-integrated antenna
and the power amplifier with the tuner reproducing the impedance of the H-shaped slot
patch antenna were compared to confirm the correlation. Upon confirming this correlation,
an experiment was conducted to determine the effect of the harmonic reflection function of
an H-slot antenna.

Power amplifier performance within the power-amplifier-integrated antenna was
calculated using the procedure described below. The power propagation test with a power-
amplifier-integrated antenna was performed in a Candox Systems 445t26A3 anechoic
chamber. The power-amplifier-integrated antenna was set in the direction of maximum
power reception, and the effective isotropic radiation power (EIRP) was derived from the
value of the received power. The output power of the power amplifier was calculated from
the EIRP value based on the antenna gain, which was evaluated separately.

When evaluating the power amplifier using the tuner, the impedance of the H-shaped
slot patch antenna was measured up to the third harmonic, and the impedance was
reproduced by the third-harmonic tuner following the removal of the influence of the
connector during the measurement, and the power amplifier performance was measured
using the tuner.

The results are illustrated in Figure 16. The maximum gain of the amplifier was 27.1 dB
for an input power of 1 dBm. The maximum power-added efficiency was 44% for an input
power of 11 dBm, which was not so high because this report was to show the concept and
demonstration of a power-amplifier-integrated antenna. We will improve the performance
by using a newly designed power amplifier chip and optimizing the length between the
power amplifier and the antenna element.

The measured values agreed well, and we believe that the power amplifier perfor-
mance inside the power-amplifier-integrated antenna was reproduced by the tuner load.

To confirm the effect of harmonic reflections, the second- and third-harmonic impedances
in the tuner were set to low reflection values, ideally zero. Figure 17 compares those results
with the results of the performance of the power amplifier with the H-shaped slot patch
antenna, which has a high reflection coefficient of the second and third harmonics. The
drain efficiency decreased by 5.5% compared with the antenna impedance. This result shows
the effects of the harmonic reflection function of the H-shaped slot patch antenna. Further
improvements can be expected by adjusting the phase of the connection with the power
amplifier.
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Figure 16. The measured output power, gain, and power added efficiency. The trace of “PIA” is
the measurement result of the power-amplifier-integrated antenna shown in Figure 15. The trace of
“tuner” is the measured value when the power amplifier is directly connected to an impedance tuner
whose impedance was set to the antenna impedance shown in Figure 3.

50.00 100,00
—&— Pout_ANT Pout_2f3f50
—#— Gain_ANT Gain_2f3f50
40.00 —o— Deff-ANT Deff_2f3fS0 80.00
©
Z 3000 5 o
£ E
g a
o
5 20.00 . -
&
10.00 2000
0.00 0.00
0 5 10 15 20
Pin(dBm)

Figure 17. Effect of the harmonic reflection function of the antenna on the output power, gain, and drain
efficiency of the amplifier. These results are the measured values when an impedance tuner is connected
to the amplifier as a load impedance. The trace “_ANT” shows the measured value when the antenna
impedance for the fundamental, second-harmonic, and third-harmonic frequencies shown in Figure 3
are set to the impedance tuner. The trace “_2f3f50” shows the measured value when the impedance for
harmonic antenna impedance for the fundamental frequency shown in Figure 3 is set to the tuner, but
an impedance of 50 ohm is set for the second- and the third-harmonic frequency.
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8. Conclusions

A two-layer patch antenna with an H-shaped slot with a harmonic rejection function
has been proposed. The model was designed to satisfy the impedance conditions of
matching at the fundamental frequency (5.8 GHz), which is short at the second-harmonic
frequency (11.6 GHz), and has a high reflection coefficient at the third-harmonic frequency
(17.4 GHz). Experiments in the 5.8 GHz range confirmed a reflection coefficient of —30.0 dB
for the fundamental frequency, —0.79 dB and —177.6° for the second-harmonic frequency,
and —0.92 dB and —179.5° for the third-harmonic frequency. The measured gain was
7.82 dBi.

The operating principle of the antenna was also investigated by using CMA. The size
of the proposed antenna is smaller than the half wavelength of the fundamental frequency
(5.8 GHz). For this reason, this antenna was de-tuned for 5.8 GHz, 11.6 GHz, and 17.4 GHz.
Therefore, reflection coefficient of the 11.6 GHz and 17.4 GHz increased. The H-shaped slots
detour the current path only for the fundamental frequency. Accordingly, input impedance
at 5.8 GHz was adjusted to the desired value.

The proposed antenna was integrated with an amplifier to verify whether the drain effi-
ciency of the power amplifier was realized with the proposed antenna when the impedance
tuner was directly connected.

The maximum gain of the integrated amplifier was 27.1 dB for an input power of
1 dBm. It was confirmed that the drain efficiency improved by 5.5% by using the proposed
harmonic tuning antenna.

It was further investigated how to make the third-harmonic impedance open to
achieve the class-F function condition. We believe that the highly efficient power-amplifier-
integrated antenna can contribute to the higher efficiency of wireless power transfer. In
addition, the proposed antenna design technique can be used to reduce the size of the
antenna for beyond-5G applications. The tuning of the third-harmonic phase to fully satisfy
the class-F condition is an area for further study.
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