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Link Design and Techniques of Microwave Power Transfer for
Latest Power Utilization Systems on Beyond-5G/6G
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SUMMARY The expansion of the communication area is expected for
Beyond-5G/6G networks using the High Altitude Platform Station (HAPS),
Internet of Things (IoT), and sensor devices. Beyond-5G/6G networks con-
stitute the vast amounts of devices that require the latest power utilization
system. We expect Microwave Power Transfer (MPT) plays a role in the
wireless power supply to HAPS, IoT, and sensors in this network. This
work discusses the link design and techniques of MPT for the newest power
utilization system required on Beyond-5G/6G networks.
key words: Microwave Power Transfer, Beyond 5G/6G, Magnetron, simple
beamformer

1. Introduction

Microwave Power Transfer (MPT) is planned to be used
in next-generation power utilization systems for wireless
energy supply. High Altitude Platform Station (HAPS),
drones, and Internet of Things (IoT) are likely to be em-
ployed for Beyond 5G/6G communications. Furthermore,
sensor network systems are required to bring society 5.0
where cyberspace and physical are fused by digital transfor-
mation techniques. In addition, the use of HAPS and drone
base stations are expected to expand the area of data com-
munications services. These flying base stations require a
constant power supply. MPT is an effective method for pow-
ering drones or HAPS in flight.

MPT techniques have been previously discussed and
reported. In 1964 Brown reported an MPT demonstra-
tion for a flying helicopter [1]. Brown also demonstrated
30 kW power transfer within a 1.54 km distance using a
large parabolic antenna in 1975 [1]. Moreover, a Station-
ary High Altitude Relay Platform (SHARP) was proposed
in Canada in 1980 [2]. The SHARP was designed to pro-
vide 500 kW of electricity to an unmanned airplane in the
stratosphere. In Japan, a MIcrowave Lifted Airplane eX-
periment (MILAX) was tested in 1992 [3]. In the MILAX
demonstration using a 4 kg unmanned airplane, 1.25 kW
of electricity was transferred at 2.411 GHz at an altitude of
10 m. In 1995, Energy Transmission to a High Altitude
Long endurance airship ExpeRient (ETHER) was demon-
strated in Japan [4]. In the ETHER experiment, 10 kW of
power was transferred at 2.45 GHz at a 45 m altitude uti-
lizing a 16 m blimp. The beam-type wireless power transfer
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(WPT), including MPT, was intended to be used for wireless
power charging of mobile or wearable devices, sensors, and
IoT. The establishment of beam-WPT has been discussed on
ITU-R since 2013 [5].

MPT systems for the next-generation power utiliza-
tion systems should be built around large-aperture anten-
nas. Additionally, MPT system configurations for HAPS
have been previously reported and discussed. The SHARP
projects assumed an 80 m diameter Tx antenna for MPT to
an airplane at 20 km altitude at 5.8 GHz [2]. In [2], the
large-scale rectenna array with 86 cm diameter was demon-
strated. A large-aperture antenna also helps increase an-
tenna gain, improving the power transmission efficiency.
It is possible to use a phased array technique for beam-
forming in the MPT system. Generally, many studies on
phased array antennas for MPT have been published [6]–
[11]. In [6], a 5.8 GHz phased array antenna with 256
elements was created. Ishikawa et al. reported flat-topped
beamforming based on the phased array antenna established
in the experiment for MPT to electric vehicles [7]. In con-
ventional research reported by the author, a technique for
side-lobe reduction based on tuning GaN amplifiers was
demonstrated [8]. In addition, when it comes to MPT for
IoT or sensors, a large-aperture antenna system based on
the phased array antenna is beneficial for high-efficiency
power transmission. The beamforming technique based on
the phased array antenna helps the MPT system for IoT or
sensors that require multitargeting and tracking for many de-
vices.

The MPT system enables the distribution of HAPS,
drone, IoT, and sensor networks over Beyond-5G/6G net-
works and society 5.0. In Japan, the institution for the MPT
system at 920 MHz, 2.4 GHz, and 5.7 GHz has already been
discussed. However, the transmission efficiency of these
MPT systems at the sub-6 frequency is based on a few as-
sumptions. The sub-6 frequency band is home to 99.98%
of all radio stations. Therefore, it is critical to discuss op-
timal frequencies. Improving efficiency is also essential for
achieving social goals. In this paper, we first discuss the link
design of MPT systems for HAPS and IoT. During this dis-
cussion, we determined an appropriate frequency for each
application. Next, we introduce the crucial techniques for
MPT to HAPS or IoT.

Copyright c© 2022 The Institute of Electronics, Information and Communication Engineers
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Fig. 1 The coordinate system for calculating the microwave propagation
using Fresnel diffraction.

2. Link Calculation Methods

2.1 Microwave Propagation

Friis transmission formulas are commonly used in wireless
system propagation design. However, the Friis transmission
formula is a calculation method assuming a Fraunhofer dis-
tance and cannot be used for Fresnel distances. A method
of deriving the received electric field distribution from the
Fresnel diffraction equation is utilized to compute the link
budget at a Fresnel distance. In this equation, the electro-
magnetic field on the receiver aperture is calculated using
the source wave interference on the transmission aperture.
The electric field distribution f on the receiver aperture is
calculated employing the following equation based on the
coordinate system as shown in Fig. 1;

f (u, v) = A′
∫ ∫

g(x, y)e j k
2D (x2+y2)e− j k

D (ux+vy)dxdy, (1)

A′ =
1

jλD
ejk(D+ u2+v2

2D ), (2)

where g(x, y) is the electric field on the transmission aper-
ture, λ is the wavelength, k is the wave number, and D is the
distance between the transmission and receiving antennas.

The antenna size causes a path difference in the Fres-
nel, leading to a phase difference on the Rx antenna surface.
This phase difference provides an efficiency reduction. As
a result, we assume focused beam tuning of the phase dis-
tribution on the Tx antenna aperture to compensate for the
path difference. In the focused beam, the phase distribution
arg g(x, y) on the Tx aperture is given by the following equa-
tion;

arg g(x, y) � − k
2D

(x2 + y2). (3)

2.2 Rainfall Attenuation

Rainfall generally affects microwave propagation. Thus, it
is crucial to understand the impact of rainfall on link bud-
gets in MPT systems. The model of rain attenuation γ per
1 km is standardized by ITU-R [12]–[14] via the following
equation;

Fig. 2 State-of-the-art rectifier efficiency.

γ = kRα (4)

α =

5∑
j=1

⎛⎜⎜⎜⎜⎜⎝a j exp

⎡⎢⎢⎢⎢⎢⎣−
(

log10 f − b j

c j

)2⎤⎥⎥⎥⎥⎥⎦
⎞⎟⎟⎟⎟⎟⎠ + mα log10 f + cα,

(5)

where f is frequency, k is wave number, and R is rain rate
per hour. Furthermore, aj, b j, c j, mk, and ck are dependent
on the path elevation angle and polarization tilt angles are
provided as the constant values in [12].

2.3 Rectifier Efficiency

The rectifier is a core technology for the MPT system. The
high-efficiency rectifiers have been previously discussed and
reported. The RF-to-DC efficiency of state-of-the-art recti-
fier reported in [15]–[20] is plotted in Fig. 2. According to
Fig. 2, the efficiency logarithmically decreases with increas-
ing frequency. The rectifier efficiency is approximated by a
logarithmic curve and incorporated into the line design. The
following equation represents the approximate curve;

ηrec = −0.06 ln f + 0.92, (6)

where ηrec is the rectifier efficiency, and f is the frequency.

3. Target Applications and Models

3.1 HAPS

The HAPS is expected to expand the area of mobile commu-
nications and environmental observations. At an altitude of
about 20 km, the stratosphere has more stable weather than
the troposphere, making it suitable for a fixed-point flight of
unmanned flying objects.

In this link calculation, we assume a system model as
shown in Fig. 3 and rectangular Tx and Rx antenna aperture
with an area of 5674 and 0.58 m2, which are the same an-
tenna square measurements as in the SHARP [2]. We also
assume that the antennas face each other for simplicity. The
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Fig. 3 MPT system model for HAPS on 20 km stratosphere.

Fig. 4 The calculated transmission efficiency based on Friis and Fresnel
equations and fraunhofer distance for MPT system to HAPS.

calculated transmission efficiency and boundary to a Fraun-
hofer distance from a Fresnel distance are shown in Fig. 4.
The Fraunhofer distance, calculated as 2D/λ2, is the bound-
ary between the Fraunhofer and Fresnel distances. Accord-
ing to Fig. 4, the Friis equation is split with Fresnel to pro-
vide a uniform phase distribution for the Tx antenna aper-
ture. This gap widens with increasing frequency. According
to the Fraunhofer distance, the antenna size provides Fres-
nel propagation in this frequency band, contributing to the
overestimation of the Friis equation result. In the focused
beam, the phase difference distribution on the Tx antenna
aperture is tuned, enhancing the transmission efficiency at
a Fresnel distance. Consequently, the result based on Fres-
nel with focus beam tuning is improved, which matches the
results based on the Friis equation. This result exhibits the
effectiveness of focused beams for MPT systems in HAPS.

The rainfall affects the long-rang MPT to HAPS by
attenuating microwave propagation. Furthermore, rainfall
attenuation can be calculated by (4). For the sake of sim-
plicity, we assume that the path elevation and polarization
tilt angles are both zero. Additionally, we calculated the
propagation assuming a 10 km microwave attenuation sec-
tion because rainfall generally exists in the troposphere up
to about 10 km in altitude. The standard values for heavy

Fig. 5 Rain attenuation on the MPT system for HAPS.

Fig. 6 Transmission efficiency calculated using the focus beam based on
the Fresnel diffraction equation with rainfall attenuation.

rain warnings are approximately 10 to 50 mm/h. The cal-
culation results of the attenuation based on rainfall with 1.0,
10, 30, and 50 mm/h for MPT to HAPS are illustrated in
Fig. 5. According to Fig. 5, we found that heavy rain has
an effect on microwave propagation at higher frequencies.
The transmission efficiency calculated using focused beams
based on the Fresnel diffraction equation with rainfall atten-
uation is shown in Fig. 6. According to Fig. 6, the transmis-
sion efficiency degradation for each rainfall rate increases
with rainfall attenuation at high frequencies. Even if it is
negatively influenced by 1.0 mm/h rainfall, the MPT with
high frequency has higher efficiency compared to the sub-
6 mm-wave frequency range. However, microwaves cannot
propagate in the mm-wave frequency range at speeds greater
than 10 mm/h. Figure 7 depicts transmission efficiency by
incorporating the rectifier efficiency from Fig. 2 into Fig. 6.
According to Fig. 7, the transmission efficiency at the mm-
wave frequency is also hugely attenuated compared to sub-6
frequency.

The received power on the MPT system for the HAPS
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Fig. 7 Transmission efficiency computed utilizing the focus beam based
on the Fresnel diffraction equation with rainfall attenuation and rectifier
efficiency.

Table 1 Received power at 500 kW transmission for HAPS.

Freq. 1 mm/h 10 mm/h 30 mm/h 50 mm/h

2.4 GHz 0.21 kW 0.21 kW 0.21 kW 0.21 kW

5.7 GHz 1.18 kW 1.12 kW 0.96 kW 0.79 kW

24 GHz 11.75 kW 1.43 kW 0.04 kW 0.001 kW

at 2.4, 5.7, and 24 GHz is listed in Table 1. Moreover, 2.4,
5.7, and 24 GHz are the ISM frequency bands discussed
for application in the MPT system in the ITU-R or many
consortiums. In this calculation, we assume 500 kW power
transmission as proposed on SHARP projects [2]. The trans-
mission efficiency, rainfall attenuation, and rectifier efficacy
are based on received power. This calculation does not con-
sider that DC power combined from each rectifier is not in-
cluded in this computation. It should also be noted that the
calculation excludes the deterioration of propagation char-
acteristics due to turning flight. This calculation clarified
the critical conclusions of determining the appropriate fre-
quency and developing MPT operation rules for rainfall.
According to Table 1, the greater received power is obtained
with up to 10 mm/h of rainfall in the MPT system based
on 24 GHz RF propagation compared to 2.4 and 5.7 GHz.
However, the received power significantly decreased above
10 mm/h rainfall. This result indicates the need for a system
that restricts MPT operation for rainfall of up to 10 mm/h.
According to [21], the mission allowable electric power for
an unmanned solar plane such as Helios and Pathfinder Plus
(Aero Viroment Inc.) is up to 1 kW. We confirmed that
the calculated received power for up to 10 mm/h rainfall at
24 GHz meets the allowable mission electric power require-
ments.

3.2 IoT

IoT businesses are continually growing, and their numbers
are expected to surpass one trillion by 2030. Furthermore,

Fig. 8 MPT system model for IoT up to 10 m distance.

Fig. 9 The calculated transmission efficiency based on Friis and Fresnel-
Kirchhoff equations and Fraunhofer distance for MPT system to IoT

high-sensitivity digital twin systems comprising massive
sensors for an epochal society are projected. Our society
must address the issue of power supply for massive devices.
MPT systems are a critical technology for supplying several
devices. In this paper, we introduce the microwave propa-
gation calculation to the IoT or sensor antennas.

Figure 8 displays the MPT system model at a 10 m
distance, assuming the application of a 50 cm × 50 cm Tx
antenna and targeting a device with a size of 5 cm × 5 cm.
Assuming that the aperture efficiency is 100-%, the antenna
gain is calculated utilizing 4πS/λ2 where S is the antenna
size, and λ is the wavelength. As a result, the antenna gains
of 43.0 and 23.0 dBi at 24 GHz frequency are obtained for
antenna sizes of 50 cm × 50 cm and 5 cm × 5 cm, respec-
tively. In this calculation, we tune the phase distribution on
the Tx antenna aperture to provide the focused beam. The
calculated results, including the Fraunhofer distance, are il-
lustrated in Fig. 9. Since these results are primarily calcu-
lated in Fresnel conditions, the Friis equation is split with
Fresnel to provide uniform phase distribution for the Tx an-
tenna aperture (see Fig. 9). On the other hand, the calculated
result based on the focused beam improves the transmission
efficiency and approaches the Friis formula.

Figure 10 presents the rain attenuation calculated us-
ing (4), assuming propagation for 10 m. According to these
findings, rainfall has little effect on microwave propagation.
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Fig. 10 Rain attenuation on the MPT system for IoT at 10 m distance.

Fig. 11 Transmission efficiency employing focused beam based on Fres-
nel diffraction equation with rainfall attenuation.

This conclusion is supported by Fig. 11, depicting the trans-
mission efficiency calculated using a focused beam based on
Fresnel diffraction with rainfall attenuation.

The transmission efficiency in Fig. 12 calculated by us-
ing a focused beam based on the Fresnel diffraction equation
with rainfall attenuation and rectifier efficiency is shown in
Fig. 2. Additionally, the approximate curve (6) based on the
state-of-the-art rectifier reports is used in this calculation.
According to Fig. 12, we confirmed that the rectifier effi-
ciency reduction at high frequencies slightly decreases the
transmission efficiency.

In 2016, the Federal Communication Commission
(FCC) decided that the maximum Equivalent Isotropically
Radiated Power (EIRP) from a base station for 5G is
75 dBm/100 MHz [22]. In this link design, the received
power is calculated using a reference value of up to 75 dBm
EIRP. We assumed using a 44.37 dBi Tx antenna with a
50 cm × 50 cm aperture to calculate transmission efficiency.
As a result, we assume a 1 W power transmission in this link
design, providing the 74.37-dBm EIRP for the Tx antenna.

Fig. 12 Transmission efficiency calculated using focused beam based on
Fresnel diffraction equation with rainfall attenuation and rectifier efficiency.

Table 2 Received power at 1 W transmission for IoT or sensors.

Freq. 1 mm/h 10 mm/h 30 mm/h 50 mm/h

2.4 GHz 0.33 mW 0.33 mW 0.33 kW 0.33 mW

5.7 GHz 1.75 mW 1.75 mW 1.75 mW 1.75 mW

24 GHz 27.25 mW 27.05 mW 26.59 mW 26.14 mW

Table 2 lists the received power on the MPT system for the
IoT or sensors with a 5 cm × 5 cm antenna aperture at 2.4,
5.7, and 24 GHz. The transmission efficiency, rainfall atten-
uation, and rectifier efficacy are based on the received power.
This calculation does not consider the DC power combin-
ing from each rectifier. According to Table 2, we confirmed
that the MPT based on a 24 GHz frequency transmits more
power to the target compared to 2.4 and 5.7 GHz. Rainfall
has little effect on received power in each frequency band.
We confirmed that we would receive enough power to run
the IoT devices requiring a few mW of power, such as tags,
electronic shelf labels, and sensors.

4. Key Techniques

The conclusions in the previous section signify that the
transmission efficiency at higher frequencies is enhanced
compared to the sub-6 frequency. However, the calculation
was based on the necessity of a large-aperture antenna and
beamforming such as a focused beam. The high-efficiency
MPT requires the large-aperture beamformer based on a
phased array antenna.

Figure 13 shows the configuration of the large-aperture
beamformer. The output phases of each antenna are tuned in
this configuration, which provides beamforming functions
for target tracking and focused beamforming. Given that
the MPT for HAPS requires a 5674-m2 antenna aperture, it
is feasible to use a parabolic array for antenna units. The
antenna units are beam steered via mechanical driving such
as gimbals. Furthermore, the phase variance between an-
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Fig. 13 The configuration of large-aperture beam former.

tenna units due to the path difference should be tuned on
the RF sources. Conversely, replacing the antenna parabolic
units with phased array antenna units is useful, considering
the MPT for IoT or sensors. The phased array technique
is widely used in massive-MIMO data communication. For
MPT, beamforming based on the phased array technique has
been discussed [23]–[28]. In this section, we discuss the key
techniques for configuring the antenna system depicted in
Fig. 13.

4.1 High-Power Transmitter

For the MPT system to HAPS, a high-power transmitter is
required. High-power vacuum oscillators are widely used,
such as Klystron, Gyrotron, and Magnetron. The Klystron
and Gyroton, which are used in many fields such as radar,
communication, and plasma, can operate above the Ka-
band frequency. Alternatively, Magnetrons above 1 kW
are widely used up to the C-band frequency, which is ex-
pected to be an inexpensive RF source. Magnetrons are used
in microwave ovens and are cost-effective, high-power RF
sources. However, the Magnetron output signal is gener-
ally unstable, resulting in a broad frequency spectrum. In
this section, taking the Magnetron as an example, the output
phase control method of the transmitter using the injection-
synchronization phenomenon is explained.

Recently, an MPT system based on phase tuning Mag-
netron techniques was proposed [29]–[33]. The output sig-
nal of a phase-locked Magnetron is synchronized by an in-
jected signal, allowing for high spectral purity and accu-
rate phase control of the transmitter. Phase tuning Mag-
netron based on injection locking technique was reported
in our research [34]. The two-way Magnetron transmitter
was used for the demonstration, as shown in Fig. 14. In
this demonstration, 1 kW Magnetron units (M5803, Pana-
sonic) operated at 5.8 GHz were used. An RF signal for
phase tuning is injected into the Magnetrons through a cir-
culator in this configuration, which provides output phase
locking. Figure 15 depicts the measured output spectrum
of a Magnetron, including and excluding injection locking.
According to Fig. 15, the RF signal for injection locking im-

Fig. 14 Magnetron transmitter with injection locking for output phase
tuning.

Fig. 15 Measured output spectrum from the Magnetron including and
excluding injection locking.

Fig. 16 Measured output phase from the phase tuning Magnetrons.

proves the broad spectrum and provides the narrowband out-
put spectrum. Figure 16 illustrates the output spectrums of
each Magnetron. According to Fig. 16, the measured output
phase from “Magnetron2” tuned by the input phase follows
the value of the phase shifter setting proportionally.
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Fig. 17 Antenna configuration for simple beam steering based on
traveling-wave feeding.

4.2 Simple Beam Former

The beamforming technique based on the phased array an-
tenna has been used in numerous fields such as radar, mo-
bile communication, and MPT. In wireless systems, digital
beamforming is widely used on MIMO systems such as 5G
communication. Moreover, RFIDs are used to tune the am-
plitude and phase of each antenna element in the full-digital
beamforming system. The RFIDs generally consist of RF
circuits such as a phase shifter, amplifier, and mixer. The
full-digital beamformer requires as many RFICs as the an-
tenna element, meaning that the same amount of RFICs is
necessary for this beamformer and phase control system as
the conventional parallel-fed array antenna.

The required antenna elements are increased to
6400 elements at 24 GHz, assuming a 0.5 λ antenna
pitch and considering the Tx antenna with an aperture of
50 cm × 50 cm for MPT to IoT or sensors, as shown in
Fig. 8. Designing a simple and reasonable antenna system
in the conventional phased array is challenging when attach-
ing the RFIC to each antenna element. In our research, we
proposed a technique based on traveling-wave feeding [35].

The antenna configuration for simple beam steering
based on traveling-wave feeding is illustrated in Fig. 17.
The beam angle in this configuration is dependent on the
phase difference between adjacent antenna elements. More-
over, the two-way DC bias of VDC1 and VDC2 provides the
two-dimensional (2D) beam steering, assuming the output
phase from the phase shifters tuned by a DC bias voltage.
Figure 18 presents the conflation of large-aperture beam-
former based on the traveling-wave antenna units. The 2D
traveling-wave antennas are used for the antenna units in-
stead of the parabolic antennas, as shown in Fig. 13. We ob-
tained the measured radiation patterns at 5.8 GHz frequency
(see Fig. 19 and Fig. 20) using the traveling-wave antenna,
as shown in Fig. 17. According to Fig. 19 and Fig. 20, we
confirmed the 2D beam steering by only tuning VDC1 and
VDC2.

Fig. 18 The conflation of large-aperture beam former based on the
traveling-wave antenna units.

Fig. 19 Measured radiation patterns on phi = 0 ◦ axis when tuning the
VDC1.

Fig. 20 Measured radiation patterns on phi = 90 ◦ axis when tuning the
VDC2.
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5. Conclusion

The expansion of the communication area using HAPS is
expected in Beyond 5G/6G networks. Furthermore, power
supply to IoT or sensors is required for using an expanded
function for Beyond 5G/6G network-based station. As a re-
sult, we anticipate that the MPT will supply wireless power
to HAPS, IoT, and sensors in Beyond-5G/6G networks for
the most current power utilization system.

The link design of MPT systems for targeting HAPS
and IoT was discussed using simple transmission models.
Rainfall attenuation and rectifier efficiency were included in
these models. We confirmed the calculated received power
up to 10 mm/h rainfall at 24 GHz satisfies the mission al-
lowable electric power, assuming transfer for a HAPS at a
20 km altitude. Furthermore, we received sufficient power
for running the IoT devices, such as tags, electronic shelf
labels, and sensors requiring a few mW of power. These re-
sults are calculated with the Tx and Rx antennas facing each
other, and the effect of the antenna’s position and orientation
is still in question.

Furthermore, this paper introduced the key technolo-
gies for constructing a large-scale antenna aperture for MPT
systems for HAPS and IoT. The antenna array system with
phase tuning based on the injection-lock Magnetron was in-
troduced in the MPT system for HAPS requiring a high-
power transmitter. On the other hand, a simple beamformer
based on traveling-wave feeding for the MPT system to IoT
or sensor was introduced. These techniques were applied to
build a simple and reasonable antenna system, significantly
reducing social implementation challenges.
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