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ABSTRACT Power beaming is one of the core technologies for microwave power transmission (MPT)
systems. Effective plane-to-plane power beaming requires not only high point-to-point efficiency but also
appropriately-shaped beam to extract the best performance of receivers (rectennas). Flat-top beam plays
an important role in plane-to-plane power beaming for drones where the output dc power from rectennas
should be maximized to drive motors. It is challenging to develop a large-scale flat-top-beam array with
appropriate distribution circuits. Sequential array is also required to suppress axial ratio on the receiving
plane. In this paper, we proposed a simplified but effective way to create a large-scale sequential array for
flat-top beam at C-band. The series feed and block-oriented sequential array were adopted to keep the circuit
design and fabrication simple while obtaining a sufficient point-to-point efficiency and good axial ratio on
the receiving plane. A 196-element phased array with microstrip antennas was developed by subdividing
the whole array into four 49-element blocks for simplicity of the circuit design and implementation of
block-oriented sequential array. The efficiency between the transmitting ports and the receiving ports was
50.6 % in simulations and 32.0 % in measurements. In the measured flat-top beam, the transmitted power
was uniformly concentrated within the receiving plane and the axial ratio of the beam was successfully
suppressed to less than 3 dB on most of the receiving area. A flight test of a microwave-powered drone was
conducted where a micro-drone successfully flew for seven minutes only with wireless power.

INDEX TERMS Drone, flat-top beam, large-scale array, microwave power transmission, sequential array.
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I. INTRODUCTION

Wireless Power Transfer (WPT) is expected to play a signifi-
cant role in a modern society with abundant electrical devices.
In 2006, a research group at Massachusetts Institute of Tech-
nology performed an innovative WPT experiment involving
resonance coupling and revealed that WPT systems were no
longer limited to a few centimeters of transmission distance
[1]. This discovery kindled zeal of brilliant researchers and en-
gineers for development of various types of WPT technologies
such as resonance coupling, microwave power transmission
(MPT), laser WPT and so on [2]-[4]. Among those types of

WPT, MPT is perceived as a suitable method for middle- and
long-range power transmission. In MPT, power beaming is
one of the core technologies because it enables to power elec-
trical devices from several meters to several tens of thousands
of kilometers away [S]-[7]. In this research field, the prime
focus has been put on increasing point-to-point efficiency and
several researchers and research groups theoretically verified
that it was possible to increase the efficiency to 100 % with
adequate sizes of a transmitter and a receiver in nearfield
[6]-[8]. According to [9], “beam collection efficiency exceed-
ing 15 % is only possible if the link distance is less than
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the far-field distance of at least one of the two apertures”.
When W. C. Brown ef al. achieved the world record of MPT
system efficiency (54 %) in 1975, they also put transmitting
and receiving antennas closely and generated near-Gaussian
beam by the dual-mode horn to obtain more than 90 % of
beam collection efficiency [10], [11].

However, the transmitted beams used in those preceding
studies were all conventional ones, such as Gaussian beam, fo-
cused beam, and beam radiated from a horn antenna. Although
those beams are useful to increase point-to-point efficiency to
an adequate level, they are missing another important point
for an effective power beaming system. The important point is
that highly-efficient power beaming is conducted between the
plane of a transmitting array and the plane of a receiving array
in nearfield. Therefore, it is necessary to more discuss plane-
to-plane power beaming for a highly-efficient and practical
WPT system. In the plane-to-plane beaming, beam pattern
illuminating the surface of a receiving array has to be taken
into account in addition to point-to-point efficiency. The beam
pattern has a great effect on the availability of maximum dc
power and quality of power conversion efficiency (PCE) on
rectifiers.

Enhancing output power performance of rectennas (recti-
fiers and antennas) has been discussed particularly in MPT
systems to flying targets because driving dc motors on a flying
vehicle consumes a substantial amount of power. Historically,
MPT experiments for flying targets have been conducted by
several research groups [12]-[14]. In the 1960s, W. C. Brown
conducted microwave-powered helicopter experiments with
Raytheon, where the helicopter was flown for a continuous
period of 10 hours at an altitude of 60 feet with the aid of
Gaussian beam and over 4000 rectification diodes [12]. In
1987, a Canadian research group conducted a famous WPT
experiment called Stationary High-Altitude Relay Program
(SHARP) where a 4.1kg airplane flew with 150W of dc
power at 2.45 GHz [13]. In 1992, a Japanese research group
conducted MPT experiments for a model aircraft at 2.411
GHz, which is called the Microwave Lifted Airplane eXperi-
ment (MILAX) [14]. In those experiments, researchers tried
enhancing the output power of rectennas by expanding the
antenna aperture area. This aperture expansion was possible
because the aircrafts were prepared only for the experiments.
However, the interest in MPT has greatly shifted from ex-
perimental aircrafts to practical drones over the last decades
[15]-[17]. According to Civil Aviation Safety Authority of
Australian Government, drones are categorized into five types
depending on its weight [18]. Even the lightest and smallest
type of drone (micro-drone) requires more than 20 W of dc
power to fly despite that the body size including propellers is
typically less than a square of 15 cm [19]. In this case, It is in-
dispensable to extract maximum dc output performance from
a limited aperture area of rectennas. Hence it is required to
create an appropriately-shaped beam that gives every aperture
of antenna elements the maximum radio-frequency (rf) power
and extracted the highest dc output power as a whole while
maintaining point-to-point efficiency at a high level.
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TABLE 1. Summary of Preceding Studies for Flat-Top Beam

Freq. Feeding Ele. HPBW
Ref. (GHz) Network Pol. number (deg)
Microstrip .
[23] 5.8 (Series feed) Linear 6 108
Meta Over
[24] 10.1 surface N/A 76 34
1.71 . . Over
[25] 174 Microstrip N/A 10 20
Microstrip
[26] ) (Parallel and Circular 10 30
series feed)
[27] 5 ey Linear 16 30
eaky-wave
This Microstrip .
study 5.74 (Series feed) Circular 196 10

In that circumstance, our research group is proposing flat-
top beam as a key component of practical MPT systems [20],
[21]. The concept of flat-top beam was initially proposed
in wireless communication field for the sake of expanding
an area of wireless access and ensuring the homogeneous
availability of wireless communication in the area [22]. This
technology is applicable to power beaming for the purpose
of uniform illumination on the receiving plane. We demon-
strated that uniform illumination with flat-top beam greatly
improved the performance of rectifiers at 2.45 GHz in terms
of maximum output power and PCE [21]. In this preceding
study, however, there was a fatal problem with plane-to-plane
wireless power transmission with flat-top beam. The received
pattern of the receiving array was as deformed as the beam
no longer functioned as flat-top beam due to the polarization
mismatch and the manufacturing errors of the transmitting
antenna for flat-top beam.

As seen above, it is necessary to invent a simple and scal-
able manufacturing method for a transmitting array radiating
flat-top beam with good circular-polarization property. Flat-
top beam requires specific excitation patterns of amplitude
and phase for transmitting elements. Since the excitation pat-
tern of amplitude is similar to sinc-function, power should be
unevenly distributed to each antenna [20]. Hence, it is really
challenging how to feed signals to antennas with appropriate
amplitude and phase for flat-top beam excitation. In Table 1,
they are proposing the experimental methods to make flat-top
beam [23]-[27].

The abbreviations in the table, Pol., Ele. number, and
HPBW respectively stand for polarization, element number,
and half-power beamwidth of an array antenna. In [25] and
[26], they formed the feeding network with the microstrip-line
dividers based on parallel feed. Parallel feed is very useful
in terms of isolation between ports. However, this feeding
network tends to become too large to integrate the circuit with
an array antenna. Moreover, a highly-deviated distribution
ratio makes the line width of a A/4 impedance transformer
impracticably small. In [23], they implemented the feeding
network with the microstrip-line divider based on series feed.
It contributed to shortening the feed line length and making
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the whole circuit compact. However, in this preceding study,
a scalable manufacturing method wasn’t proposed and as a
matter of fact, the element number was 6. In [24], [27], they
are respectively introducing metasurface and substrate inte-
grated waveguide (SIW) leaky-wave as feeding networks for
flat-top beam. However, those kinds of feeding networks are
too complicated to scale up to a large number of phased array.
To make a feed network scalable, its design scheme should be
simpler. In those preceding studies, the developed arrays have
76 elements at most. A small number of array elements will
lead to wide HPBW, which cause a poor point-to-point effi-
ciency due to insufficiency of beam intensity. In the first place,
wireless communication focuses to widen the beamwidth for
broad communication area while WPT focuses to narrow it for
high point-to-point efficiency. For micro-drone applications,
the beamwidth is required to be 10 degree, given that a re-
ceiver size is a square of 146 mm and a transmission distance
is 0.8 m. Therefore, it is indispensable to propose a scalable
method to create flat-top beam maintaining a sufficient level
of point-to-point efficiency with a large number of elements.

In this paper, we are proposing a scalable and effective
method to implement flat beam. We manufactured and mea-
sured a 196-element array antenna for flat-top beam excita-
tion. The element number is more than two times as many
as those in the preceding studies. The operation frequency of
5.74 GHz was chosen partly because it is included in Indus-
trial, Scientific, and Medical (ISM) frequency band and there
are a lot of high-quality microwave components and devices
on the market such as solid-state power amplifiers, Schottky
barrier diodes and measurement devices. Besides, it has an
advantage in compact size of antennas and circuits over 2.45
GHz. For another reason, 5.74 GHz is one of the frequency
channels in Japanese new electromagnetic regulations which
will be enacted at the end of this year [28], [29]. Those back-
grounds drove us to investigate this topic with this frequency
band. We’re aiming to use the flat-top-beam array developed
here for charging a flying drone wirelessly. Therefore, the
polarization of this array antenna was designed as circular
polarization. It’s necessary to create a charging spot for drones
in the air where rf power is sufficiently concentrated while
keeping axial ratio low.

Il. THEORETICAL ANALYSIS OF FLAT-TOP BEAM

Theoretical analysis of beam radiated from a phased array
antenna is conducted by (1) to (3), shown at the bottom of the
next page, where M, N and k represent a total element number
in x-axis, a total element number in y-axis, and wave number
in a vacuum, respectively. (x, y, z) and (r,0,9) are variables
in Cartesian coordinate system and polar coordinate system,
respectively. wy n represents a complex array weight includ-
ing amplitude and phase information. A calibration factor C
is a dimensionless quantity that is required to match a total
radiation power with Pt. Pt is a sum of excitation power of
all antennas. pg represents power density at a calculation point
(x,3,2). F(0,p) represents a synthesized amplitude component
at the calculation point (x,y,z) in nearfield. E (0,¢) represents
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Frequency (GHz) 5.74
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FIGURE 1. Beamforming analysis using Woodward Lawson method. (a)
Coordinates and antenna positions for beamforming. (b) Beamforming
conditions. (c) Beamforming results of flat-top beam.

an element factor in 6 and ¢ direction. Since E (6,p) is the
ratio of antenna gain of an element to that of an isotropic
antenna, it is a dimensionless quantity. As shown in Fig. 1(a),
a transmitting array and a receiving area are put on the planes
z = 0 and z = zo with those centers aligned. Since the in-
dices m and n mean array numbers in x-axis and y-axis, the
position of the m-th and n-th element is written by a vector
Pmpn (X, yn,0). r and ry,, are vectors from the array center
to the calculation point and from the m-th and n-th element
position to the calculation point, respectively. Note that r =
|r| and r,, = |Fm,ul. In (2), an amplitude component ascribed
to the m-th and n-th element is calculated at each calculation
point by multiplying E(6, ¢) by wpm ,, exp(—jkrm ), and
1/ JVar Tm.n. €xp(—jkrm n) corresponds with phase change by
wave propagation while 1/ \/Erm,n corresponds with ampli-
tude decrement by dissipation of wave. Here, the more accu-
rate E(60, ¢) is, the closer the analyzed pg gets to practical
values. Therefore, the element factor of a microstrip antenna
(MSA) was calculated by electromagnetic simulations on CST
STUDIO SUITE in advance and the exported element factor
was employed as E(0, ¢) in this study. Woodward Lawson
method was adopted as a beam design method of flat-top beam
[20], [30]. Using this scheme, the beam width of flat-top beam
can be adjustable so as to be suitable for a specific application.
Since we aim to charge a micro-drone in mid-range with flat-
top beam, the conditions of power transmission are given as
shown in Fig. 1(b). The transmission distance (zg) is 0.8 m, the
number of transmitting elements is 16-by-16, and the receiv-
ing area is a square of 146.4 mm. Fig. 2 shows the calculated
power and phase distributions of the flat-top beam array. Us-
ing these weights, a two-dimensional beam pattern was calcu-
lated as shown in Fig. 1(c). The flat-top beam pattern has 144
mW/cm? and 61.9 % of beam efficiency when the total radia-
tion power was 50 W. The beam efficiency is a ratio of the re-
ceived power integrated in the receiving area to the total radi-
ation power. Coefficient of variation (CV), which is a ratio of
the standard deviation of power density at calculation points
to the average, was 0.20. As a reference, CV was calculated as
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FIGURE 2. Power and phase distributions for the flat-top beam. (a)
Heatmap of power distribution (dBm). (b) Heatmap of phase distribution
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FIGURE 3. Dimensions of a single microstrip antenna for the transmitting
array.

0.18 with the array of isotropic antennas when it had the same
array weight as in Fig. 2. It means that element factors had less
influence on the synthesized pattern than array factors did.

IIl. SIMULATIONS FOR FLAT-TOP BEAM

A. ELEMENT SIMULATIONS

A phased array antenna that radiates the flat-top beam de-
signed in Section II is simulated in electromagnetic simula-
tions on CST STUDIO SUITE. First, an MSA was designed
as an element for a phased array on a dielectric substrate
NPC-F260A (1.6-mm thickness) provided by Nippon Pillar
Packing Co. Ltd. The relative permittivity and the loss tangent
were 2.56 and 0.0015, respectively. As shown in Fig. 3, the
two corners of the element were cut off in triangles to make
the element right-handed circularly-polarized (RHCP). The
reflection coefficient (S11) at 5.74 GHz was -22.6 dB. The
boresight gain and axial ratio at 5.74 GHz were 7.3 dBi and
0.34, respectively.

B. ARRAY SIMULATIONS

A 16-by-16-element phased array was modeled in the simula-
tions using the element above, as shown in Fig. 4(a). Follow-
ing the theoretical analysis in Section II, the element interval
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FIGURE 4. Simulation models of the array antennas for flat-top beam.
(a) 16-by-16-element array. (b)14-by-14-element array.
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FIGURE 5. Simulated power density of the flat-top beam on the x-y plane
(z = 0.8 m). (a) Results of the 16-by-16-element array. (b) Results of the
14-by-14-element array.

was set to 0.82X (42.8 mm). The coaxial components simulat-
ing SMA connectors were attached behind the MSAs and sig-
nals were excited with waveguide ports where the amplitudes
and phases designed in Section II were given. In addition to
this model, another array model was prepared for the purpose
of exciting the same flat-top beam with fewer elements. In
Fig. 2(a), the excitation power levels in the third and four-
teenth rows in x-axis and in the third and fourteenth columns
in y-axis were more than 30 dB lower than those of the center
elements. It is supposed that elements in those lines don’t con-
tribute to the consequent radiation pattern of the flat-top beam.
Therefore, those elements were eliminated in the second array
model as shown in Fig. 4(b). The reduction in element number
will make distribution circuit design easier. In the simulations,
electrical and magnetic fields radiated from the phased array
were monitored on the plane 0.8 m away from the phased
array at 5.74 GHz and Poynting vectors were calculated to
plot the power density pattern on the receiving plane. In Fig. 5,

pa (x,y,27) = PrF(x,y,2)°

6]

M N
F(x,9,2)=CY > |E©,$) wnnexp (= jkrmn) /N 47 rmn )
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FIGURE 7. Simulated axial ratio on the receiving area (146 x 146 mm)
which is 0.8 m away from the transmitter. (a) Results without the proposed
sequential array method. (b) Results with the proposed sequential array
method.

the power density patterns were compared between the 16-by-
16-element array and the 14-by-14-element array when the
total transmitted power was 1 W. As shown in this figure,
both the beam patterns and the power levels were almost the
same between those two. Hence, to simplify the distribution
circuit design, the 14-by-14-element array was chosen as the
phased array to be developed in the following sections. For
wider understanding, the variations of beam efficiency and
CV of a radiated flat-top beam were calculated with respect
to variable threshold values for element elimination, using
(1) to (3). For example, the threshold of -30dB means that
elements with the excitation power 30dB less than the peak
power were eliminated from the array in Fig. 2. The results
are shown in Fig. 6, where the vertical axes were written by
ratios to respective values of beam efficiency and CV written
in Fig. 1. As the threshold increased, CV gradually became
larger while beam efficiency stayed almost the same. It is seen
that CV began to increase from the threshold of -20 dB and
exceeded 1dB around the threshold of -15dB. Therefore, it
can be concluded that the threshold of less than -20 dB was
tolerable in this case.

C. BLOCK-ORIENTED SEQUENTIAL ARRAY

Axial ratio in the receiving area was also calculated from
the Poynting vectors obtained in the simulations of the 14-
by-14-element array in Fig. 7(a). The axial ratio was higher

VOLUME 2, NO. 2, APRIL 2022

. Input 4
‘ (Phase: -270°) i \

3 ) o) 1 e (A1 R R R EE
ojol |ojojojoiojojolojolol jojo
5[] aleloioiagne 5ol nput 3
| [Bl6 clololols GG 2 &
Inout 1 EENEEEEEEEEEEN EE (Phase: -180°)
P! G ENEEEEEEEEEENEE
(Phase: 0°) o | [6io] [olololoiolololololol 1ol
FENEEEEEEEEEENER
EEN EEEEEEEEEED EE
= =
ool (olcloloiolololololol (oo
lola] glofojolclo E1E)
Fi = 1
gadnyon | IBle EEEE FEE ol [u]
yﬁL
.
‘ BEEREEEEECNEEEENEE .
L i¥) b E BN EEEEE FEEE NG
- - s

- Input 2
(Phase: -90°)

FIGURE 8. Proposed block-oriented sequential array method.

than 3 dB within the entire receiving area (146 mm x 146
mm) despite that the good property of axial ratio was ob-
tained in the element simulations (0.34 dB). Presumably, this
deterioration was caused by unfavorable mutual coupling be-
tween elements. To improve the axial ratio, sequential array
techniques were employed [31]. In the conventional method,
each antenna element of an array is physically rotated coun-
terclockwise by 90 degree while the phase of injected signal is
electrically delayed by 90 degree in the case of RHCP. These
physical and electrical phase rotations enable to cancel the
mutual coupling effect while maintaining the beam radiation
pattern of the array antenna. However, it is difficult to dis-
tribute the appropriate amplitude and phase to each element
while considering both of the physical rotation of feeding
pins and the electrical phase delays for each antenna element.
This requirement makes distribution circuit design incredibly
complicated. Hence, we proposed a practical implementation
method of sequential array which is shown in Fig. 8. Here,
the 196-element array is subdivided into four subarray blocks
and each block is rotated counterclockwise by 90 degrees to
adjacent blocks, instead of element-by-element rotation. This
design method, which we call block-oriented sequential array,
makes the distribution circuit design in the following sections
far easier. All we have to do is to prepare four pieces of the
same 49-way distribution circuit with antennas, to put those
pieces on the same plane while rotating them counterclock-
wise by 90 degrees to each other and to supply four signals
with each phase delay (0 degree, —90 degree, —180 degree,
and —270 degree) to each block, as shown in Fig. 8. The
axial ratio of the sequential array designed with this method is
shown in Fig. 7(b). It is confirmed that the axial ratio within
the receiving area is suppressed down to less than 3 dB.

IV. EXPERIMENTS FOR FLAT-TOP BEAM

A. 49-WAY POWER DISTRIBUTION CIRCUIT

A 49-way power distribution circuit for radiation of the flat-
top beam was fabricated with microstrip lines on a dielectric
substrate NPC-F260A (0.6mm) provided by Nippon Pillar
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FIGURE 9. Design flow of a 49-way distribution circuit for the flat-top
beam.

Power distribution ratio

[z

FIGURE 10. Fabricated 49-way distribution circuit. The series feed of
microstrip line was adopted and the distribution order was designed in
order to reduce the deviation of power distribution ratio.

Packing Co. Ltd. The fabrication flow of the circuit is sum-
marized in Fig. 9. First, a horizontal seven-way divider is
designed to distribute the appropriate amplitude and phase
to seven antenna elements. Second, this horizontal seven-
way divider is copied into seven pieces and those pieces
are arranged vertically. Third, a vertical seven-way divider is
designed with the same amplitude and phase distribution pat-
terns, but the circuit design is modified in order to connect
its seven outputs to each input port of the seven horizontal
dividers. Finally, the seven horizontal dividers and the vertical
divider are assembled into a 49-way distribution circuit. Since
the distribution pattern is symmetric about the x-axis and the
y-axis, this distribution flow saves time to design a large-scale
distribution circuit. The 49-way distribution circuit fabricated
with this flow is shown in Fig. 10. According to the power
distribution pattern in Fig. 2, distributed power is concentrated
on the center of the whole 196-element array. In Fig. 10,
elements located in the upper left require more power than
those in the other places. By distributing power to elements
requiring higher power in advance of those requiring lower
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FIGURE 11. 196-element transmitting array antenna for flat-top beam.
Four subarrays have antennas and distribution circuits and are placed on
the same plane to form a sequential array.
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FIGURE 12. Nearfield measurements to obtain the planar power density
and axial ratio.

power, the distribution ratio gets smaller as shown in Fig. 10.
It is really helpful to avoid the line-width of A/4 impedance
converters from shrinking to an impracticable size. In addi-
tion, the series-fed circuit was adopted to make the whole
circuit size compact. The ground patterns were formed on
the edges of the substrate to isolate itself from three other
49-way distribution circuits. In the measurement results of
the fabricated circuit, the amplitude and phase differences fell
within 1.5 dB and 411 degree, respectively, compared to the
designed values in Fig. 2.

B. NEARFIELD MEASUREMENT

A 196-element transmitting array radiating the designed flat-
top beam was prepared for WPT experiments, as shown in
Fig. 11. The entire array was subdivided into the same four
subarray blocks. Those subarrays are rotationally arranged by
90 degree on the same surface for sequential array excitation.
Fig. 12 shows the overview of nearfield measurements of the
transmitting array. A four-way power divider was prepared
and attached before the 49-way power dividers. This four-way
divider gives 90-degree phase difference to each block for se-
quential array excitation. Planar radiation patterns 0.8 m away
from the transmitting surface were measured at 5.74 GHz
with a measurement probe. After one measurement, this probe
physically rotates by 90 degree and remeasures signal level
to evaluate signal levels of two polarization axes (x-axis and
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FIGURE 13. Measurement results of power density and axial ratio in
nearfield, compared to the corresponding simulation results.
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FIGURE 14. Microwave power transmission experiments between the
196-element transmitting array and the 16-element receiving array. The
transmission distance was 0.8 m.

y-axis). Fig. 13 shows the results of power density and axial
ratio on the measurement plane, in comparison with the corre-
sponding simulation results. The flat-top beam corresponding
to the simulation results was successfully radiated from the
developed transmitting array in terms of power density and
axial ratio patterns. Since amplitude difference within +1.5
dB and phase difference within =11 degrees were tolerated in
the supply circuit design, the measured patterns were a little
deformed from the simulated ones.

C. MPT EXPERIMENTS BETWEEN TX AND RX

Fig. 14 shows the measurement setup for power transmission
experiments between the 196-element transmitting array (Tx)
and a 16-element receiving array (Rx). As shown in this fig-
ure, the receiving array having circularly-polarized MSA ele-
ments was prepared and numbered as #1 to #16. The received
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TABLE 2. Comparison of Received Power on the 16-Element Receiving
Array Between the Simulations and the Measurements

Port Simulation Measurement
(0.8 m) (0.8 m)
Transmitting
Element gain 7.3 dBi 7.0 dBi
Total power @ Tx
ports 853 W 853 W
#1 (W) 2.22 1.24
#2 2.80 1.77
#3 2.77 1.63
#4 2.35 1.42
#5 2.57 1.74
#6 3.4 2.08
#7 34 1.91
#8 2.74 1.55
#9 2.56 2.00
#10 3.14 2.66
#11 3.24 2.21
#12 2.44 1.48
#13 2.09 1.31
#14 2.56 1.56
#15 2.80 1.49
#16 2.17 1.26
Total power @ Rx
ports 432 W 273 W
Received power
density 202 mW/cm? 127 mW/cm?
Port-to-port
Efficiency 50.6 % 32.0%
CV 0.15 0.22

rf power of each port was measured on the power meter (Ag-
ilent E4419B). The input power was monitored through 49.7
dB attenuated signal with a power sensor (Agilent 8481A).
As shown in Fig. 14, rf power at each receiving port was
measured with a power sensor (Agilent 8481H) at a distance
0.80 m (15.3A) away from the transmitter. Input power (Pin)
was 52.5 dBm (178 W). Power division efficiencies on the
four-way power divider and the 49-way power divider were
individually measured as 78.6 % and 60.9 % on Keysight
Network Analyzer. The total power efficiency and the total
power at the transmitting antenna ports were 47.9 % and 85.3
W, respectively. Table 2 shows the measurement results in
comparison with the corresponding simulation results.

The operation frequency in both of the simulations and the
measurements was 5.74 GHz. Element gain was measured
in farfield measurements using two of single MSA elements
having the dimensions shown in Fig. 3. Port-to-port efficiency
was calculated as a ratio of the total power of all the receiving
antenna ports to the total power of all the transmitting antenna
ports. The measured value of CV was sufficiently low and
close to the simulated value. It is supposed that the slight
drop from the simulated value stems from deformation of the
measured flat-top beam in Fig. 13. On the other hand, the
measured power was substantially lower than the simulated.
In Table 3, beam efficiency and CV of the flat-top beam
were compared between the theory, the simulations, and the
measurements.
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TABLE 3. Comparison of Beam Efficiency and CV of Flat-Top Beam
Between Theory, Simulations, and Measurements

Beam Efficiency (%) CvV

Theory 61.9 0.20

Simulation

(Non-

sequential) 60.7 0.17

Simulation

(Sequential) 58.8 0.19

Measurement 37.0° 0.22"
* Obtained by dividing port-to-port efficiency by simulated antenna
efficiencies.

** Same value as in Table 2.

Two types of simulation results of non-sequential (Fig. 4)
and sequential (Fig. 8) are used here to confirm the difference
between before and after sequential arraying. The simulation
results didn’t include antenna efficiencies of the transmitting
array and the receiving array. For the measurements, since
it is difficult to measure beam efficiency excluding antenna
efficiencies, the beam efficiency was obtained by dividing the
measured port-to-port efficiency in Table 2 by the simulated
antenna efficiencies of the transmitter (0.91) and the receiver
(0.95). The measurement result of CV was the same value as
in Table 2. First, the measured CV agreed well with the theory
and the simulated. It means that the flat-top beam designed
in theoretical analysis was successfully implemented. Next,
a 1.2-point difference in beam efficiency between the theory
and the simulation result of non-sequential presumably came
from mutual coupling effects between antenna elements. Then
it dropped by 1.9 points after sequential arraying. The most
significant drop occurred between the simulation result of
sequential and the measurement result. It is partly because the
measured transmitting element gain was 0.3 dB lower than the
simulated. If this 0.3-dB drop is taken into account on both of
the transmitting side and the receiving side, the measurement
beam efficiency is re-estimated as 42.5 %. However, a main
reason for the poor beam efficiency is that the measured flat-
top beam had higher levels of side lobes than the simulated, as
shown in Fig. 13. Although amplitude difference within +1.5
dB and phase difference within =11 degrees were tolerated in
the supply circuit design, those criteria should have been more
rigorous to suppress sidelobes and avoid unfavorable energy
dissipation.

V. FLIGHT TEST OF MICROWAVE-POWERED DRONE

To test the effectiveness of the developed large-scale array
radiating the intensified flat-top beam, the flight test for a
micro-drone X400W was conducted with the transmission
system shown in Fig. 15. The input power of the transmitting
system was enhanced to approximately 280 W with the aid of
injection-locked magnetron. Please refer to [32] for the details
of the injection-locked magnetron employed. The frequency
was set to 5.8 GHz to adjust the operation frequency of the
magnetron. Considering the distribution efficiency, 134 W out
of 280W from the magnetron system reached the antenna
ports in total. Using the same antenna design in Fig. 14, the
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FIGURE 15. Flight test of a microwave-powered drone using the
flat-top-beam array developed in the previous section.
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FIGURE 16. Schematics of a 16-element rectenna array and a rectifier

element. After rectifiers, a 1 mF capacitor, a 250 € resistor, and dc-dc
converters are attached for power management.

TABLE 4. SPICE Parameters of Customized GaAs Diode

Ohmic Resistance (Q) 0.82
Zero-bias Junction

Capacitance (pF) 3.0
Breakdown Voltage (V) 60
Junction Potential (V) 0.66
Saturation Current (nA) 6.0
Emission Coefficient 1.63
Grading Coefficient 0.5

receiving system of a 16-element rectenna array was devel-
oped with microstrip-line rectifier circuits, GaAs rectifica-
tion diodes, a dc-dc converter, which consists of two pieces
of MYMGASRO04RELAS5SRA(Murata), and other lumped el-
ements as shown in Fig. 16. SPICE parameters of this cus-
tomized GaAs diode are shown in Table 4.

A blocking diode TOSHIBA CUHS20S540 for prevention of
current backflow was attached at the output of each rectifier. A
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smoothing electrolytic capacitor of 1 mF and a resistor of 250
2 were inserted in shunt after the rectifiers. The resistor was
required to avoid a load impedance from being nearly open for
rectifiers during a standby period and protect the GaAs diodes
before the drone’s motors consumed substantial amount of
power. In this flight test, the receiving devices except the dc-dc
converter were fastened to a wooden frame for stabilizing the
power supply. The dc-dc converter was stored in the drone’s
body. As a result, the drone powered only with wireless energy
source successfully kept flying for seven minutes, as shown in
Fig. 15.

VI. CONCLUSION

In this paper, the practical method to create flat-top beam for
MPT was introduced. Flat-top beam is beneficial to maximize
the received power on a receiving antenna while keeping as
high efficiency as conventional beams. There are almost no
preceding studies which succeeded in making flat-top beam
with a large-scale array. The difficulties in creating flat-top
beam with a large-scale phased array come from the com-
plexity of making a distribution circuit for the appropriate
array weight and the poor quality of axial ratio in the radiated
beam. In our proposal, a 196-element phased array radiating
the flat-top beam was successfully fabricated. Our proposal
includes three main features to make the implementation of
flat-top beam radiation easier and scalable. First, array ele-
ments having more than 30 dB lower excitation power than
the highest power were removable. We confirmed the fact that
that removal had almost no impact on the radiation pattern
of the flat-top beam through the simulations and the mea-
surements. Second, to make the circuit design simple, the
whole 196-element array was divided into four blocks of the
same subarrays. It contributes to decreasing the required array
number of distribution from 196 to 49. Those four blocks
were rotated counterclockwise by 90 degrees when creating
the whole array to realize sequential array excitation. It is
confirmed that this block-oriented sequential array method
greatly contributed to suppressing the axial ratio on the re-
ceiving plane. The measured axial ratio in most parts of the
receiving area was less than 3 dB. Besides, the design of the
49-way distribution circuit was subdivided into the design of
the horizontal and vertical seven-way dividers. Those seven-
way dividers had the same array weight as each other but
the patterns of microstrip lines were different to fit the whole
circuit into a square of 350 mm. Thanks to those methods, we
successfully saved the effort of implementing flat-top beam
with a large-scale array. Finally, we succeeded in flying a
micro-drone for seven minutes only with wireless power from
the developed flat-top-beam array antenna. The transmission
distance was 0.8 m. Moreover, since our proposed method is
scalable, it is applicable to a larger array. Even if the array
size grows fourfold (784 elements), the required steps are just
making two types of 14-way dividers. It means we can easily
extend the transmission distance in drone MPT applications
using a larger phased array.
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