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Flat-topped beam forming experiment for
microwave power transfer system to a vehicle

roof

TAKAKI ISHIKAWA AND NAOKI SHINOHARA

We proposed and examined a microwave power transfer system for electric vehicles (EVs). In this system, electricity is trans-
mitted from a transmitting antenna over an EV to a receiving antenna on the roof of the EV. We used a rectenna to convert
the received microwave power to direct current power. The conversion efficiency of a rectenna array is affected by the input
power level distribution, and we have to form a flat-topped beam pattern to increase the conversion efficiency. We conducted
an experiment to form a flat-topped beam pattern by using a phased array antenna. In this experiment, the output power of
each antenna element is uniform and cannot be controlled independently. Hence, we controlled only the output phases of each
antenna element and formed a flat-topped beam pattern. The distance between the transmitting antenna and the receiving
area is 6.45 m, and the receiving area corresponds to a space in which the azimuth and elevation are in the range of -5°-5°.
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. INTRODUCTION

In recent years, electric vehicles (EVs) have attracted attention
because these eco-friendly cars run without exhaust gas.
However, their batteries must be charged, hence, several types
of wireless power transfer (WPT) systems for EVs have been
studied to reduce the labor involved in this process [1-4].
One such technology, microwave power transfer (MPT), trans-
mits electricity via microwave by using transmitting and receiv-
ing antennas in which the electric power transmission
microwave is radiated from a transmitting antenna to a receiv-
ing antenna [5]. Therefore, MPT technology can transmit
electricity with high efficiency for long distances by using
appropriate transmitting and receiving antennas.

In the previous study, we examined an MPT system that
transmits electricity from a transmitting antenna on a road to
a receiving antenna on a lower part of an EV [6]. Figure 1(a)
shows a schematic diagram of the MPT system from an
on-road antenna. With a distance of approximately 10 cm
between the transmitting and receiving antennas, we achieved
high transmission efficiency; however, mutual couplings
between transmitting and receiving antennas must be consid-
ered. Therefore, we propose a different type of MPT system in
which electricity is transmitted from a transmitting antenna
over an EV to a receiving antenna on the roof of the EV
[6, 7]. Figure 1(b) shows a schematic diagram of the MPT
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system from an overhead antenna. With this system, the dis-
tance between the transmitting and receiving antennas is
longer than that of the MPT system from an on-road
antenna. Large antennas are required to maintain high transmis-
sion efficiency in the MPT system from an overhead antenna;
however, consideration of mutual couplings is not required.
We used a phased array antenna as an overhead transmit-
ting antenna in the MPT system for EVs. When we use aper-
ture antennas as a transmitting antenna and a receiving
antenna, we can estimate the transmission efficiency versus
the size of a transmitting antenna, the size of a receiving
antenna, and the distance between these antennas by using
equations, which were described in reference [8]. In this
study, we use a phased array antenna as a transmitting
antenna. There are some famous beams forming methods
for phased array antenna: Gaussian method, Chebyshev
method, and Taylor method [9]. By using these methods, we
can decrease the side lobe level and increase the transmission
efficiency. On the other hand, we use a rectenna array as a
receiving antenna. The rectenna consists of a rectifying
circuit and an antenna and convert the received microwave
power to direct current power in the MPT system. The con-
version efficiency of the rectenna is affected by the input
power level and that of a rectenna array is affected by the
input power level distribution [5]. We used the rectenna
array in the MPT system for EVs; thus, it was necessary to
form a flat-topped beam pattern and equalize the input
power level of each rectenna element to increase the conver-
sion efficiency of the rectenna array. By using Gaussian
method, Chebyshev method, or Taylor method, we can
achieve high transmission efficiency; however, we cannot
achieve uniform power density at the rectenna array.
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Fig. 1. Schematic diagrams of MPT systems for EVs. (a) MPT system from an on-road antenna; (b) MPT system from an overhead antenna.

Because of these reason, beam forming of a phased array
antenna for the proposed MPT system has three important
targets: to increase transmission efficiency, to decrease side
lobe level for safety, and to achieve a flat-topped beam
pattern, whose power density is uniform in a power receiving
area. Figure 2 shows schematic diagrams of distribution of
radiated power density at the power receiving area.
Figure 2(a) shows a Chebyshev beam pattern, which has low
and flat side lobe level, and Fig. 2(b) shows an ideal beam
pattern, which has low side lobe level and uniform power
density in a receiving area.

In the previous study, we simulated and optimized the size
of a transmitting antenna, the size of a receiving area, distance
between these antennas, and pattern synthesis of a phased
array. From the results of these simulations, we achieved to
form a flat-topped beam pattern and increased the transmis-
sion efficiency to 79.1% [6]. In this paper, we experimentally
demonstrated a flat-topped beam forming by using a phased
array antenna which was installed at Kyoto University.

Il. OUTLINE OF EXPERIMENT AND
SIMULATION

We installed a phased array antenna, which we call Advanced
Phased Array System (APAS), to study MPT technology at

Power density

Kyoto University. We conducted an experiment and formed
a flat-topped beam pattern by using the APAS. The APAS is
shown in Fig. 3, and the parameters of the system are
shown in Table 1. The 256 elements of the APAS are patch
antennas, the output phases of which can be controlled with
5-bit digital phase shifters. The total output power of the
APAS is controlled from 95 W to 1.9 kW; however, the
output power of each antenna element is uniform and
cannot be controlled independently. Hence, in this study, we
controlled only the output phases of each antenna element
and formed a flat-topped beam pattern. We cannot control
the output power; thus, the side lobe level is increased, and
the transmission efficiency becomes lower than that of previ-
ous study. The purpose of this study is to form a flat-topped
beam pattern experimentally and to compare the simulated
beam pattern and experimental beam pattern.

We conducted an experiment with the APAS in an
anechoic chamber of the Advanced Microwave Energy
Transmission Laboratory at Kyoto University as shown in
Fig. 4. The APAS was set at the center of a turntable, and
an antenna used for measurement was set close to the wall
of the anechoic chamber. We rotated the turntable and mea-
sured the receiving power level of the measurement antenna to
measure the horizontal beam patterns. The beam angle was
represented by the azimuth, and the angle directly in front
of the APAS was defined as o°. The distance between the
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Fig. 2. (a) Radiated power density of Chebyshev beam pattern. (b) Radiated power density of ideal beam pattern.



Fig. 3. Photograph of APAS.

transmitting antenna and the measurement antenna was
6.45 m. We can decide whether the radiation pattern is near-
field pattern or far-field pattern by using the following equa-
tion [10]:
2a®
r> o (1)
where r is the distance between a transmitting antenna and
a receiving antenna, a is the antenna aperture length, and A is
the wave length. When the parameters satisfy equation (1), the
radiation pattern is far-field pattern and we regard the wave
front as a plane wave front; however, when the parameters
do not satisfy equation (1), the radiation pattern is near-field
and we regard the wave front as a spherical wave front. Hence
we have to consider phase errors and amplitude errors caused
by the transmission paths. In these experimental conditions,
the size of antenna aperture was approximately 0.7 m and
the parameters do not satisfy equation (1). Thus, the measured
beam pattern was a near-field pattern and we have to consider
the effect of transmission paths.

To confirm the experimental results, we simulated the elec-
tromagnetic fields and the beam patterns using High
Frequency Structural Simulator (HFSS). We simulated a
model, shown in Fig. 5(a), and calculated the beam patterns

Table 1. Parameters of APAS.

Frequency 5.8 GHz

Types of antenna elements Circular single pin-feed RHCP patch
Number of antenna elements 256

Types of phase shifters 5-bit digital phase shifter

Output power of antenna elements Uniform
Space between antenna elements 44 mm
Total radiated power 95 W (Min.)-1.9 kW (Max.)

FLAT-TOPPED BEAM FORMING EXPERIMENT FOR MPT

Advanced phased array system -

Fig. 4. Photograph of experiment conditions.

in a spherical coordinate system, as shown in Fig. 5(b). The
beam angle is represented by the azimuth and the elevation,
and angles directly in front of the APAS were defined as o°.
We calculated the beam patterns on a sphere with a radius
of 6.45 m

. OUTPUT PHASES OF
FLAT-TOPPED BEAM PATTERN

The target area of equalized power density was set to 1.2 m x
1.2 m because the power receiving area of the proposed MPT
system is 1.2 m X 1.2 m. In the previous study, we tried to use
Fourijer transform method and Woodward-Lawson method
[9] to form a flat-topped beam pattern; however, we could
not form a flat-topped beam pattern, probably because the
receiving area is narrow and the distance between a transmit-
ting antenna and a receiving antenna is short, and we decided
to use a genetic algorithm (GA). Hence we use a same type of
GA, which is used to perform beam forming in the previous
study [6] and other beam forming study [11], to calculate
the output phases of the flat-topped beam pattern in this
study. In the GA, we calculate the following equations:

ML= Y (a—S®), (-0.6m=<x<o6m), (2)

SL = ZS(X), (x<—o07m, o.ym<x), (3)

SUM = 1000ML + SL, (4)

where S(X) represents the Poynting vector, o represents the
target power density of the flat-topped beam, ML represents
the power density of the main-lobe area, SL represents the
power density of the side-lobe area, and SUM represents the
evaluation function. We calculate the electromagnetic fields
radiated from each antenna elements independently, and syn-
thesis the calculated electromagnetic fields. By using synthesis
electromagnetic fields, we calculate S(X). Equation (2) evalu-
ates the flatness of the radiated power density of the receiving
area, and equation (3) evaluates the power density of unwant-
ed emission to the outside of the receiving area. We cannot
control the output power of each antenna elements independ-
ently in this study, and it is difficult to decrease the side lobe
level. Hence we focus on flat-topped beam forming, and ML is
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Fig. 5. (a) Simulation model and (b) spherical coordinate system of the beam patterns.

more dominant than SL in equation (4). We can optimize the
output phases of a linear array antenna by using these equa-
tions; thus, we optimized two types of linear array antennas,
which independently correspond to the vertical and horizon-
tal array of the APAS. We combined the types of optimized
output phases and calculated the output phases using the fol-
lowing equation:

en
e
[ e]bl e/bz e]bm ]
e
@b giath,) (@)
Jatb) . :
= ) . . , ()
ofantby) @+

where n and m represent the number of vertical and hori-
zontal array elements, respectively, and a,, a,,..., a, and
b, b,, ..., b, represent optimized output phases of vertical
and horizontal arrays, respectively. The calculated output
phases for the APAS are shown in Fig. 6, in which squares
indicate the positions of the antenna elements and colors indi-
cate the calculated output phases for a flat-topped beam
pattern. In the following section, we discuss the experiments
and simulation of flat-topped beam formation in which
these output phases were used.

V. SIMULATION AND
EXPERIMENT RESULTS

In the experiment with the APAS, we first calibrated the phase
shifters of the APAS using the rotating-element electric-field
vector (REV) method [12]. The positions of the APAS and
the measurement antenna were identical to those described
in Section II. The measurement antenna was at near-field in
these experiments; thus, we corrected the phase error caused

by the difference between the path lengths from each
antenna element to the measurement antenna. Figure 7(a)
shows the experimental beam pattern in which we attempted
to set the output phases in-phase using only the calibration
values of the REV method. Figure 7(b) shows a beam
pattern in which we used the calibration values of the REV
method and the correction values for phase errors caused by
the difference between the path lengths from each antenna
element to the measurement antenna. The vertical axis repre-
sents power density, which was normalized by setting the peak
of the beam pattern to o dB; the horizontal axis represents the
azimuth. The beam pattern in Fig. 7(a) shows some null
points; however, that of Fig. 7(b) shows no null points.
Figure 8(a) shows the simulated beam pattern in which we
controlled the output phases to focus the beam on the meas-
urement antenna position of o°. Figure 8(b) shows a beam
pattern in which we controlled the output phases in-phase.
The beam patterns in Figs 8(a) and 8(b) are strongly similar
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Fig. 6. Calculated output phases for flat-topped beam pattern.
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Fig. 8. Simulated beam pattern. (a) Output phase controlled to focus the beam on the measurement antenna position of 0°; (b) output phase controlled in-phase.

to those of Figs 7(a) and 7(b), respectively. Thus, we controlled
the output phases to focus the beam on the measurement
antenna position of o° in Fig. 7(a), and we controlled the
output phases in-phase in Fig. 7(b). From these results, we
confirmed the calibration of the phase shifters of the APAS.

The outline of this experiment to form a flat-topped beam
pattern is described in Section II; the output phases for a flat-
topped beam are identical to the phases calculated by the GA
and described in Section III. The measured beam pattern of
this experiment is shown in Fig. 9. In this figure, the vertical
axis represents power density, which was normalized by
setting the peak of the beam pattern to o dB, and the horizon-
tal axis represents the azimuth. The receiving area corre-
sponds to the space in which the azimuth is in the range
from —5° to 5°. The difference between the maximum and
minimum power density in the receiving area was less than
0.9 dB; thus, we achieved formation of a flat-topped beam
pattern by using the APAS.

Figure 10 shows the calculated beam patterns achieved in
the electromagnetic simulation. Figure 10(a) shows the two-
dimensional (2D) beam pattern, and Fig. 10(b) shows the one-
dimensional (1D) horizontal beam pattern. In Fig. 10(a), the
vertical axis indicates elevation, the horizontal axis represents
azimuth, and the color indicates power density, which was
normalized by setting the peak of the beam pattern to o dB.

In Fig. 10(b), the vertical axis represents power density,
which was also normalized by setting the peak of the beam
pattern to o dB, and the horizontal axis indicates azimuth.
According to the previous figure, the receiving area corre-
sponds to a space in which the azimuth and elevation are in
the range of —5° to 5°. From the result of Fig. 10(a), the
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Fig. 9. 1D horizontal beam pattern.
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beam pattern is flat-topped in the 2D pattern, and the trans-
mission efficiency from the transmitting antenna to the receiv-
ing antenna is about 23%. The difference between the
maximum and minimum power density in the receiving
area was less than 0.6 dB, as shown in Fig. 10(b). According
to these results, we achieved formation of a flat-topped
beam pattern by using the APAS in the electromagnetic
simulation.

We then compared the results of the experiment and the
simulation. Figure 11(a) indicates a comparison between the
simulated and measured beam patterns, and Fig. 11(b)
shows enlarged beam patterns of Fig. 11(b). The measured
beam pattern was approximately identical to the simulated
beam pattern on the inside and the outside of the receiving
area. Because the output phases required control with high
accuracy to form the flat-topped beam pattern, we confirm
that we can control the output phases of the APAS with
high accuracy and that we can calculate the output phases
of flat-topped beam pattern by using the GA.

The transmission efficiency was as low as 23% in the simu-
lation because in the APAS it was only possible to control the
output phases but not the output power of each antenna
element independently. Thus, if we control the output
phases and output power of each antenna element

independently, we can increase the transmission efficiency
as the previous study.

V. CONCLUSION

We examined an MPT system for EVs by using an overhead
transmitting antenna, which in this study was a phased
array antenna. We used a rectenna array to convert the
received microwave power to direct current power in the
MPT. The conversion efficiency of a rectenna is affected by
the input power level and that of a rectenna array is affected
by the input power level distribution. Thus, we formed a flat-
topped beam pattern and equalized the input power level of
each rectenna element to increase the conversion efficiency
of the rectenna array. We used an APAS installed to study
MPT technology at Kyoto University. We calculated the
output phases for the flat-topped beam pattern by using the
GA. We performed an experiment and simulated the APAS
and the calculated output phases. From the experiment and
simulation results, we determined that the difference
between the maximum and minimum power density in the
receiving area was less than 0.9 dB in the experiment and
0.6 dB in the simulation.
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