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Abstract—This research used image recognition and beam
forming technology to build a phased array with target tracking
and transmitting the microwaves with a focused beam. The
coordinate position of the target is obtained from the image
recognition module and converted into phase information for the
phased array. This system was constructed by a 1 x 4 5.764 GHz
phased array with four 4-bit phase shifters. The phase shifters
created a focused beam, which requires not only the target’s
direction angle but also the transmission distance. The target
position as well as direction and distance information were
gathered using image recognition. The tracking beam method was
evaluated by simulation and actual measurement. The results
showed that the focused beam can always be formed in real-time
to track the target. The transfer efficiency of the focused beam
was improved higher than that of uniform phase beam within a
distance of 50 cm. The automatic tracking power transmission
system has a response time of about 100 ms.

Index Terms—beam forming, image recognition, phased array,
tracking wireless power transmission, wireless power transfer

. INTRODUCTION

W ireless power transfer (WPT) technology, such as Qi
charging for mobile phones [1], [2], near-field
communication technology for low-power devices [3], [4] and
radio-frequency identification technology [5], [6], is becoming
more practical. The power transmission distance of microwave
WPT technologies is much longer than that of other WPT
technologies [7], such as electromagnetic induction technology
[8] and magnetic resonance wireless technology [9]. The
Japanese government has opened three frequency bands with a
maximum power of 32 W for 5.7 GHz band microwave WPT
application [10] based on the advantages of long-distance
transmission of microwave wireless charging technology, the
broad application prospects of Internet of Things (10T) devices,
and low-power electronic products. This development will
significantly promote the commercialization of microwave
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WPT technology. The specific parameters of the Japanese
microwave WPT regulations are given in [11].

The microwave WPT technology can construct a ubiquitous
charging environment. However, the nondirectional
microwaves will cause electromagnetic pollution and energy
waste. The microwave tracking WPT technology is an ideal
realization method. The target detection method and beam
direction control method are required for the tracking and WPT
charging of a moving target. There are numerous target
detection methods, namely, (1) satellite positioning, such as
Global Positioning System (GPS) [12]; (2) radar positioning
[13]; (3) radio signal location, such as Wi-Fi round trip time
(RTT) [14], ultra-wideband (UWB) [15], Bluetooth Low
Energy (BLE) [16], and 5G [17]; (4) acoustic localization [18];
(5) optical positioning [19]; others [20]. There are beam
forming systems using a phased array system or mechanical
scan type by a motor for the beam direction control method.

The mainstream tracking WPT system uses the retrodirective
technology [21]-[23]. The retrodirective technology can be
described as follows: the target receiver sends a pilot signal, the
transmitter identifies the direction of the target from the pilot
signal, then the transmitter sends the microwave beam toward
the target’s direction. JAXA developed a solid-state 5.8 GHz
phased array WPT microwave using the retrodirective
technology for charging a flying drone within a 10 m radius
[21]. The phased array controlled the microwave beam to the
drone. As the drone moves, the phase of the received pilot
signal changes, which is related to the phase of the transmitter
antenna. The microwave beam was then renewed in real-time
by the phased array so that the beam pointed toward the drone.
In the receive-transmit share antenna system, the phase of the
pilot signal is exactly opposite to that of the transmission signal
in array element antenna, which is in a conjugate relationship.

The disadvantage of retrodirective technology is that the
receiver must first use energy to send a pilot signal. It is
difficult to apply in scenarios, such as loT devices without
batteries or mobile phones without electricity. There are also
related studies that use the second harmonic reflected wave as a
pilot signal to achieve automatic tracking [22]. However, the
reflected wave technology must avoid the power amplifier’s
second harmonic interference at the transmitting end.
Furthermore, optical positioning technology is a
straightforward solution to the target batteryless problem. In
1992, a batteryless airplane experiment called the MILAX was
developed [24]. The microwave beam tracking was directed
toward the airplane using a computer and position data from
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two charge-coupled device cameras. At that time, the image
recognition was the only recognition of the target direction, but
not the target distance, which is the necessary information for
setting the near-field beam. With the rapid development of
image recognition technology, especially the popularization of
deep learning-based image technology, recognizing the
location of the target has become very simple and inexpensive,
and the distance can be converted using the size of the target
object.

In this study, a phased array system for automatic tracking
and power transmission in the 5.7 GHz band is developed in
accordance with the Japanese WPT regulations. The target
position in terms of direction and distance was estimated using
image recognition technology. The tracking beam of the phased
array tracked the target in both the direction and angle in
real-time. Additionally, the identification principle of the target
position, phase control method of the beam direction, and
focused beam optimization are discussed. This method was
evaluated by simulation and actual measurement. The
evaluation results showed that the focused beam can always be
formed to track the target in real-time.

Il. THEORY OF THE TRACKING WPT SYSTEM AND FOCUSED
BEAM

The transmitter of tracking WPT technology consists of two
parts, the receiver target position recognition and the
microwave power beamforming. In terms of position
recognition, an image recognition module (camera) can detect
the receiver target position and size information, such as the
X-axis coordinate, Y-axis coordinate X_size, and Y_size. Here,
X_size and Y_size are the size of the target on the X-axis and
Y-axis, respectively. The distance Z between the camera and
the target is inversely proportional to the size of the target in the
camera. Therefore, the target size X_size or Y_size can be used
to calculate the distance Z which is the Z-axis coordinate of the
target. If we set the target real size a mapping on the camera
size as A’_size with a 1 m distance, A_size with Z m distance
and the focal length of the camera as L, as shown in Fig. 1, the
relation equation can be written as follows:

a/A’_size = 1/L. Q)
a/A_size = Z/L. 2

Combining (1) and (2), the distance Z can be described as
3).
Z = A'_size/A_size. 3)

A’ size=a@ 1m T
A size=a@Z - _ A
. O __===TTI- a | a A I
5
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2 Full screen size §

Target real size: a Mapping on the camera

Fig. 1 Diagram of the relationship between camera size and
target distance.
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Fig. 2 Diagram of the tracking wireless power transfer system
by 1 D array.

The measurement of a 6 cm target with a 1 m distance from
the image recognition module (Huskeylens SEN0305) to the
target, shows that the A’ size value was 20. The target size
A _size in the image recognition can be converted to the target
distance Z-axis coordinate. So far, the image recognition
module can provide the coordinates (X, Y, Z) of the receiver
target.

In a one-dimensional (1 D) array system (here, set the y =0,
the coordinate of the first antenna element as the coordinate
origin), as shown in Fig. 2, the target direction angle 8can be
calculated by tan 8 = X/Z. When in far field area (Z >> d), the
phase difference A¢@ between array antenna elements is shown
in (4).

Ap = 2nd sin6/A. 4)

Where d denotes the spacing of the array antennas; A is the
wavelength of the microwave. All the adjacent antennas can be
set with the same phase difference Agp. The phase ¢; of the N
array antenna can be described as (5) and (6).

Y = Q-1 + Ap. 5)

;=@ + ([ — Dleg. (6)

When the WPT distance is close, as shown in Fig. 2, the
target angle 6 with each antenna will be different, and the phase
difference should be renewed as A¢@;. The phase should be
calculated in the near field for the optimization of beam. Here
the target angle 8; with antenna i is described as (7).

tan@; = (x; — X)/(z;, — 2). ©)

@; can be calculated by (4), (5) and (7). The phase ¢; in the
near field can be described as (8).

@ =2m(x; —X) 2 + (z; — 2) ?/ 7. 8)

In Eq. (8), (x;, z;) are the coordinates of the antenna
element of the phased array, where x; iS (i — 1)d, and z; is 0.
Note that the phase shifter in the phased array system, such as
the delay line, should have its ¢; value set to —¢;. To
summaries, ¢; can be rewritten as (9) using only the image
recognition data:
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@; = —2m/((i — 1)d — X)? + (20/X_size ) 2/A. (9)

The phased array can form a focused beam toward the target by
adjusting the phase ¢; of the antennas.

I11. DESIGN OF THE TRACKING PHASED ARRAY

Fig. 3 shows the design of the auto-tracking WPT system.
The data of the image recognition module (Huskeylens
SENO0305) were transmitted to the LabVIEW program through
an MCU board (Arduino Mega 2560). According to the
principle described in Sec. 11, the LabVIEW program converted
the phase information into bit codes. Then, the bit codes were
sent to the four 4-bit digital phase shifters a (Arumo Tech,
FS00T1891) with a control accuracy of 22.5° via the digital
unit (N1 9263). There are four mechanical type phase shifters
that were used to adjust the phase difference between the 4-way
sub phased arrays. Each phase shifter was connected to a single
subarray antenna, which used a 2 x 8 patch antenna. Fig. 4
shows the photos of the phased array system parts. The voltage
control oscillator (VCO) in the phased array output 5.764-GHz
signal, and the power is adjusted through the power amplifiers,
and the output of each subarray can reach a maximum power of
8 W. The subarray antenna gain was designed at 19 dBi, and the
composite gain is less than 25 dBi, with a main lobe angle of
less than £10° to meet the WPT regulations requirements [11].
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Fig. 3 Schematic diagram of the tracking wireless power

transfer system.
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Fig. 4 Photos of the tracking phased array system.

A. Design of the subarray antenna

The tracking phased array uses four subarray antennas. Each
subarray is a 2 x 8 patch antenna with a length of 81mm x
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323mm, and a spacing of 0.8 wavelengths. The subarray
antenna design uses equal amplitude and phase distribution
with 4-level 2-divider microstrip lines. The length of the
microstrip line design was adjusted using CST Studio software
to achieve the antenna spacing (0.8 wavelengths) and equal
phase distribution. Fig. 5 shows the design of the subarray
antenna on right-handed circularly polarized. Fig. 6 shows the
reflection coefficients of the four subarray antennas. The
reflection values of four subarray antennas at 5.764 GHz are
—19.39, —23.45, —20.03, and —17.90 dB, respectively. Each
patch antenna radiates in the same phase and is connected to the
center of the antenna with 16 distribution lines after being
powered by a back plug-in terminal. Fig. 7 shows the beam
pattern simulation result of the subarray antenna in the
horizontal (phi=90°) and vertical (phi=0°) direction. The
combined beam pattern of the 1 x 4 phased array is measured
when the phase difference between the adjacent subarray
antennas is 0°, £22.5°, +45°, £67.5°, and £90°, respectively.
The main lobe beam is shifted 8.5° at 90° phase difference
(8.98° by calculating equation (4)). Fig. 8 shows the shifted
beam pattern.
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Fig. 6 Measurement and simulation result of the reflection
coefficient.
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Fig. 7 Simulation results of the beam pattern of the subarray
antenna.
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Fig. 8 Combined beam pattern of the subarray antenna with
beam forming on the horizontal axis.

Fig.9 Division of wireless power transfer working area.

B. Tracking program

As described by Eqg. (9) in Sec. I, the phase setting of each
subarray can be calculated. However, the resolution degree of
the phase shifter is limited and should be determined by the
approximation. This system employs 4-bit digital phase shifters
with the control accuracy of 22.5°. Here, based on the beam’s
accuracy, the WPT area is divided into seven angle working
areas, as shown in Fig. 9. The working area is divided into six
distances to achieve the higher transmission efficiency in the
near-field beam. The working area corresponding to the target
position is determined using the camera’s position information,
and the optimizer beam phase of the working area is adjusted to
the phase shifter. This method can reduce computation time
more than the beam phase computation. The division of the
working area angle @; is divided on basis of the mean value of
the two beams angles 6;, as shown in (10).

0; = (0;—1 +6;)/2. (10)

Where 6, equals 0°. The results of ©, to 0, is calculated in
Table I.
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The WPT working area ranges from —60, to ,. When the
target position is outside this area, the transmission power is
turned off.

TABLE |. DIVISION OF THE WORKING AREA IN ANGLE.

1 2 3 4
Phase s . ) :
difference Ag 22.5 45 67.5 90
Beamgangle 924°  448° 671° 8.98°
i
W°rk£9 8 1120 3.35° 550° 7.84°
1

TABLE Il. DIVISION OF THE WORKING AREA IN DISTANCE (m).

1 2 3 4 5
Phase O'A'Zere“ce 225° 45° 67.5° 90° 1125°
Focused beamL; 2.13 1.06 0.71 0.53 0.42
Workingarear; 3.20 160 0.86 0.63 0.47

A near-field focused beam with different phases at different
distances outperforms a uniform phase beam. A focused beam
is formed in this 1 x 4 array, while the phase of the side
subarrays is ahead of the phase of the center subarrays. Using
Eq. (8), the focus of the beam is calculated as shown in Table II.
The division method for the working area in distance is shown
in (11), which is analogous to the working area in angle.

1= (Li—1 +L)/2. (11)

where L, is the mean of the subarray antennas in the same
phase, and the focus is infinitely large. In this system, r; is set
to L; + (L, — L;). The tracking control method is determining
the working area corresponding to the target position. For
example, the image recognition module provides the
coordinates (X, Y, Z) of the receiver target in the yellow
working area ©.0371, 13 in Fig.9. The optimizer phase is
coordinated (L,co0s @2, L,sin ®, L,), which is calculated in
advance, the phase data [¢;] is simply called here. Furthermore,
Fig. 10 shows the simulation result of the power distribution in
the working area rs (z < rs = 0.47 m). The power of the focused
beam is more concentrated than that of the uniform phase beam.

The flowchart in Fig. 11 provides an overview of the
tracking phased array control method. The image recognition
module outputs target information (X, Y, X_size, Y_size) to the
MCU board. The target size X_size is then converted to the
transmission distance (Z) by the MCU board. The MCU board
sends the target coordinates (X, Y, Z) to the PC LabVIEW
program, which identifies the working area corresponding to
the coordinates and sets the working area phase [¢;] to the
phase shifters. If the target is lost or moves outside the working
area, or if software errors occur during this process, the power
supply will be turned off. People are not permitted in the
transmission working area under the Japanese WPT regulations,
so a biological infrared detection sensor can be used to control
the power supply.
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Fig. 10 Simulation results of the uniform phase beam (left) and
focused beam (right).
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Fig.11 Flowchart of the tracking phased array control
system.

IV. DEMONSTRATION TRACKING WPT EXPERIMENT

The initial configuration of the phased array includes
adjusting the maximum output power, output frequency and
phase reset. The signal generator in the phased array is a VCO
module with an integrated phase-locked loop (Maxim
integrated, MAX2871), as shown in Figs. 3 and 4. The VCO
module output a variable amplifier that controls the total output
power of the phased array less than 32 W at 5.764 GHz, which
is one frequency point specified in the Japanese WPT
regulations. Phase shifters a, which are used for beamforming,
are first set to 0° since the 1 x 4 phased array requires each port
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of the subarray to operate in the same phase. Four mechanical
type phase shifters 3 were used to adjust all subarray antenna
ports working in the same phase.

A. Tracking the WPT demonstration experiment

The control program was set up based on the instructions in
the previous section. A tracking WPT demonstration
experiment was constructed, as shown in Fig. 12. An LED
rectifier array exists that can rectify the microwave power to dc
power for supplying the LED. It was placed 1.5 m in front of
the phased array to show the microwave beam. The phased
array then begins to work in accordance with the flow chart in
Fig. 11 after the image recognition module has selected its
target. The beam followed the target as it approached the LED
rectifier array, as shown in Fig. 12. The transmission power
would turn off when the target was far away from the work area.
The LabVIEW program shows that the period from target
recognition to phase changing, which controls beam tracking, is
about 100 ms. The tracking response time can also be measured
using a rectenna circuit that outputs dc power to the
oscilloscope. Moving the target (rectenna circuit) causes the dc
output voltage to drop and then return to its original level by the
tracking beam, the dropped time being the tracking response
time.

Image recognition module
‘ma

Fig. 12 Demonstration experiment of tracking wireless
power transfer.

B. Tracking beam measurement experiment and beam
optimization

Fig. 13 shows the measurement of the phased array beam
pattern in the far field. The phased array was set in the center of
the turntable with a 3 m diameter. The receiving antenna was a
spiral antenna (ETS Lindgren, 3102L) located outside the
turntable and set as the target for the image recognition module.
The beam pattern of the phased array with tracking beam and
uniform phase beam were measured, as shown in Fig. 14. The
transmission efficiency of the tracking beam was improved
from £5° to £10° as a result of these beam patterns. When the
transmission beam angle was exceeded 10°, the target was
deemed to be outside the working area, and the transmission
power was turned off.
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Fig. 13 Measuring the beam pattern in far field.
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Fig. 14 Beam pattern of the tracking beam and uniform

Fig. 15 shows the measurement of the phased array beam in
the near field. The X-axis and Y-axis of the waveguide probe
(WR-187) were scanned to detect the E-filed amplitude of the
microwave signal. The phased array was placed in the scanning
center of the waveguide probe, and the antenna was parallel to
the scanning plane. The width of the scan was twice that of the
array antenna (13 wavelengths). The distance between the array
antenna and the waveguide probe was at the beam focusing (z =
Li: 0.42, 0.53, 0.71, 1.06 and 2.13 m), which corresponded to
the optimizer beam in the working area ri to rs. In the image
recognition module, the target was set on the waveguide probe.
Fig. 16 shows the measurement results of the beam power
distribution in the near field. The power distribution of the
tracking beam is more concentrated on the X-axis than that of
the uniform phase beam.

Then, the transmission efficiency of the tracking focused
beam was measured at various transmission distances. Fig. 17
shows the layout of the measurement. A sliding rail was set in
front of the phased array, perpendicular to the array antenna. A
receiving antenna was set on the sliding rail to measure the
receiving power. This study mainly evaluates the effect of the
focused beam of the transmitter on the transmission efficiency;
therefore, a receiving antenna with a low gain is only practical
for measurement. The receiving antenna was connected to a
power meter (Agilent, N1914A) to track the received power.
The target on the image recognition module is also set on the
receiver antenna. The program changed the beam at various
distances according to Eq. (11). Each subarray antenna of the
phased array produced 8 W of microwave power. Fig. 18 shows
the receiving power of the tracking-focused beam and uniform
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Fig. 15 Measurement of the phased array beam in the
near field.
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Fig. 16 Measurement of the power dlstribution with
distance in near field. (Upper: uniform phased beam, lower:
tracking beam)

Fig. 17 Measured the beam transmission efficiency with
distance.

phase beams with distances. At distances under 50 cm (about
10 wavelengths, 1.5 times array antenna size), the receiving
power of the tracking beam was clearly greater than that of the
uniform phase beam. At distances longer than 100 cm (about 20
wavelengths), the receiving power of the uniform phase beam
isn’t significantly different from that of the tracking beam. It is
considered that for a transmitting antenna with a side length of
6.5 wavelengths, the focused beam can significantly improve
the transmission efficiency under 20 wavelength distance
approximately.
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Fig. 18 Result of the beam transmission efficiency with
distance.

V. CONCLUSION

We designed and demonstrated an image recognition-based
auto-tracking WPT system using a 1 x 4 phased array.
Compared to a uniform beam, an auto-tracking focused beam
can significantly improve the transmission power within a £10°
angle and at a close distance. Furthermore, a tracking beam
method was introduced, and the optimization beam adjusting
on the distance of the receiving antenna was investigated
further.

The proposed approach identified the target distance by the
target projection sizes in the image recognition module. The
distance identified error will caused by target projection sizes
such as the angle changes. We will improve the approach of the
distance identified so as to be suitable for more applications in
the future. The system described in this paper implements the
phase control only on the X-axis. we will continue to expand
phased arrays on the X-axis and Y-axis to achieve a higher WPT
transmission efficiency. The designed system complies with
Japan WPT regulations, with the highly mature development of
image recognition technology and beam tracking technology,
WPT technology is expected to be more widely used.
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