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ABSTRACT In this study, we propose a digital beamforming system for microwave power transfer with a
real-time beam-scanning algorithm for tracking a moving receiver. To perform scanning, each channel in the
transmitter generates and converts a baseband signal for the allocated beam direction based on the pilot slots
in a frame structure. An initial timer reset process and a preamble are included in the algorithm to maintain
time synchronization among units of the scanning period in a wireless environment. The average received
power is simulated, and the optimal frame configuration is derived by considering the proportion of an energy
transmission slot in the frame. For experimental verification, we design a 4 x 4 digital beamforming system
operating at 5.8 GHz and a receiver. The scanning performance is experimentally validated with various
numbers of scanning beams and placements of the receiver. Moreover, when radiating 16 W of RF power,
an RF power of 100 mW or more is received in all sections for the scenario of the receiver moving in a
1 m distance using 1 second period beam scanning. The proposed microwave power transfer system with
a real-time beam scanning algorithm is verified to track the moving receiver in a wireless environment and
perform optimal microwave power transfer.

INDEX TERMS Beam scanning, digital beamforming, frame structure, microwave power transfer.

I. INTRODUCTION efficiency is lowered if beamforming cannot be accurately

With the development of information and communication
technology, there is an increasing interest in wireless power
transfer (WPT) for IoT devices. Among the numerous WPT
technologies, microwave power transfer (MPT) using beam-
forming can wirelessly transmit power to a receiver (Rx) over
a long distance; therefore, many studies are being conducted
[1], [2]. System implementation and application for MPT
have been developed mainly based on industrial, scientific,
and medical (ISM) bands [3]. In MPT, the power transfer
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performed at the position of the Rx [4]. In addition, in the
case of a moving Rx, the tracking period is crucial because
the position continuously changes.

Studies on Rx tracking methods based on the received
power have been underway [5], [6], [7], [8], [9], [10], [11],
[12]. Generally, these studies have used a frame structure
that divides time into frames with several pilot slots and
one energy transmission slot. The optimal phase set of the
transmitter (Tx) for achieving the maximum received power
is specified based on the received power while radiating the
pilot slots. In [5], the ordinary least squares method and
Kalman filter-based algorithm were proposed, and it was
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verified that the optimal phase set could be obtained via
simulations. In [6], a 64-channel analog beamforming sys-
tem was designed to verify an algorithm previously studied
in [5]. Accordingly, 13.7 mW of RF power was received
when 9.5 W of power was radiated from the transmit antenna
at 25 m. Additionally, there are look-up table (LUT)-based
MPT studies where pilot slots are radiated based on prede-
fined phase sets and an optimal phase set that receives the
maximum received power is selected. The authors of [7] pro-
posed a focal beamforming algorithm for application in far-
field and near-field regions, and they designed a 32-channel
analog beamforming system. Moreover, they confirmed that
191.1 mW of DC power was received when 16 W of power
was radiated from the transmitting antenna at 1 m. In [8], a
beam-scanning algorithm capable of covering far-field and
near-field regions was proposed. Moreover, a 64-channel ana-
log beamforming system was developed, and it was verified
that 12.4 mW of DC power was received when 10.33 W of
power was radiated from the Tx array at 10 m. The afore-
mentioned studies found the optimal phase set by radiat-
ing the pilot slot based on the defined phase sets; however,
there was no validity for the number of pilot slots. In a
scenario where the position of the Rx needs to be repeatedly
updated, its analysis is needed since the time proportion of
the energy transmission slot in the frame is related to the
average received power. Moreover, there have been no reports
of experimentally verified studies in a wireless environment,
and the system was only verified by connecting the Rx
using a wire. Therefore, the performance should be analyzed
based on the number of pilot slots, and a system that can
operate in a fully wireless environment is required for WPT.
As Rx operates on the received energy, its architecture should
have low power consumption when processing information
(i.e., decoding and feedback) [13]. Studies have verified the
beamforming algorithms by considering Rx in a wireless
environment [9], [10], [11], [12]. The authors of [9] used
the time reversal method using a pilot signal from Rx for
tracking; it takes 0.8 s to track and perform MPT. In [10],
the channels were estimated using received signal strength
indicator(RSSI) feedback. An optimal value for each channel
is obtained; however, the measurement and feedback interval
per RSSI was set to 0.5 s considering the power consumption
of Rx. Generally, [9] and [10] are effective when the channel
changes at a slower rate; however, a shorter tracking time is
required to perform MPT for a moving receiver in real time.
References [11] and [12] used digital beamforming (DBF)
for validating a MPT algorithm based on baseband signal
samples. The authors of [11] designed a system to update the
beamforming weight of Tx by feeding back RSSI iteratively.
In [12], the period of a frame for channel estimation is 100 ms,
which shows that DBF can effectively configure short slots
in the frame structure. It converges to the optimal beam
through several frames. In the experiment, the Rx tracking
speed exhibits a large deviation (up to 14 s) for each moving
case.
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In this study, we designed a digital beamforming system for
MPT with real-time tracking. The proposed beam-scanning
algorithm employs a frame structure that includes several
pilot slots and one energy transmission slot. In the pilot
slot, beamforming was performed based on the phase sets
calculated using the far-field approximation in the antenna
theory. The time per scanning can be reduced because slots
are set at the baseband signal using DBF. Among the phase
sets, the one with the maximum received power was selected
as the optimal beam direction for the MPT. Beamforming for
energy transfer was then performed in the energy transmis-
sion slot by applying the optimal direction. Optimal power
transfer can be performed for each frame period because the
algorithm has low complexity with predefined phase sets.
The received power was analyzed based on the proposed
algorithm, and the number of pilot slots required for maxi-
mum efficiency was presented. For verification, a 16-channel
DBF system was designed at 5.8 GH; it has an advantage in
implementing a compact system with a band higher than other
ISM bands, 915 MHz, and 2.4 GHz. Moreover, we designed
an Rx equipped with a communication module (CMM) to
transmit an index of maximum received power to the Tx.
In information decoding, a simple receiver architecture was
adopted for rectifying the signal in each scanning slot and
sampling it as a single voltage value via ADC. In addition,
an initial timer reset process and a preamble in the frame were
included for time synchronization in a wireless environment.
We experimentally verify the beam scanning of the system for
various placements of Rx and numbers of scanning beams.
Additionally, we confirm that MPT can be performed while
tracking Rx in real time via the Rx tracking experiment with
a scanning time of 0.126 s. Compared to other existing LUT-
based works, the implemented system can test algorithms
in a fully wireless environment. Furthermore, with DBE,
this work can rapidly switch the phase of each channel for
scanning and energy transmission while maintaining time
synchronization.

The remainder of this paper is organized as follows.
In Section II, the beam scanning algorithm is described.
Section III presents the design and implementation of the
MPT system. In Section IV, the experimental procedure and
results are presented, and the system performance is dis-
cussed. Finally, Section V presents the conclusions of this
study.

Il. BEAM SCANNING ALGORITHM
A schematic of the proposed beam-scanning algorithm is
depicted in Fig. 1. To trackRx, the received power is checked
via beam scanning, which changes the direction of the beam
radiated from the M x N planar array antenna L times. The
steering direction for the Rx is determined based on the
largest

power among the received powers, and the energy is trans-
mitted to the corresponding position. Figure 2 illustrates the
frame structure used in the proposed algorithm. The frame
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FIGURE 1. Schematic of the beam scanning algorithm.
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FIGURE 2. Frame structure of the beam scanning algorithm.

structure comprises K pilot slots as the preamble, L pilot
slots for beam scanning, and an energy transmission slot. The
entire frame time is denoted as TF and the pilot interval is T.
In this section, the beam-scanning algorithm is mathemati-
cally expressed based on the baseband signal generated from
each channel of the array antenna and the received power.
The preamble is the pilot signal used to determine the start
of the scanning slot index. On-off keying modulation was
selected as the modulation for the preamble, where by denotes
the bit signal of the k-th preamble slot. As depicted in Fig. 1,
X, Y, and Z indicate the sizes of the space for the definition of
direction in the beam scanning following the preamble. The
center of the Tx array antenna is assumed to be the origin, and
Z indicates the distance set as a reference for the calculation
of the direction. Moreover, P and Q represent the number of
points for beamforming on the x-axis and y-axis, respectively,
and the position for the (p, q) point is expressed as follows

sz—}—(+£(2p—l) p=12,---,P), (1)
2 2P
Y Y
Yqza—E(Zq—l)
Equations (1) and (2) define the x- and y-positions of the
(p, q@) point, respectively, which is in the p-th index along
the x-axis and the g-th index along the y-axis expressed in
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the Cartesian coordinate system. The direction of the (p, g)
point system in the spherical coordinate system is expressed
as

z
6,4 =cos”! | 3)
/X2 +Y2+2Z

Y,
¢p.g =tan”! (—") . 4)
p.q Xp

Equations (3) and (4) describe the azimuth angle (¢, ,) and
elevation angle (6, 4) of point (p, g), respectively. Because the
proposed algorithm sequentially radiates the beams L(=PQ)
times, the direction of the L beams can be expressed as
a1 xL vector, as follows:

ug=[01q 024 - Opq], ©)
0=[u1u2---uQ], (6)
vy =014 b2q - drq]. (7
d=[viva--vo]. 8)

As in (6) and (8), it can be expressed
as 1 x L vectors; the [-th element of (6) is defined as 6;, and
the [-th element of (8) is defined as ¢;. Therefore, based on
the far-field approximation in antenna theory [14], a 1 XL
vector with a phase required for the (m, n) Tx element in the
array antenna for beam steering toward the /-th point as its
element can be expressed as follows:

Vi = [ 980 o3 o], ©
where

wlg‘ll,)n = —B{(m—1)d, sinf; cos ¢;
+ (n—1)dysing;singy}, (10)

where 8 symbolizes the wave number, and d, and dy represent
the spacings between the elements in the x- and y-axis array
elements, respectively. To express a complex envelope signal
based on (9), a 1 x L vector with a baseband signal as its
element is expressed as

c=[clcg--~cL]T, (11

where
a1 = ag 17! (12)
T

where f, denotes the frequency of the baseband signal.
Equation (12) is a continuous-wave (CW) expression that
constitutes the baseband signal for the [-th pilot slot.
From (13), the CW term, except c;, is not involved in the
[-th beam scanning slot. The baseband signal of the (m, n)
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Tx element can be expressed as

}m,n (t)

i Upn.naib;e>™h!

- (0 <t < KTy)

B P S e
i=1 (KT; <t < (K + L)Ts)}

ej(anbt+wrg$ax>)

. (14

{(K+L)Ts <t < Ty}

where Uy, , indicates whether the (m, n) Tx element is used
for signal transmission in the preamble slots, and /i« indi-
cates the index of the scanning slot at which the maximum
received power is measured. A passband signal obtained by
up-converting the frequency (14) can be expressed as follows:

S (1) = Re {Tn (1) 2751 (1s)

where f. denotes the carrier frequency. Each element of the
array antenna emits an RF signal, as indicated in (15).

U, 1s set such that the Rx can receive a preamble signal at
all (p, q) points. A subset was selected from the entire array
antenna, and an array factor (AF) was utilized to determine
the subset. The array factor when the Mpre XNpre subarray
radiates in the (0°,0°) direction is expressed as

Npre Mpre
AFpre(G, 8 = Z Z o/Blm—1)dx sin6 cos ¢
n=1 | m=1
o/Pn—=DdysinBsing (16)

By calculating AFpe(6, ¢), Mpe and Ny were determined
as the sizes of the largest possible subarrays satisfying
|AFpre| > 1 for all (p, ) points. |AF,e| > 1 indicates that
the radiation pattern is higher than that of a single Tx element
transmission. For the Mpre X Npre subarray, U, , is defined as
follows:

1
M 1 Mpre 1
’m_7_"5 2 4
N,
Unn=and [n- 4 -4 <%= -4 a7
0
otherwise

In Algorithm 1, we summarize the beam scanning algorithm
in Tx.

To mathematically express the process of determining /iy,
we consider the power received by the /-th scanning beam.
Based on [15], an equation for the received RF power is
derived by the superposition of electric fields radiated from
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Algorithm 1 Beam Scanning Algorithm

1:Initialize: Divide the space to be scanned into P x Q points
and allocate x- and y-position X,and Y, via Eq. (1) - (2);
2:Set the beam direction vectors 6 and ¢ via Eq. (3) — (8);
3:Calculate the phase vectors v, , for each antenna
element according to Eq. (9) — (10);
4:Determine Tx elements to be used for preamble trans-
mission Uy, , via Eq. (16) — (17);
5:Repeat: > Eq. (14) — (15)
6: Transmit K bits with On-off keying modulation as
the preamble during KT;
7: Transmit the L beams sequentially for scanning
while changing the beam direction based on 6 and
¢ during LT;
8:  Perform MPT with /. -th beam during Tg-(K + L)Ts;
9:  Update Inax from feedback during MPT via Eq. (20);
10:End

individual Tx elements, which is given as follows:

. 1
—J (ﬂrm,n"‘w/(n.)n)

2
A2 N e
(
PI(Q) = (4_) ZZ PTm,nGTm.nGRm,n— s
T 'm,n

n=1m=1

(18)

where A denotes the wavelength, Pr,, , indicates the excited
power to the (m, n) Tx element, Gr,,, indicates the realized
gain in the direction from the (m, n) Tx element to the Rx,
Gw,,, corresponds to the realized gain in the direction from
the Rx element to the (m, n) Tx element, and r,, , denotes
the distance from the (m, n) Tx element to the Rx position.
Here, (18) considers that there is one receiving antenna and
expresses the power received by the /-th scanning beam.
Because the power of the RF signal applied to the Rx antenna
is given by (18), the rectified power via an RF-DC converter
that rectifies the RF signal into a DC signal can be written as
follows:

1 !
Pl())c = nREDCPY, (19)

where nrr—pc indicates the efficiency of the RF-DC con-
verter. Moreover, a DC voltage (V]()lé) of the converter in Rx
is applied owing to the rectified DC power. In the proposed
algorithm, the index of the maximum voltage is transferred
to Tx among the DC voltage values applied to the converter,
and the beam direction is reconfigured based on the optimal
index. Therefore, using the beam-scanning algorithm, a total
of L received DC voltages can be obtained, and an optimal
index can be expressed as follows:

Imax = arg max {V]()Ié} , (20)
1
lmax
Pinax = Pg™. 1)

Therefore, in the energy slot of the frame structure, the
power is transferred to the [ point, and the maximum
received power is obtained using (21).
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FIGURE 3. Block diagram of the beam-scanning system with the proposed algorithm.
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FIGURE 4. Block diagram of Rx.

Ill. SYSTEM DESIGN
A. SYSTEM DESIGN
A beam-scanning system for the MPT was designed for
verification. Figure 3 presents a block diagram of the beam
scanning system with the algorithm in the previous section.
Tx is a4 x 4 DBF system composed of 16 channels operating
at 5.8 GHz. The PC controls the operation of the entire
DBEF system. Based on the proposed algorithm, a baseband
signal for beam scanning is generated using a digital signal
processor. Following that, the generated baseband signal is
converted to an analog signal using a digital-to-analog con-
verter. The baseband signal is then frequency up-converted
to a passband signal, amplified with high power, and radiated
through an antenna.

A block diagram of the designed Rx is depicted in Fig. 4.
It receives RF power via a 5.8-GHz channel, and the power
is converted to DC power using an RF-DC converter. The
transmitting CMM (T-CMM) is mounted on the Rx, and the
rectified DC voltage value is applied to its analog-to-digital
converter (ADC) and sampled. The single pole single throw
(SPST) switch is located between the RF-DC converter and
the PMIC to prevent the impedance change caused by circuit
operation from affecting the voltage during scanning. In the
pilot slots, the T-CMM opens the SPST and the voltages are
sampled stably. Following the sampling of all scanning slots,
the SPST is closed to store the received energy in the super-
capacitor of the PMIC. To minimize power consumption, the
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FIGURE 5. Operation timeline of Tx and Rx.

T-CMM enters sleep mode in an energy transmission slot and
in idle time after sampling at each pilot slot.

Figure 5 shows the interaction between Tx and Rx in
each frame. In the algorithm, the scanning beam radiated
from the DBF system and sampled DC voltage should be
time-synchronized by aligning the order. Therefore, a DBF
system that performs beam scanning and the T-CMM require
time synchronization. Prior to system operation, a pulse sig-
nal is connected to the DBF system and T-CMM. The DBF
system and T-CMM recognize the rising edge of the pulse
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and reset their respective internal timers. The two timers
are gradually shifted owing to clock drift, and a preamble
is included in front of the pilot slots to maintain the time
synchronization. The preamble comprises K bits, and the Tx
sends CW in a slot with bit ‘1’ and does not send if the bit
is ‘0’. By detecting the preamble from the trend of the sam-
pled voltages, the T-CMM acquires information about the
index for the start of beam scanning. Among the L sampled
voltage values that follow, the index of the maximum voltage
is selected as Iy and transmitted to the receiving CMM
(R-CMM) in the Tx for receiving the index information.
Based on the maximum index received from the T-CMM, the
DBF system transmits energy by generating an optimal beam
in the energy transmission slot.

B. FRAME STRUCTURE SETUP WITH SIMULATION
The proposed algorithm was simulated based on the system to
be implemented in Section IV. The directivity of the antenna
via simulation was 9.3 dBi and the spacing between

the antennas was 0.71 A on the x-axis and 0.79 A on the
y-axis. It was assumed that the antennas in the DBF system
radiated a signal of 30 dBm. The efficiency of the beam
scanning algorithm was analyzed from P = Q = 2 to 15 for
the number of pilot slots in a space, where X =Y = Z =
1 m. To obtain the received power, it was assumed that the
position of Rx is at an arbitrary position in a plane separated
from Tx by Z. Subsequently, the average received power can
be expressed using the central limit theory (CLT), as follows:

X; =P (22)
Pavg — lim 1+ X2+ + Ncrr
Ncrr— 00 Ncrr
Ncrr
= lim > X (23)

Newr—oo Nerr 4=
where Pﬁfax denotes the i-th sample for the received power
according to the position of Rx, and Ncrt indicates the total
number of samples. In a population with the sample, as
in (22), based on the CLT, the average received power can
be obtained as in (23).

It was confirmed that the average received power increased
with the number of pilots. Based on the number of pilot slots
(K + L) and the time related to the frame structure (T, Ts),
frame efficiency can be expressed as follows:

Tr — (K + L)T;

Tr '
Therefore, the average received power considering frame
efficiency (1frame) is expressed as follows:

Nframe =

(24)

PMPT = Nframe Pavg- (25)

Figure 6 illustrates the simulation results of the average
received power considering the frame efficiency with a Tf
of 1 s and T of 1 ms. As depicted in Fig. 6, as the number of
pilot slots increased, the time of the energy slot decreased, and
consequently, the average received power decreased. It was
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confirmed that the optimal beam-scanning algorithm was
possible when the number of pilot slots was 121.

IV. EXPERIMENTAL VERIFICATION

A. SYSTEM IMPLEMENTATION

Figure 7 displays the implemented MPT system. More specif-
ically, the DBF system includes a signal generation array
(SGA) for generating an RF signal and a signal radiation
array (SRA) for amplifying and radiating the signal. The
DBF system was controlled using LabVIEW on the main
PC connected externally and by microcomputers in the SGA.
The main PC determined the operating state of the system
and the microcomputers provide commands for the gener-
ation of signals to the SGA based on the state. Moreover,
the SGA includes RF transceivers with a digital baseband
processor and RF front-end and a clock distribution device
(CDD) for the time and frequency synchronization of the RF
transceivers. For the RF transceiver, USRP B210 with two
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TABLE 1. Components used in the beam scanning system.

Name Part number Features
Channel: Tx 2, Rx 2
RF FPGA: Spartan 6
Transceiver USRP B210 RFIC transceiver:
AD9361
Micro- . USB 3.0 interface
computer Raspberry Pi 4B Raspbian OS
CDA-2990
CDD (OctoClock) 8-ports 10 MHz, PPS
Qorvo
Power Type: Class-AB
Amplifier QPA9S01 Gain: 32 dB
P1dB: 33 dBm
CMM nRF52840 USB  Bluetooth version: 5.0
MPPT, Boost charger,
PMIC BQ25570 Buck converter
SPST PIS5A3167CCEX  On-Resistance: 0.8 Q

channels of the transmit port, Raspberry Pi 4B for the micro-
computer and CDA-2990 (Octoclock) for the CDD were
used. A 1 x 4 array PA consisting of four layers was used
to amplify the RF signal generated from the SGA. Qorvo’s
QPA9501 was employed for the array PA. The planar array
antenna for radiating the RF signal was mounted on a 4 x
4 array.

The Rx has a channel for receiving an RF signal and
includes an RF-DC converter circuit. This circuit was
designed to rectify a 5.8-GHz signal with a power conver-
sion efficiency of 68% at an input power of 18 dBm [16].
The PMIC stores energy from the RF-DC converter circuit
in a supercapacitor, which is used to power the load and
T-CMM. Moreover, an nRF52840 Dongle was utilized as the
T-CMM to transfer the maximum index. It supports Bluetooth
version 5 and communicates at 2.4 GHz. The receiving CMM
(R-CMM) for receiving the maximum index was installed
on the main PC of the DBF system. For the initial time
synchronization, a 0.1-Hz pulse generated from the CDD was
connected to the T-CMM for 10 s. Following the initial time
synchronization, the time synchronization of the Tx and Rx
continues in a wireless environment. The parts and features
of the system are listed in Table 1.

B. EXPERIMENTAL SETUP

Two experiments were conducted to verify the imple-
mented MPT system: beam scanning experiment and tracking
experiment.

1) BEAM SCANNING EXPERIMENT
Figure 8 displays a photograph of the setup for the beam
scanning experiment. In this experiment, the RSSI for each
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Carrier frequency: 5.8 GHz
Total radiated RF power: 16 W (42 dBm)

FIGURE 8. Beam scanning experiment Setup.

scanning beam is measured when the Rx is placed in a
specific placement relative to the Tx. The radiated RF power
from each channel was 1 W, and the total radiated power
was 16 W (42 dBm). Moreover, the X, Y, and Z values were
1 m to set the direction of the beam in each index. For the
preamble, K = 5 and Mpre = Npre = 2 were set. Open circuit
voltage values were measured according to the placement of
Rx and L. A debugging probe was connected to the T-CMM
to monitor the values in each index. The three placements for
the Rx were as follows: (350 mm, 380 mm, 1000 mm) for
Placement 1; (0, 0, 1000 mm) for Placement 2; and (-250 mm,
-250 mm, 1000 mm) for Placement 3. For each placement,
the orientation of the Rx antenna was directed toward the
transmitter. For beam scanning, 7 was set as 10 ms, and the
number of pilot slots in three cases was P = Q = 4, 10, 15
(L =16, 100, 225).

2) TRACKING EXPERIMENT

A tracking experiment was conducted to verify that energy
transmission can be performed by properly tracking the Rx
moving in real time at every 7r. The setting values of pream-
ble, transmission power, X, Y, and Z were the same as in the
beam scanning experiment. For the frame structure, L = 121,
Tr = 1s,and Ty = 1 ms were applied. A rotation system
based on a stepper motor was used to control the position
of the Rx as illustrated in Fig. 9. On the rotation system,
Rx rotates at trajectory of a radius of 400 mm on zx-plane.
For the experiment, the center of rotation was placed at
(0, 0, 600 mm) and the angular position 6rx changed accord-
ing to the movement scenario. The RF power coupled from
the directional coupler inserted between the RF antenna and
RF-DC converter was measured every 40 ms using the power
sensor. For comparison, measurements were performed on
the case where the proposed algorithm was applied and the
case where the beam direction was fixed at (0°, 0°).

C. EXPERIMENTAL RESULTS

1) BEAM SCANNING EXPERIMENT

The measurement results according to the placement of the
Rx when L = 100 are depicted with simulation results
in Fig. 10. The simulated value is the received RF power
co-simulated by AWR Design Environment 16 and MATLAB
R2020b based on (18). It can be confirmed that the rectified
voltage and the received power are positively correlated, and
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FIGURE 9. Tracking experiment setup: (a) Dimensions of the experimental
setup (b) Measurement system photograph (c) Movement scenario.
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FIGURE 10. Measured received voltage and simulated power of L = 100.

the beam with the highest received power can be selected in
all three placements. Moreover, the measured DC voltages
for Placement 1 and Placement 2 are represented as the
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FIGURE 11. Colormaps of measured received voltage.

TABLE 2. Measurement results of beam scanning experiments.

Maximum Maximum
index voltage (V)

L 16 100 225 | 16 100 225
Placement 1 4 19 28 | 6.16 6.16 6.03
Placement2 | 11 56 113 | 553 8.01 8.56
Placement3 | 13 73 169 | 548 6.88 6.83

colormaps on the pg-plane in Fig. 11. It shows the rectified
voltage distribution for the scanning beams according to L.
Table 2 summarizes the maximum index and voltage based
on the measured results. In Placement 1, even if L was 16,
it was confirmed that the received voltage was similar to the
case of L = 100 and L = 225 because the scanning beam for
(1, 4) point is accurately performed at the location of the Rx.
However, with the larger L, the direction of the beam can be
selected with high resolution, which exhibits a tendency for
the measurement results to be high.

2) TRACKING EXPERIMENT

Figure 12 presents the received RF power of the Rx obtained
by considering the coupling of the coupler and insertion loss

27287



IEEE Access

M. Ahn et al.: Implementation of Digital Beamforming System for Microwave Power Transfer

TABLE 3. Comparison with other works.

Freq. . Beamforming Feedback .
Ref (GHz) Tx array Beamforming scheme system implementation Tracking speed
[7] 52 4x8 LUT-based adaptive Analog Wired Feedback N/A
focal beamforming
[8] 5.8 8 x 8 Beam scanning Analog Wired Feedback N/A
Auto-tracking . .
[9] 2.45 3x3 CW time reversal Analog Wireless 0.8 s for tracking
[10] 0.915 1x2 Estimation from RSSI Digital Wireless 0.5sp er’RSSI
sampling
1] 0915 2%2 Blind-adaptive Digital Wireless N/A
beamforming
[12] 0.920 1 %6 Kalman ﬁlte;r-bgsed Digital Wireless several seconds
channel estimation for convergence
This 53 4x4 Begm scanning Wlth Digital Wireless 0.126 s for
work pilot slot analysis scanning
. [- = ~Ideal Casc Simulation ——w/ Beam Scanning —— (0, 0°) fixed] conducted for actual operation. The authors of [9] proposed
25 'T‘

— 15}

Received RF Power (dBm)

9 10 11 12 13 14 15 16 17 18 19 20
Time (s)

FIGURE 12. Rx Tracking experiment result.

of the line. This includes the simulation result, which is an
ideal case for performing MPT on a consistently optimal
beam based on (18). When the beam direction is fixed at
(0°, 0°), the received power decreases as the receiver rotates
to a higher absolute value of frx. The proposed algorithm
receives higher power than the fixed case by performing beam
scanning and then updating the beam direction. From 5 s
to 6 s, Orx was maintained at 40° for 1 s, and the average
received power differed by 10.5 dB for the two cases. The
validity of the proposed system was verified by comparing
the measured result with the simulated result. Upon updating
the beam direction every second, the experimental results of
the implemented system closely match the simulation results
of the ideal case.

D. COMPARISON WITH OTHER WORKS

Table 3 summarizes the results of the comparison with other
studies. In [7] and [8], focal scanning methods were proposed
and implemented to improve power transfer efficiency in
the near field. However, these studies did not analyze the
parameters of pilots suitable for beam scanning. In addition,
verification in a complete wireless environment has not been
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an algorithm to perform Rx tracking from a pilot signal when
the received power falls below a certain level. Although the
efficiency is high for a target with low mobility, because it
takes 0.8 s to start tracking again, it has a low proportion of
time available for the energy transmission of a continuously
moving target. In [10], an algorithm that performs optimal
beamforming by estimating each channel through RSSI was
presented. The measurement and feedback interval per RSSI
was set to 0.5 s considering the power consumption of Rx.
In [11], blind-adaptive beamforming was proposed, which
iteratively optimizes beamforming weight vectors using DBF
system. Although it did not specify the time for Rx tracking,
it presents aspects that can increase speed in the operation
of the algorithm. The authors of [12] proposed an algorithm
to perform optimal MPT for each placement of the Rx via
Kalman filter-based channel estimation. As a result of mov-
ing the receiver at 1-min intervals, the convergence time was
several seconds.

The MPT system proposed in this paper was verified in
a completely wireless environment via time synchronization
of the Tx and Rx. To maintain synchronization for a short
time slot, the frame structure is operated based on baseband
signal samples using DBF. The system selects the optimal
beam from among the scanning beams at the frame period
(1 s) and performs MPT.

V. CONCLUSION

In this study, a DBF system with real-time tracking for MPT
is proposed. Based on the baseband signal generated by each
channel, the time slots were configured in the frame struc-
ture to scan by rapidly switching the direction of the beam.
Additionally, Rx rectified each scanning beam via the RF-DC
converter, sampled the rectified voltage, and transmitted the
index of the beam with the highest value to Tx. The Tx
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then transmitted a beam corresponding to the received index
to per-form MPT in the optimal direction. The Tx and Rx
were time-synchronized in the wireless environment owing
to the reset of both timers during the initial operation and a
preamble included in the frame structure. The optimal num-
ber of scanning beams was derived by considering the average
received power and proportion of the energy transmission slot
in a frame.

For verification, a 4 x 4 DBF system operating at 5.8 GHz
and Rx were designed. It was confirmed that the results of
beam scanning in a fully wireless environment are consis-
tent with the simulation. In addition, it was verified that the
MPT can be performed in real time by tracking moving Rx
every second. The proposed system can be effectively used
to wirelessly supply power to mobile devices in an indoor
environment.
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