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ABSTRACT This study investigates a hybrid beamfocusing method for microwave wireless power trans-
mission (MPT). We propose an optimization algorithm to obtain an optimal coefficient of phase shifters and
amplitude controllers with maximum RF power transfer efficiency (RF-PTE) for the hybrid beamfocusing
architecture. The optimization algorithm is proposed by iteratively solving the alternative optimization
problem. The algorithm is simulated by applying it to an MPT system with a transmitter and receiver
composed of patch array antennas operating at 10 GHz. Additionally, we implement a test bed operating at
5.8 GHz. Through the simulations and experiments, the amplitude controllers of partially-connected hybrid
beamfocusing architecture can be reduced by half compared with the fully digital beamfocusing to achieve
the optimal RF-PTE. Therefore, an economical and less complex MPT system can be implemented by using
the hybrid beamfocusing method.

INDEX TERMS Microwave wireless power transmission, optimization algorithm, hybrid beamfocusing,

array antenna.

I. INTRODUCTION

Microwave wireless power transmission (MPT) is not lim-
ited by the location of the receiver and can charge at a
long distance compared with inductive coupling and res-
onance wireless power transmission. Additionally, it can
charge multiple receivers and considers human effects [1],
[2]. Therefore, the MPT technology has attracted significant
attention for charging many electronic devices and sensors in
industries and conferences [3], [4], [5], [6], [7].

In MPT, many studies to maximize power transmission
efficiency (PTE) are underway. The overall PTE of an MPT
system depends on several efficiencies, such as power source
to TX antenna, TX to RX antenna, and RX antenna to
received DC power [8], [9]. We investigated the optimization
of the PTE of the RF power source to the RX antenna part
(RF-PTE). We considered RF signals to maximize the PTE
of the MPT system. The methods to determine the optimal
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signal to transmit maximum power to a receiver include
a method using a known channel response and feedback.
The optimal amplitude and phase of the transmit signal
were obtained using optimization techniques and eigenvalue
decomposition in the 5.8 GHz MPT system using known
channel response [10], [11]. However, a study that utilizes
a feedback algorithm exists. The optimal amplitude and
phase of the transmit signal were obtained by transmitting
orthogonal matrices with different phases from the trans-
mitter and then feeding back the received power from the
receiver to the transmitter. An experiment was conducted by
manufacturing an MPT system operating at 10 GHz with a
phase array antenna size of a transmitter of 20 x 20 [12].
A beam scanning algorithm that utilizes an iterative method to
obtain the optimal phase of the transmit signal was proposed.
A 5.8 GHz MPT system that comprises 64 transmit antennas
and 16 receive antennas was presented [13]. In these study
on MPT, the signal was transmitted by controlling only the
phase of the transmit signal or simultaneously controlling the
amplitude and phase.
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Theoretically, the phase and amplitude of the RF signal
applied to each antenna of the transmitter must be controlled
to maximize RF-PTE. However, the implementation of the
MPT system is limited in terms of cost and complexity when
the operating frequency is increased. It can be assumed that
a transmit array antenna operating at 24 GHz with a side
length of 20 cm (16 wavelengths) and an element spacing of
0.5 wavelengths exists. The number of amplitude controllers
and phase shifters that must be connected to each antenna is
1024 same as the number of antennas. Comparing the case
of the MPT with the phase-only controlled, an additional
1024 amplitude controllers are needed. The amplitude con-
trollers such as variable gain amplifier (VGA) are expensive
at high frequencies because they are active RF components.
Therefore, the power consumption and cost of the entire
system are significantly increased.

The PTE is not maximum when only the phase of the trans-
mit signal is controlled. However, it is advantageous in terms
of cost and system complexity because it does not require
components that control amplitude. Additionally, the number
of variables is small; thus, less time is required to determine
the optimal signal value in practical MPT systems. Conse-
quently, this study aims to determine an algorithm to design
an efficient MPT system with low cost, low complexity and
high PTE. Therefore, we apply the hybrid beamforming used
in communication to the MPT.

In communication, studies on hybrid beamforming, which
combines the advantages of analog and digital beamform-
ing, has been researched [14], [15], [16], [17], [18]. Hybrid
beamforming is advantageous in terms of cost and sys-
tem complexity. It can achieve performance close to digital
beamforming using fewer RF chains compared with the
number of transmit antennas. Generally, the optimal hybrid
beamforming architecture is obtained by creating an opti-
mization problem that maximizes spectral efficiency. Hybrid
beamforming is divided into two types, partially-connected
and fully-connected hybrid beamforming depending on how
amplitude and phase are controlled. The spectral efficiency
of the latter has the maximum value [19].

This study applies the concept of hybrid beamforming used
in communication to MPT. In MPT, the receiver is often
located in the radiative near field of the transmitter because
transmitter is large to increase power transfer efficiency;
therefore, the optimal transmit signal at each antenna has a
different phase and amplitude for the power to be focused on
the receiver. We define the concept of focusing the power in
MPT as beamfocusing.

The category of beamfocusing in MPT is composed of
fully-digital beamfocusing, analog beamfocusing and hybrid
beamfocusing as shown in Fig. 1. The fully-digital beam-
focusing is that control amplitude and phase of transmit
signal at each antenna. The optimization algorithm in [10]
and [11] is for fully-digital beamfocusing. The analog beam-
focusing known as beamforming is that controls only phase
of transmit signal. The hybrid beamfocusing is hybrid ver-
sion of fully-digital and analog beamfocusing. The phase
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FIGURE 1. Architectures of the MPT system using beamfocusing. (a) Fully
digital beamfocusing, (b) Analog beamfocusing (c) Fully-connected
beamfocusing (d) Partially-connected beamfocusing (e) Subarray
beamfocusing.

of all antennas is controlled and the number of amplitude
controllers is smaller than that of antennas. The difference
between these architectures is descried in detail in following
sections.

We proposed hybrid beamfocusing (HBF) for MPT in this
paper and an optimization algorithm to determine the optimal
amplitude and phase of the HBF architecture. The optimal
RF signal transmitted from each antenna for maximum PTE
is obtained using the convex optimization problem [8]. The
phase and amplitude of the HBF architecture are obtained by
comparing the optimal signal obtained in [8] with the transmit
signal in the HBF architecture to minimize the difference.
This problem is resolved by dividing the HBF architec-
ture into partially and fully-connected cases. The proposed
algorithm was applied to various scenarios of MPT systems
operating at 10 GHz and simulated. The performance of
HBF was derived. In the given scenarios, the simulation was
performed by varying the number of amplitude controllers.
Moreover, a partially-connected HBF with fewer amplitude
controllers can achieve performance close to the optimal PTE.
Further, we propose a subarray beamfocusing architecture to
effectively reduce the cost, complexity, and computational
load of the system. In addition, we validated the algorithm
using an experiment that applies the proposed optimiza-
tion algorithm to an implemented MPT system operating at
5.8 GHz.
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Il. OPTIMIZATION PROBLEM FORMULATION

A. FULLY-DIGITAL BEAMFOCUSING ARCHITECTURE

This section provides a brief overview of the fully-digital
beamfocusing architecture, which can be used as a com-
parative reference for HBF. In the case of a fully-digital
beamfocusing architecture, each antenna of the transmitter
is connected to a phase shifter and amplitude controller,
allowing the amplitude and phase of the signal transmitted
from all antennas to be adaptively controlled based on the
channel, as shown in Fig. 1 (a).

We assumed an MPT scenario using the transmitter and
receiver consisting of square planar array antennas. The
transmitter and receiver are composed of N; and N, anten-
nas, respectively. The received voltage on a receiver at each
receiving antenna can be obtained as Vg (S) = H' Swith H €
CNXNr and § € CNr*!, The received voltage on multiple
receivers, N,,, can be expressed using H € CNo>*NrNn The
phase and amplitude of the optimal transmit signal can be
obtained using the convex optimization problem proposed
in [8].

B. HYBRID BEAMFOCUSING ARCHITECTURE

In a fully connected HBF architecture, each amplitude
controller is connected to all antennas; thus, the N; RF trans-
mitted signals are summed using a power combiner at each
antenna, as shown in Fig. 1 (c). In a partially-connect HBF
architecture, each N, amplitude controller is connected to
an N;/N, number of subarrays, as shown in Fig. 1 (d). The
number of amplitude controllers N, is set to a divisor of
N; such that the ratio N;/N, is an integer. The structure of
phase shifters in the HBF architecture is known as analog
beam-focusers instead of analog beam-formers used in a
phased array.

Here, we proposed an optimization problem to obtain the
coefficient values of an amplitude controller and a phase
shifter that achieve the maximum RF-PTE with the proposed
HBF architecture for a given MPT scenario. The RF signal
applied by the analog beam-focuser, which is the output
signal of the amplitude controller is defined as Xgr =
[x1,x2 - - xng]¥, where x, = v,e/¥n is the output signal of
the n-th amplitude controller. v, and 1, are the amplitude
and phase of the signal, respectively. The final optimal values
of xgr are real and complex numbers in the case of Fig. 1
(b)-(d) and Fig. 1 (e), respectively. The analog beam-focuser
is an N; x N, matrix and is defined differently depending
on whether it is partially or fully-connected. In the case
of a fully-connected architecture, the values of the matrix
elements are complex numbers with a magnitude of 1 with
an arbitrary phase. In the case of a partially-connected archi-
tecture, the matrix is expressed as follows:

0 P> 0
A= . . : ()
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where p; = |:exp (M)(l‘l)?f’ﬂ) ..., EXp (jqﬁi;\vl,)] . The

size of A is N; x N,. The transmit signal from the transmit
antenna is expressed as Lgr AXgr by multiplying Xgr by the
analog beamfocusing matrix A and the loss caused by the RF
component. Lgr is the RF power loss caused in RF compo-
nents, such as an RF power splitter and combiner. This study
defines the phenomenon in which the power of the RF signal
is divided into N-ways; thus, the power decreases to one-nth
in each RF path as RF loss by the RF power splitter. RF loss by
the RF power combiner denotes a decrease in power caused
by different phases and amplitudes of RF input signals. Lgr
is expressed as +/N,/N; and 1/4/N,N; in the partially and
fully-connected cases, respectively. Lgr is RF signal loss
coefficient regardless of the phase and amplitude of the power
combiner input signal and is applied to output signal of
amplitude controller. No RF loss was assumed, except for
the RF power combiner and splitter. A loss was assumed
in the amplitude controller and phase shifter; however, the
loss of each product differs and can be compensated for by
calibration. The received signal in the receiver is expressed
as LgpHAXgr by multiplying a signal transmitted from the
transmit antenna by a channel response characteristic. H is
the N, x N; channel response. An optimization problem to
maximize the receive power and RF-PTE is as follows.

max P, = |Lrr HAXgF|* 2
subject to condition of (A), ;, Vi, j 3)
XppH XRF < P, @

P, and P; are received power and transmit power,
respectively. Equation (2) is an objective function represent-
ing the RF power received from a receiver. Equation (3) is a
condition of matrix A according to the type of HBF architec-
ture, such as partially-connected and fully-connected HBF.
Equation (4) is a constraint function to limit the RF trans-
mit power. The aforementioned optimization problem is a
multiple variable optimization problem and the element-wise
constraints of A; thus, jointly optimizing these two variables
is highly complicated. A solution can be obtained with an
alternating minimization algorithm that decouples the opti-
mization problem of these two variables [20]. As a principle
of alternating minimization, we alternatively solve for xgp
and A while fixing the others.

Therefore, first, the optimal value y,,, to be transmitted
from each antenna is obtained using the method proposed
in [8]. That is, an optimal transmission signal when the
fully-digital beamfocusing is obtained. The optimal value of
the HBF can be obtained through a novel optimization prob-
lem that minimizes the difference in amplitude between the
transmit signal of HBF and y,,,. Therefore, we propose the
objective function of the optimization problem as the square
of 2-norm of the difference between the two transmission
signals:

. 2
min LrrAXRF —Yopr |5 » (5
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Original problem : Minimization problem ; (5) — (7) ]
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Fix A and obtain Xgp : Constraint least square problem ]47
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[ Fix Xpp and obtain A : Closed form solution
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[ Obtain optimal solution of A and Xgp ]
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Check convergence of A and Xgp
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FIGURE 2. Flowchart of the proposed iterative minimization problem.

FIGURE 3. MPT system scenario comprising a transmitter and a receiver
with an array antenna when the transmitter and the receiver face each
other.

subject to (A); ;, Vi, j depending architecture (6)

XRpXRF < P (7

This optimization problem can be solved using the con-
straint least square problem if A is fixed; Xgr can be obtained.
An initial condition of all components of xgr are set to
1. In case of partially-connected, non-zero components of
A are set to 1. In case of fully-connected, all components
of A are set to 1. The constraint least square problem is
a convex optimization problem; thus, it is solved using
MATLAB and CVX [21]. The A structure is defined depend-
ing on HBF architectures; A of the partially- connected
and fully-connected are block diagonal and full matrix,
respectively. However, the method for solving problem is the
same. Conversely, provided Xgr is fixed, A is obtained by a
closed form. Therefore, we update A and xgr alternatively
until the solution of the optimization problem converges and
solve the two problems to obtain the optimal solution. Gen-
erally, the solution converges after 3 iterations. A is solved
differently when xgr is fixed depending on the A structure
and the detailed process is as follows.

First, in the fully-connected case, Equation (5) expressed
as follows.

. Nt N(I
min E - Lrr E /,_lai,ijF,j — Yopt,i

a; j is the component of matrix A with a complex number
of magnitude 1. Each term according to i in the first sigma

2

®
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of Equation (8) is independent. Additionally, variables Lgr,
XRrF j, and Y, ; excluding a;; are fixed values. Therefore,
a;j that minimizes ‘LRF (Z]N:”l ai’ijF’j) _ yopt,,"z can be
obtained. a;; is a complex number with a magnitude of 1,
expressed as &%, Hence, XRFj = ajeief' and yopr,i = ﬁiej‘”i
are defined. Substituting the symbols defined in the expres-
sion in the first sigma of Equation (8), we obtained:

Lgr (Zj\’:l “jej(¢i’j+(9j)) — BV

The methods to minimize this expression are divided into two
cases. First, in the case of Lgr Zjvz"l aj < B, Equation (9)
cannot be equated to zero. Therefore, the phase of the first
and second terms should be the same, resulting in a consid-
erably small value. The phase value to satisfy the condition
is ¢;j = ¥; — 6. In the case of Lgr Zjvz“l aj > Pj, using
the trigonometric formula, Expression (9) can be equated to
zero. Consider two complex numbers, a;¢/®i! and b;e/®i2,
with magnitudes of a; = Lgra; and b; = LgF Zszaz aj.
Suppose ®;1 = ¢i1 +61and ®;p = P2+ 6 = ... =
@i n, + 0On,. In that case, the phases of two complex numbers
can be determined for their sum to be B;e¢/¥i. Thus, the phase
difference between a;e/®i! and b;e/®i2 is determined using

1 ﬁ?—a?—b?}
2aib; :
Therefore, a;e/®:1 + b;e/®i2 can be expressed as (a; +
biel®)el™ . 7; that satisfies (a; + bje/®)el™ = BielVi is y; — y;,
1| ai+Bi b
2aip;
Yi — 01, ¢ij = wi + Vi — yi — 6;,j = 2... NgF are obtained.
In the case of a partially-connected architecture, A in
Equation (1) is substituted into Equation (5) and developed
as follows.

2
min

©))

the triangular formula as w; = cos™

where y; = cos™ . Consequently, ¢;1 = i —

_ N, " 2
min Zi;l ‘LRFXRFJ@W’ — Yopt,i (10)

[ is defined as the quotient of i/N,. To minimize the value
of (10) when the value of xzF ; is fixed, the value of each term
must be minimized because each term in sigma is indepen-
dent. Thus, the phase of LrrxrF, 1¢% and Yopt,i must be equal.
Therefore, the optimal phase of partially-connected architec-
ture is obtained as ¢; = y¥; — 6;. The process of solving
the proposed optimization problem is shown in Fig. 2. In an
analog beamfocusing architecture, an RF signal generator is
connected to N; transmit antennas, as shown in Fig. 1 (b).
The solution of analog beamfocusing is obtained when xgp
is 1 in the partially-connected architecture. Finally, A which
represents the phase of the transmit signal is obtained. In a
subarray beamfocusing architecture, the various N, ampli-
tude controllers and phase shifters are connected to N;/N,
number of subarrays, as shown in Fig. 1 (e). The solution
of subarray beamfocusing is obtained when the components
of A are given as 1 in the partially-connected architecture.
Finally, the vector xgr composed of complex number is
obtained.
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lll. SIMULATION AND NUMERICAL RESULTS

Here, the RF-PTE according to the number of amplitude
controllers was compared. As shown in Fig. 3, it is a sce-
nario in which the transmitter and receiver face each other.
The proposed HBF algorithm was applied to the scenario
in which the transmitter was 16 x 16 and the receiver was
12 x 12. The transmitter and receiver are faced each other.
We compared the fully-digital beamfocusing, analog beam-
focusing, partially-connected, fully-connected, and subarray
HBF. When the number of amplitude controller is one in
partially-connected and fully-connected HBF, RF-PTE of
HBF is RF-PTE of analog beamfocusing. The subarray HBF
has the same number of phase shifters and amplitude con-
trollers, as shown in Fig. 1 (e). The amplitude and phase
of the transmit signal in the common subarray are equal.
That is, the number of phase shifters required is the same as
the amplitude controller and is reduced compared with that
of the partially-connected HBF. For the four scenarios, the
number of amplitude controllers is increased by a power of 2,
from 1 to 256 and the results of comparing RF-PTE are shown
in Figs. 4 and 5. In the first and second scenarios, the receiver
is in front of the transmitter and the distance between the
two is 0.5 m and 1 m, respectively. In the third scenario, the
receiver is located at an angle of 30 ° to the transmitter and
the distance between them is 0.5 m; the receiver is facing the
center of the transmitter. The last scenario has two receivers,
the distance equals 0.5 m at a position of 30 ° twisted in
opposite directions.

The maximum RF-PTE of fully-digital beamfocusing was
calculated using the algorithm proposed in [§8] in MATLAB
and CVX. Using the channel estimation method in [8], we can
apply estimated channel into the algorithm. Analog beamfo-
cusing is the case in which each antenna signal is the same
amplitude and the phase is controlled. The transmitter and
receiver are square patch array antennas operating at 10 GHz
and the distance between element antennas is 0.6 wavelength.
The antenna was designed using CST microwave studio.
The active element pattern was obtained using the designed
element antenna, the channel between the transmitter and the
receiver was obtained, and the RF-PTE was calculated using
MATLAB. The rectangular patch antenna is a coaxially fed
microstrip patch antenna designed on a Taconic TLY-5 dielec-
tric substrate with a relative dielectric constant of e=2.2, loss
tangent of 0.0009, and a dimension of 11.5 mm x 9.59 mm.

The results of simulation are shown in Fig. 4 and 5.
In fully-connected HBF, the RF-PTE is constant even when
the number of amplitude controllers increases. In a fully-
connected structure, the RF power combiner is located in
front of each transmit antenna. When RF signals with differ-
ent amplitudes and phases passing through each phase shifter
are combined, RF loss occurs. This results in a smaller RF-
PTE. Because RF loss does not occur when signals of the
same phase and amplitude are combined in the RF power
combiner, the algorithm obtains signals of the same phase and
amplitude as the optimal value of fully-connected. That is, the
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FIGURE 4. Comparison of RF-PTE of hybrid beamfocusing when the
number of amplitude controller is increased by power of 2 from 1 to 256.
Distance between TX and RX is (a) 0.5m, (b) 1m.

size of each element of xgr and the phase shifters connected
to the amplitude controller are the same regardless of whether
the number of amplitude controllers increases. Therefore, the
value of the RF-PTE remains unchanged, even if the number
of amplitude controllers increases. Conversely, the RF-PTE
of partially-connected HBF and subarray HBFs approaches
the RF-PTE of the fully digital case as the number of ampli-
tude controllers increases; the value becomes the same when
the number of amplitude controllers is 256. Suppose the
distance is 1 m. In that case, the RF-PTE values of fully-
digital, fully-connected, partially-connected, and subarray
with one amplitude controller are 89.0%, 74.4, 74.4%, and
51.6%, respectively. The RF-PTE of analog beamfocusing is
74.4% in this case. In the case of 64 amplitude controllers,
the RF-PTEs of partially-connected and subarray are 86.8%
and 83%, respectively. Therefore, this result shows that the
partially-connected can achieve sub-optimal RF-PTE using
amplitude controller as much as 25% of the number of trans-
mitting antennas.

The angle of the receiver of Fig. 5 (a) is tilted by 30 degrees
and the efficiencies of Fig. 5 (a) and 4 (a) are almost same.
If the receiver is located at a close distance compared to the
size of the transmitter, the power transmission efficiency does
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FIGURE 5. Comparison of the RF-PTE of hybrid beamfocusing when the
number of amplitude controllers is increased by a power of

2 from 1 to 256. (a) The distance between TX and RX is 0.5 m and the
tilted angle is 30 °. (b) Two receivers with a distance of 0.5 m between
them, each at a position of 30 ° twisted in opposite directions.
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FIGURE 6. Block diagram of the proposed testbed transmit system.

Signal Generator

Phase & Amplitude Control Board Antenna

not decrease even if the angle increases. In this case, the
size of the transmitter is 28.8cm and the distance is 50 cm.
When the distance is close, the tilting angle of the receiver
relative to the element antenna does not increase uniformly
even if the angle of the receiver is tilted with respect to the
center of the transmitter. The tilted angle of element antenna
changes differently for each position of the element antenna.
Therefore, if the amplitude and phase of each element antenna
is optimally controlled by optimization algorithm that we
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(b)

FIGURE 7. (a) Fabricated microstrip patch antenna 4 x 1 (b) Dimension of
microstrip patch antenna 4 x 1.

proposed, the power transfer efficiency would be the maxi-
mum value.

IV. MICROWAVE WIRELESS POWER TRANSMISSION
TESTBED DESIGN AND IMPLEMENTATION

This section details the design, structure, and fabrication of
all hardware components in the testbed for experimentation.
A block diagram of the proposed testbed transmit system is
shown in Fig. 6. The implemented MPT system consists of
a 16 x 1 patch array antenna transmitter and a 4 x 1 patch
array antenna receiver operating at 5.8 GHz. The transmitter
includes a signal generator, power splitter, phase/amplitude
control board, and patch array antenna, all interconnected
via coaxial cables. The power splitter is essential to divide
the RF power generated by the signal generator into 16 RF
paths. This power splitter comprises two 8-way power split-
ters and one 2-way power splitter, distributing signals to
the 16 RF paths. A phase/amplitude control module is then
needed to modify the amplitude and phase of the divided
signal. In this study, 16 phase/amplitude control modules
were utilized to measure RF-PTE for all cases, ranging
from 1 to 16 amplitude controllers of the partially-connected
HBF. Each module is designed for digital control and con-
sists of a 7-bit true time delay line and a 5-bit commercial
attenuator [21]. The true time delay line provides a 360°
coverage of the phase shift value with a resolution of 16° at
5.8 GHz. The attenuator’s smallest controllable unitis 0.5 dB,
and the largest is 8 dB, capable of attenuating RF power up
to 15.5 dB.

Microstrip patch antennas are used for both transmitters
and receivers. We conducted an experiment to validate the
HBF algorithm proposed in the scenario; thus, the experiment
was conducted using an antenna with a basic structure. The
layout of the 4 x 1 antenna array with antenna patch dimen-
sions is shown in Fig. 7. The dimensions of the 16 x 1 antenna
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FIGURE 9. Experimental setup of the implemented testbed MPT system.

array are similar to that of the 4 x 1 antenna arrays. The
dimensions of the patch are W = 19 mm and L = 16.5 mm.
The spacing between the two patch antenna elements and the
vertical length of the substrate are Ly = 31 mm and H; =
62 mm, respectively. The distance between the feeding point
and the center of the patch antenna is Ly = 2.9 mm. The
antenna was designed with CST Microwave Studio to operate
at 5.8 GHz. Based on the simulation results, the 16 x 1 and
4 x 1 array antennas manufactured on the Duroid 5880 board
with a thickness of 30 mil, are shown in Fig. 7. The reflection
coefficient of each antenna element was measured using a
network analyzer and was lower than -15 dB on all ports. The
transmitter system and receiver are implemented as shown in
Fig. 8. Each patch antenna was fed to the coaxial feed from
the back of the board connected to the transmitter and receiver
modules via a coaxial cable.

V. EXPERIMENT RESULT

Here, an experiment was conducted using an MPT testbed
manufactured to validate the feasibility of the algorithm, and
the resulting experimental data are examined. The exper-
imental setup is shown in Fig. 9. At the transmitter, the
signal generator applies the RF signal to the power splitter.
Additionally, the micro controller unit (MCU) is connected to
the laptop to control the phase and amplitude control board.
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FIGURE 10. Comparison of the RF-PTE in the case of (a) One receiver
(b) Two receivers.

A vector network analyzer was connected to each receiver
antenna to measure a received signal.

First, we measured the S-parameter between the transmit-
ter and the receiver’s single antenna using a vector network
analyzer to obtain the channel response between them. Next,
we utilized the measured channel response in the HBF
algorithm, determining the optimal phase and amplitude
controller values for each case as the number of amplitude
controllers varied from 1 to 16 in powers of 2. Subsequently,
we inputted the optimal phase and amplitude values into
the phase/amplitude control board of the transmitter through
the MCU, enabling the transmission of RF power. The RF
power received by the receiver was measured using a spec-
trum analyzer, and the RF-PTE was calculated based on the
measured RF power. The transmit power used in calculating
the RF-PTE for the partially-connected HBF in the algorithm
is only considered a loss by the power splitter. Therefore,
the RF loss of the phase/amplitude control module and cable
for each of the 16 paths were measured for calibration. The
commercial attenuator introduces a phase difference based
on the attenuation state. When calculating the RF-PTE, the
amplitude and phase of the RF signal were calibrated, taking
into account the RF loss and phase difference between the RF
paths.
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Experiments were conducted on four scenarios. Three sce-
narios were when the transmitter and receiver were located
in front of each other and the distances between them were
0.1, 0.3, and 0.5 m. The fourth scenario was when the
two receivers were located 0.2 m from the transmitter and
the angle relative to the transmitter was 30 ° and -30 °,
respectively. A graph comparing the RF-PTE of measure-
ment and simulation by varying the number of amplitude
controllers from 1 to 16 by powers of 2 for each scenario is
shown in Fig. 10.

The simulation and measurement results were in good
agreement for all scenarios. Moreover, when the number
of amplitude controllers increased, the RF-PTE increased.
When the number of amplitude controllers and antennas were
the same, the RF-PTEs of full-digital and HBF were equal.
The RF-PTE value increased with a decrease in distance.
In the case of one amplitude controller and a distance of
0.1 and 0.5 m, the RF-PTEs were 10% and 2.8%, respectively.
These results were so because the channel response decreased
as the distance increased. With 16 amplitude controllers at a
distance of 0.1 m, the RF-PTE increased by 7%. The absolute
RF-PTE value would be larger provided the transmitter was
larger, indicating that the use of the partially-connected HBF
is advantageous in terms of efficiency compared with analog
beamfocusing. Additionally, when the number of amplitude
controllers was 4, the RF-PTE was 15%, an increase of over
5% compared with the RF-PTE by one amplitude controller.
The aforementioned performance was achieved using an
amplitude controller of 25% of the total number of antennas,
indicating that HBF is highly efficient and can reduce the
cost and complexity of the system. As shown in Fig. 10 (b),
the total RF-PTE added to the power received from the two
receivers and the RF-PTE of each receiver was measured in
the case of two receivers. The efficiencies of the two receivers
differed in the case of one amplitude controller and became
almost the same when the number of amplitude controllers
was 16. The magnitude of the efficiency differed because the
channels of the two receivers were not symmetrical owing
to the asymmetrical nature of the experimental environment,
as shown in Fig. 9.

VI. CONCLUSION

This study proposes an optimization algorithm that facil-
itates efficient MPT by applying the HBF architecture to
MPT, determining the optimal values for each phase shifter
and amplitude controller. The optimization problem, aimed
at achieving maximum RF-PTE in the HBF architecture,
involves minimizing the difference between the optimal
transmission signal obtained in the fully-digital beamfo-
cusing structure and the transmission signal in the HBF
architecture. Additionally, we addressed and resolved the
optimization problem for HBF.

‘We obtained the results by applying the proposed algorithm
to various scenarios of an MPT system with an operating
frequency of 10 GHz. The transmitter and receiver were
equipped with a 16 x 16 and 12 x 12 patch array
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antenna, respectively. We compared the results of HBF
and fully-digital beamfocusing as the number of ampli-
tude controllers increased. The partially-connected RF-PTE
validated that an RF-PTE within 4% of the fully digital
RF-PTE can be achieved on average using 25% amplitude
controllers. Additionally, the subarray architecture demon-
strated a high RF-PTE with a relatively small number of
amplitude controllers, providing an alternative option for the
MPT architecture. When the proposed HBF MPT system
was implemented and the optimal signal was obtained with
knowledge of the channel, the computational time could be
significantly reduced due to the reduced number of variables
in use.

The experiment involved designing an MPT testbed system
operating at 5.8 GHz to validate the feasibility of the proposed
algorithm. A 16 x 1 transmitter patch array antenna and a
4 x 1 receiver patch array antenna were utilized, and the
RF-PTE of the partially-connected HBF was measured. This
measurement included varying the number of amplitude con-
trollers in various scenarios and comparing the results with
simulation results. With an increase in the number of ampli-
tude controllers, RF-PTE exhibited a corresponding increase,
achieving values close to those of full-digital beamfocusing
with amplitude controllers set at 25-50%. Consequently, the
application of partially-connected HBF to MPT demonstrated
advantages in terms of cost and complexity. This approach
has the potential to establish an MPT system capable of
transmitting power with optimal efficiency. Our findings will
guide the determination of the structural configuration for
future MPT systems during the fabrication process.
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