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ABSTRACT Microwave power transfer (MPT) has been widely studied, as sensors or mobile/wearable
devices have been used, especially for IoT applications. A beamforming algorithm is essential and important
for both the performance and the system complexity of MPT systems. In this paper, a beamforming algorithm
that requires only 3N —2 transmission sequences for the Tx array with N elements to estimate the optimum
set of the transmission phases is proposed. The proposed algorithm is simply based on trigonometric
calculations, and can be directly applied to an MPT system without element calibration. Calculation of the
optimum phase set of the Tx only requires the information of the received power level from the Rx. Since
simultaneous phase shifting of the multiple elements is performed during the power transmission sequence,
it can have a relatively high Rx SNR, compared to the methods based on phase shifting of only one element
at each sequence. In addition, optimum transmission phase sets for multiple Rx’s can be obtained from a
beamforming procedure using the proposed algorithm, if the received power levels from the multiple Rx’s
are collected. For verification of the proposed algorithm, a 5.2 GHz 8 x 4 Tx array having an output power
of 0.5 W per Tx element was implemented. Beamforming experiment was performed using the proposed
algorithm. A received power of 45 mW at 2 m distance was achieved, which is very close to the simulated
value.

INDEX TERMS Microwave power transfer, channel estimation, phased array calibration, beamforming
algorithm.

I. INTRODUCTION

Various sensors and mobile/wearable devices are being
increasingly used for internet—of-things (IoT) systems.
Additionally, various more sensors and implantable devices
for automotive, industrial, or biological applications will
be adopted. Because these devices require relatively low
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operating power, long-range wireless charging can be con-
sidered for convenience, rather than the conventional wired or
short-range wireless charging methods. The MPT method has
been studied for long-range wireless charging applications
for these devices [1], [2], [3], [4], [5], [6], [71, [8], [9], [10],
[11], [12], [13], [14], [15], [16], [17], [18]. Since the MPT
method uses electromagnetic wave for power transmission,
adaptive beamforming using a phased array is generally
adopted to increase the power transmission efficiency, and
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to track the Rx’s. For maximum received power at the Rx,
itis necessary to estimate the channel characteristics between
each Tx element and the Rx. Then, the optimum phase set
for the Tx elements should be extracted for maximum power
transmission.

The retroreflective beamforming method uses a pilot signal
transmitted from the Rx to estimate the optimum phase set
for the Tx channels to the Rx [9], [10], [11], [19], [20].
Since the phase of the pilot that arrives at each Tx element
indicates the phase of the channel, transmitting the signal
with a negative phase to that of the arrived pilot for each
Tx element guarantees the maximum received power. The
retroreflective beamforming is fast and straightforward, but
requires an additional Tx in the Rx and Rx’s in the Tx
for pilot transmission and reception, respectively. The extra
power consumption and cost for the pilot generation and
transmission at the Rx is not desirable, especially for IoT
devices that require low power consumption.

The look—up table (LUT) method is an alternative method
that does not require pilot transmission and reception for
channel estimation. An LUT that stores the channel informa-
tion or the phase sets for the Tx elements that can be estimated
using calculations, simulations, or measurements for various
fixed locations of the Rx should be generated a priori [12],
[13]. The optimum phase set should be adaptively searched
for maximum power reception at the Rx. If the resolution
of the table is insufficient, there could be a loss of received
power. Since the real-time channel characteristics cannot
be contained in the LUT, the estimated transmission phase
may differ from the optimum as well. In addition, all the Tx
elements should be accurately calibrated. Calibration of the
Tx array may also be very complex and time—consuming [21],
[22], [23], [24], [25], [26], [27], [28], [29], [30], [31], [32],
[33], [34]. Even with fine calibration, drift in time or aging of
the Tx elements can cause inaccuracy in beamforming, which
results in a loss of the received power as well. Therefore, it is
desirable for the beamforming algorithm to find the optimum
phase set for the Tx elements without requiring complex
calibration procedure or additional hardware.

Il. BEAMFORMING ALGORITHMS FOR THE MPT

In general, far—field calibration methods can be used for
the far—field beamforming method for the phased arrays
[21], [22], [23], [24], [25], [26], [27], [28], [29], [30]. One
of the most well-known far—field methods is the rotating
element electric vector (REV) method [21]. While all the
Tx elements are transmitting signals, rotating the phase of
a single Tx element in all directions results in a sinusoidal
variance of the received power. Using the phases for the
maximum and minimum values of these sinusoidal received
power levels, a relative complex gain of each channel for
the specific Tx element can be obtained. This process
should be repeated one-by—one for the entire Tx array.
Since this classic REV method requires a large number of
measurements, modified REV methods were proposed to
obtain the complex gains of the channels by measuring only
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some specific phase shifting states for each Tx element [22],
[23]. REV-based beamforming algorithms are very intuitive
and simple, because they only need the received power levels
to obtain complex gains from the element vectors. However,
since as the number of array elements increases, the variation
in the received power levels due to the phase shifting for a
single Tx element becomes smaller, it becomes more and
more difficult to secure a sufficient signal-to—noise ratio
(SNR) of the Rx to accurately distinguish the variation of the
received power levels according to the phase shifting states.
Therefore, it could be ineffective to use these methods in
a large Tx array. In addition, ambiguity from two solutions
with plus and minus signs can exist for some modified
versions of the REV methods. To remove this ambiguity,
additional measurement should be performed, or a certain
initial condition should be satisfied [21].

Some adaptive beamforming algorithms based on pertur-
bation of the beam weight according to the received signal
strength (RSS) were reported [14], [15], [16]. The beam
weight should be corrected to the direction to increase the
RSS. These algorithms do not require complex computation,
extra hardware for the pilot signal, or additional calibration
process. In addition, different from LUT methods, the
system can dynamically optimize the transmission phases for
real-time channel characteristics. To adjust the beam weight,
a simple adaptation algorithm with a fixed perturbation step
size for each element was proposed [14], [15]. To reduce the
number of measurements required for convergence, adjusting
the step size of perturbation according to the magnitude
variation of the RSS was proposed [16], [35]. The algorithm
reported in [17] solves a nonlinear least square problem
using Levenberg—Marquardt method. The received power
after each iteration gradually approaches to the maximum
RSS point from randomly produced samples. Since these
algorithms are based on the phase perturbation for a single
element at a time, the same SNR issue can arise for large
number of array elements as addressed for the REV-based
methods. The SNR issue can be mitigated by simultaneously
rotating the phases of the multiple Tx elements. Reference
[24] shifted the phases of the multiple elements with a
specified phase interval, and their individual field properties
could then be obtained using the Fourier series. However,
since the number of elements for simultaneous phase shift and
the control bits for the phase shifter are limited, the number
of required measurements cannot be significantly reduced,
as reported in [22] and [23].

Unlike the conventional REV, [25] proposed that all
the array elements are combined in two groups using the
Hadamard matrix. Phase shifting with angles of 0°, 90°, and
180° are performed for the grouped elements. The relative
magnitude and phase of each group are obtained using the
trigonometric properties. Then, the characteristics of each
element are extracted through the calculation using matrix
inversion. Although the number of measurements can be
remarkably reduced compared to the conventional methods,
and the robustness of the SNR of the Rx can be improved,

VOLUME 10, 2022



H. Koo et al.: Beamforming Algorithm Based on the Orthogonal Phase Bases With Trigonometric Estimation

IEEE Access

TABLE 1. Beamforming methods for the MPT.

Classification

Features

Pros

Cons

References

Retroreflective

Signal generator and Tx
for the pilot signal at the Rx

Very fast channel estimation

Complex hardware
Accurate calibration
for the Tx elements

[9-11], [19, 20]

Look-up table

Tabularized optimum
Tx phase sets

Fast channel estimation
Simple hardware

Hard to follow

the hardware variations
over time and the real-time
channel characteristics
Accurate calibration

for the Tx elements

[12,13]

Min/Max measurement for the
received power levels

Low Rx SNR
Large number of measurements

REV by rotating each element vector Straightforward Ambiguity in polarity (211
for all possible phase angles Ineffective for large array
Measurement for the
receweq power levels Reduced number Low Rx SNR
by rotating each element vector of measurements L [22]
by 0°, 90°, 180° and 270° - (3N+1) Ineffective for large array
Modified REV (4 states)
for specific phase angles Measurement for the
received power levels Reduced number Low Rx SNR
by rotating each element vector  of measurements Ineffective for large array [23]
by 0°, 90° and 180° :(2N+1) Ambiguity in polarity
(3 states)
N P o i
basi%tl(;/rf gg‘g ng Positive gradient tracking Adaptive operation Large number of measurements [14]-[17]
fof the received power Ineffective for large array
Measurements for the
received power levels
by simultaneously rotating High Rx SNR
multiple element vectors Single beam sequence
by 0°, 90° and 180° for multiple Rx's Ambiguity in polarity [25]
(3 states) Number of measurements
REV-based estimation :(3N)
Element grouping using
the orthogonal matrix
Simultaneous rotation Perturbation on beam weights
of the multiple element vectors of th? mu]tlpl_e elemenF s . .
based on Positive gradient tracking along ~ High Rx SNR No finite number (18]
the orthogonal phase bases with the orthogonal phase bases  Adaptive operation of measurements
& phas ) Element grouping using
the orthogonal matrix
Measurements for the
received power levels
by m_multaneously rotating High Rx SNR
multiple element vectors Single beam sequence
C, (] o
for 0%, 90% and power on/off for multiple Rx's - This work

(4 states)

Trigonometric estimation
of the optimum phase set
Element grouping using
the orthogonal matrix

Number of measurements
:(3N-2)

it still has the ambiguity issue, like the conventional REV. The
algorithm reported in [18] also uses the Hadamard matrix to
divide the entire array into two groups with N/2 elements.
Then, N orthogonal phase masks are generated, and used to
determine the phase shifting direction of each element. The
optimum transmission phase of each element can be derived
using the orthogonality of the transmission phase sets. The
adaptive beamforming algorithm finds the optimum phase set
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to have the maximum received power with each orthogonal
phase mask. This technique is insensitive to hardware errors,
because perturbation of the transmission phase occurs in the
direction of increasing RSS.

Especially for the IoT applications, the capability of
multiple device charging is also very important for the MPT
methods. If the next beam weight can be determined using
the RSS information for the current beam, or if the optimum
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phase set should be adaptively tracked, the beamforming
process must be performed only for a single Rx. If the
beamforming sequence is not dependent on the state of the
Rx [22], [23], [25], the optimum transmission phase set for
each Rx can be simultaneously obtained from the RSS’s of
the multiple Rx’s.

In this paper, a beamforming algorithm for MPT systems
is proposed that does not require a calibration process for
the Tx elements, but does require a lesser number (3N —2)
of beams for the transmission sequence to find the optimum
phase set for the Tx elements. For the Tx array with N
elements, the proposed algorithm uses an N xN Hadamard
matrix to make N bases for simultaneous phase shifting
of multiple elements. To find the optimum transmission
phase set using the N bases, a transmission sequence with
3N—2 beams, which consist of 0°, 90°, and power—off
states for the elements, is required. After the measurement
for the transmission sequence, the optimum transmission
phase of each Tx element for a given Rx location can be
calculated using trigonometric geometry and orthogonality.
Since simultaneous phase shifting for half of the Tx elements
is performed, this technique has a relatively high Rx SNR,
compared to the algorithms based on phase shifting of a single
Tx element at a time or RSS variations as in [14], [15], [16],
[17], [21], [22], and [23]. Unlike [14], [15], [16], [17], and
[35], the proposed algorithm generates the 3N —2 beams with
phases of 0°, 90°, and power—off states of other elements,
so that if the received power levels of the multiple Rx’s are
determined, optimum phase sets for the multiple Rx’s can
be simultaneously obtained using a single beam sequence.
Compared to the methods presented in [21], [23], and [25],
the procedure is simple, without requiring initial conditions.
Table 1 summarizes the pros and cons of the proposed and
previously reported beamforming algorithms.

lIl. THE PROPOSED BEAMFORMING ALGORITHM

A. HADAMARD GROUPING FOR MULTI-ELEMENT PHASE
SHIFTING

The transmitted field from the N Tx elements arrives at
the receiving antenna through the wireless channels. Each
channel between each Tx element and the Rx can be
expressed as a complex gain. The vector matrix of the N
wireless channels for the N Tx elements is expressed as
follows:

g = [Ag16%1 Agrelfs2 .. Ay yelsN], (1)

where Ag; and 0,; are the magnitude and phase of the
complex gain for the i—th channel. It can be assumed that the
output power levels of the Tx elements are the same, since
the output power from each Tx element should be its peak
output power to receive the maximum power at the Rx for
MPT systems. Therefore, for the Tx elements operating with
the peak output power, the receive field, r, can be simply
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calculated as follows:
N
r=gxl =Eg ) Agpelertonn), 2)
k=1
where x is a beam weight for the N Tx elements, and can be
represented using a vector matrix, as follows:

x=E [efgx,l P B gié’x,zv] , 3)

where Ey is the magnitude of the beam weight for the same
output power, and 6, ; is the phase of the beam weight for
the i—th channel. From Eq. (2), it can be found that the
received field is dependent on the phases, 6,1 to 6y v, of the
transmitted signals from the Tx elements. It can be also found
that the received field can be maximized when the sum of the
two phases of the complex gain and the transmitted signal
from the i—th Tx element to the Rx becomes the same constant
value, or simply zero, for all the Tx elements.

To find the maximum received power point, one of
the most intuitive methods is a gradient algorithm that
is continuously chasing toward the positive gradient of
the function along the coordinate axis. For N—dimensional
functions, N orthogonal bases are required to run such max
point searching algorithms. Since the axes of the transmission
phase of single Tx element are not orthogonal each other,
the method of sequentially rotating the individual phase
of the transmitted signal from each Tx element could not
always lead to the global optimum, and might require too
many measurements. In addition, as the number of Tx array
increases, the received power variation according to the phase
change of a single element becomes smaller, and could even
be difficult to correctly detect, due to the relatively low signal
level compared to the noise level. In other words, this method
can have a low SNR issue at the Rx, especially for large
Tx array.

If orthogonal bases for N—dimensional phases are found
and simultaneous phase shift in multiple elements can be
performed, the global optimum point with a relatively large
Rx SNR can be found. To make N orthogonal basis vectors,
the Hadamard matrix has been popularly used. The 2" x 2™
Hadamard matrix with orthogonal bases is represented as

follows:
1 1
H; = [1 _1] , 4)
_ Hszl Hzm—l
H2’" B |:H2ml —H2m1i| ’ (5)

where m is an integer. Then, the N x N Hadamard matrix for
N Tx elements can be represented as follows:

For the Tx array having 2™ elements, all the even rows and
columns have the same number of appearances for the values
of 1 and —1, except row 1 and column 1. Values of 1 and —1

VOLUME 10, 2022



H. Koo et al.: Beamforming Algorithm Based on the Orthogonal Phase Bases With Trigonometric Estimation

IEEE Access

in the matrix indicate the positive and negative direction of
the phase shift, respectively. If the phase shift directions of
the elements for a selected row are defined, N basis vectors
with simultaneous phase shift of the N Tx elements can be
created for the vector matrix x. Then, the phase set for the
maximum received power can be found through these new
basis vectors. The new vector matrix of the beam weight, u,
with these orthogonal bases of the phases for the array with
N or 2" elements, can be defined using the elements of the
Hadamard matrix, as follows:

.= Eo [e/'hm@x,n @Mn2bxn . .. ejhnNg.x,n] , 7
where u, is the vector matrix of the beam weight made
from the n—th row of the Hadamard matrix. According
to Eq. (7), if the phase of the existing beam weight is
multiplied by —1, the element has a phase shift to the opposite
direction, compared to the direction of the phase shift from
multiplication by 1. This means that for the same phase shift
angle of 8, N/2 elements transmit signals with a transmission
phase of 46, while the other N/2 elements transmit signals
with a transmission phase of -9. Then, the matrix r for the
received fields based on N basis vectors for the phases are
defined as follows:

], ®)

r:[rl ry e

where the n—th element, 7, is the received field for the beam
weight of u,, and can be expressed as follows:

N
ry = gunT = Ey ZAg’kef(eg,k+h)zk9x,k)_ 9)
k=1

To find the optimal transmission phases of the Tx elements,
we have to find 6, ,, which maximizes the received field, r,,.
This optimum phase searching should be done for all n from
(1 to N). Using the optimum transmission phase, (6, ”)opl
ry, to be the maximum received field gives the expression for
the optimum beam weight, as follows:

N N
Yot = Eo|: ) IUAICTII I R

k=1 k=1
N
Ze”hm(“’x-k%w}. (10)
k=1

Using Eq. (10), the optimum transmission phases are
obtained. Since all elements have the same phase shift
direction in r1, the same received power for all possible phase
settings can only be obtained, so that the phase, (6x 1) opt?
for the maximum value cannot be obtained. However, since
(O, 1) gt is equally added to the optimum phases of all the Tx
elements as in Eq. (10), it does not make any relative phase
difference. Therefore, (6,1 )Opt can be ignored with a value of
zero. How to find (9x,n)0p, has been one of the key issues. The
proposed method will be explained in the next subsection.
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FIGURE 1. Vector diagram of the received field with an initial beam
weight.

B. OPTIMUM PHASE ESTIMATION

If the same phase shift is applied to all the vector components,
the same phase shift occurs in the composite vector as well.
The r,, in Eq. (9) is N summations of vectors, each of which
has a phase shift with + or - direction. Therefore, by grouping
vectors having the same phase shift direction according to
the new beam weight in Eq. (7) r, can be re—expressed as a
sum of two vectors: a vector, rn , from the received fields for
the elements that have phase shift in the + direction, and a
vector, I, , from the received fields for the elements that have
phase shift in the - direction. Then, Eq. (9) can be rewritten
as follows:

N
1+ hke
rn=ry +r, = EO{ Z Ag,k¥ezwg,k+ex.n>

”kel((?gk 9xn)} (11)

+ ZAg,

where n is an integer from (1 to N). Since r;" and r;, have
a phase shift in opposite directions, they can be combined
in—phase to result in a maximum magnitude if they have
exactly half phase shift of the initial phase difference.
Therefore, the optimum transmission phase (6 ) opt in
Eq. (10) should be half of the phase difference between the
two vectors, r;F and r;,, which are expressed in Eq. (11). For
the initial state with no phase shift (i.e., 8; , of 0 in Eq. (11)),
all the r,,’s for any value of n are the same vector. Though the
phase difference between the two vector components shown
in Eq. (11) varies according to n with the initial condition
of zero phase shifting, their vector sum becomes always the
same.

Fig. 1 indicates the vector diagram for the case with no
phase shift. Here, r¥ is the received field using the transmitted
signal for an initial beam weight with no phase shifting. r;"
and r,; can be simply acquired by turning on the elements
having the desired sign of phase shifting direction, and
turning off the elements that do not. If the magnitude of the
received fields, 0, r,‘f and r,, are known, it may be possible to
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estimate (Qx,n)opz simply using a cosine law. However, since
the cosine function is an even function, it is still not clear
whether (ex,k)opz is positive or negative. A simple way to
avoid this ambiguity of the sign of the phase is to measure
the received power using either a positive or negative phase
value. If the chosen polarity of the phase is correct to have
an in—phase combination of ;" and r;, a field larger than
¥ will be obtained. The recelved power will be increased
as well. If it is incorrect, the received power will decrease.
If this method is applied to the condition with multiple Rx’s in
different locations, each Rx requires a different transmission
phase set to determine the sign of the phase. Therefore, for the
method using a simple cosine law, the measurements using a
different beam sequence should be applied to each Rx, so that
the number of required measurements increase in proportion
to the number of Rx’s.

To simultaneously estimate the optimum transmission
phase sets for the multiple Rx’s with a single unified beam
sequence, the received power levels of PZ/ % and P with
phase shifts of r,; by 90° and 180°, respectively, can be used.
Using the new beam weight setting in Eq. (7), phase shifts
of 45° and 90° can make relative phase differences of 90°
and 180° between ;" and r;, . For convenience, the phase of
r;, can be represented using the phase of r; as a reference.
The relative received power levels for ;™ and r; and their
combinations with phase shifts can be simply expressed as
follows:

Pr =% Py =1 1% (12)

W=V|=W+qﬁ (13)
—2

Pr=Irf—r, % (14)

where, P:[, P, and PO are the relative received power levels
for r;f, r,, and r°, respectively. Note that PV is a constant
that is independent of n, which is the index of the row for
the Hadamard matrix used to define Eq. (7), while P} are
different according to n. From Eqs. (12)-(14), the following
equations can be derived using vector geometry:
Pf+P, = %(PO +P). (15)
Eq. (15) shows that P} can be derived using the received
power levels of P+, P, and PO, Then, from the vector
diagram shown in Fig. 1, the optimum phase, (6, ,,)Opt, or
the n—th phase basis can be derived using the cosine law,
as follows:

1 P+ P, —PT
(Ox,n)opt = :l:ECOS_l (M>

2/ PP,
1 Po— P — P,
= j:—cos_l<#>, (16)
2 2V PPy

while the magnitude of the optimum phase for each phase
basis can be found using Eq. (16), the correct sign should still
be found. To find the correct sign, the relationships between

PO, PZ/ 2, and PT should be observed.
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rotationin clockwise: + sign

T z(ex,n )opl

(2)

rotationin clockwise: + sign

P°

2005 opr

(b)

FIGURE 2. Vector diagram and signal waveforms to find the sign of the
optimum phase based on magnitude comparison: (a) lagging, and

(b) leading.

TABLE 2. Relationships between PO, P,’,’ / 2, and P with respect to the
ranges of 2(0X,ﬂ)apt-

Phase range Relationships
PO < P/ < PT,
- < Z(Gx,vz)opt < -3n/4 pr_ PW/Q - P;’l}/2 po
=3m/4 < 2(0x,n) oy < /2 PO < Pr< Pw/2
-2 < 2(017'”)0;015 < -7/4 Pr < PO < P‘rr/2
Pr <Py < PO,
=14 < 2(0z,n) ppy <O po_ 7r/2 <P,7:/2—P;Lf
< Pr < PTr/2 < PY,
0 < 2(0e,n),py < /4 ng b o prl?
/4 < 2(00,n) oppy < /2 Pr? < Pr < PO
72 < 2(9%")0;;1 < 37/4 w/2 < PO < PT
PO < pr/? < pr
34 < 2(0zm) py < pr/2_po P:_pw/z

Fig. 2 shows the vector diagram and signal waveforms
to find the sign of the optimum phase based on magnitude
comparison. The sign of the angle between r; and r, in
Eq. (16) results in lagging (Fig. 2a) or leading (Fig. 2b)
waveforms. These two cases show different relationships of
/ 2, and P . For example, for the case shown in Fig. 2a,

PO’ Pn
where /4 < 2(6,, ”)opt < /2, PO is the largest. Otherwise,

for the case shown in Fig. 2b, P %is the largest. All possible
angles from (—x to 47) between r;i and r;, can be divided
into 8 sections according to the relatlonshlps between PV,
PZ/ and P7, as shown in Table 2.

Table 2 shows that if the relationships between the
3 received power levels are compared, or if which one is
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N — # of array
Tnitialize array
Create NxN Hadamard matrix

Measure P

<'

ne2

n :
¥
A 4

Caleulate (9)

v
Tnd

Measure Py .P, P2 and estimate (01)opr
Choose the sign of (0, ,)op

that the magnitude relationships matches to those in Table TI

n<n+

FIGURE 3. Flow chart of the proposed algorithm.

closer to the second largest value between other two received
power levels is known, the correct sign in Eq. (16) can
be determined after a single beam sequence. Since when
n is 1, all the elements have the same phase shift, the
maximum received power cannot be obtained. Therefore,
measurements to find P,j, P, and PZ/ 2 are not required
for n of 1. P;f, P, and PZ/ 2 should be measured, and P}
should be derived for all other »n’s from (2 to N). So the
beam sequence for each element consists of power on/off
state and two phase shift states of 0° and 90°. In addition,
since PY is required to be measured, the total number of
measurements by the beam sequence is 3N —2. After the
beam sequence, all the parameters in Table 2 are obtained.
Two sections in Table 2 can be pre—selected using the absolute
value of the optimum phase derived in Eq. (16). By examining
the relationships between the measured PO, PZ/ 2, and P7,
the correct sign of (Qx,n)upz can be found. If all (Qx,n)opt’s
for n of (1 to N) are obtained, the optimum transmission
phases of the N Tx elements for the current position can be
obtained using Eq. (10). Fig. 3 shows a brief flow chart of the
proposed beamforming algorithm with the total number of
measurements of only 3N —2, without ambiguity of the sign
of the optimum phase.

IV. SYSTEM DESIGN AND IMPLEMENTATION

A. SYSTEM DESIGN

For verification of the proposed algorithm, a 5.2 GHz MPT
system including an 8 x 4 Tx array was designed. Fig. 4
shows the overall system block diagram. The Tx is composed
of 8 x 4 or 32 elements. Each Tx element includes a
power amplifier, a phase shifter, an attenuator, a micro
controller unit (MCU), and an antenna. The phase shifter
has a 5-bit control with a phase step of 5.625° for the
entire coverage of 360°. The attenuator also has a 5-bit
control with a step of 0.5 dB for the maximum attenuation
level of 31.5 dB. The MCU’s are connected to a PC via
universal asynchronous receiver/transmitter (UART). The
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FIGURE 6. Simulated radiation patterns of the 5.2 GHz antenna element:
(a) xz—-plane, and (b) yz—plane.

algorithm was implemented using LabVIEW, and the beam
sequences were uploaded on the MCUs. Table 3 summarizes
the components used for the design.

Fig. 5 shows the Koch—curve structure-based patch
antenna element for the Tx array [36]. The antenna element
has a dimensions of 34 mmx34 mmx1.52 mm, and was
implemented on RF-35 substrate with a dielectric constant of
3.5 and a loss tangent of 0.0018. Using the feed point located
at distances of 0.7 mm in the x direction and 2.5 mm in the
—y direction from the center and the cuts at two corners, a
right-handed circular polarization (RHCP) was realized. The
parameters of wy, [,, and w; for the patch are (14.08, 14.08,
and 1.75) mm, respectively. The parameters ay, a>, b1, and by
are (wp/3, wp/9, wp/9, and wy/27), respectively.

Fig. 6 shows the simulated radiation patterns of the
designed antenna element for the xz—plane in (a) and
the yz—plane in (b). The RHCP gain is 6.5 dBic for the
+z direction. The gain difference between RHCP and LHCP
is about 25.65 dB at 5.2 GHz. The bandwidth for a reflection
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FIGURE 7. Implemented 8 x 1 unit Tx array: (a) top view, and (b) bottom
view.
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FIGURE 9. (a) experimental setup for the MPT, and (b) Rx positions for
the measurements.

coefficient of under —10 dB ranges from (5.05 to 5.29) GHz,
which is 4.642%. The 8 x 4 antenna array with an interval
of 0.59 Xy between the adjacent elements showed a high
gain of 18.19 dBic. The same single antenna element is
used for the Rx, and is connected to the power spectrum
analyzer (PSA). The information of the measured received
power levels for the 3N —2 beam sequences is delivered back
to the PC through the general purpose interface bus (GPIB).
Based on the received power levels, the proposed algorithm
calculates the optimum phase set for the Tx.

B. IMPLEMENTATION

Fig. 7 shows the photographs of the fabricated unit Tx array:
(a) top view, and (b) bottom view for the 8 Tx elements. The
RF circuits are implemented on the top plate of the board,
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FIGURE 10. Simulated and measured received power levels for various Rx
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while the digital and power management circuits, including
MCU’s and low drop—out IC’s, are placed on the bottom.
The top and bottom circuits are inter—connected using a
flexible flat cable (FFC). Fig. 8 shows a photograph of the
implemented 8 x 4 array. The entire array has dimensions of
272 mmx 136 mmx280 mm.

V. MEASUREMENT RESULTS

Fig. 9a shows the experimental setup for MPT using
the implemented Tx array and the proposed beamforming
algorithm. Fig. 9b shows the locations of the Rx where the
measurements were performed. Measurement planes were
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TABLE 3. Summary of the measurement results compared to the previous MPT systems.

. . Frequency  # of Tx Pour Pour # of Rx Pr Distance
Ref. Beamforming algorithm (GHz) array (W/element) W) antennas (W) (m)
Adaptive 0.009*
[16] (Gradient ascent with 0.915 4 0.1 0.4 1 .RF 1
weight optimization) (RF)
. 0.014
[10] Retroreflective 2.08 4 0.25 1 1 (RF) 0.5
[11] Retroreflective 2.125 8 0.175 1.4 1 0.007 0.6
(RF)
1 0.446
[30] Retroreflective 52 64 0.5 n —  ®
5 0.575
(do)
1 0.178
[12] Look—up table 52 3 0.5 6 — RH y
5 0.191
(do)
Adaptive 0.229
[14] (Gradient ascent) 50 3 05 16 1 (RF) 1
0.208
Retroreflective (RF)
0.007"
[13] Look—up table 5.8 16 0.079 1.3 16 (RF) 4
Adaptive 5
[18] (Orthogonal phase bases 10 400 N/A N/A 64 1
. . (DC)
with gradient ascent)
Proposed 0.045
This work (Orthogonal phase bases 52 32 0.5 16 1 ('RF) 2

with trigonometric estimation)

coordinated at the distances in the z axis (z = (2, 3, and
4) m) from the center of the Tx antenna array (reference point,
z = 0). For each measurement plane, 9 Rx positions were
selected for the measurements with spaces of 0.5 m along
both the x and y axes. The output power of each Tx element
was set as 27 dBm, which results in the total Tx power for the
32 elements of about 42 dBm. As introduced in section I1I, the
proposed algorithm requires the information of the received
power levels for a total 94 (or 3N —2) beams to calculate the
optimum Tx phase set for each Rx position:

Fig. 10 shows the simulated and measured received power
levels for a total of 27 Rx locations, that is, 9 locations for
each plane, where z is (2, 3, or 4) m. The received RF power
levels of (16.6, 13.3, and 10.6) dBm were obtained at the line—
of—sight positions with z’s of (2, 3, and 4) m, respectively.
The minimum received power levels were (12, 10.4, and 9)
dBm for the three planes. The simulation was done using the
method explained in [37]. The maximum difference of the
received power levels between the measured and simulated
results is only 0.9 dB. The very close match between
the simulated and measured results validates the proposed
beamforming algorithm. Table 4 summarizes the measured
performances of this work, compared to the previously
reported MPT systems. This work showed a received power
of 45 mW at a relatively far distance of 2 m.
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*: Graphically estimated, N/A: not available

Vi. CONCLUSION

In this paper, pros and cons for the features of the beam-
forming algorithms used for MPT systems were analyzed.
A new algorithm which that requires no calibration routine
for the Tx elements and requires no additional circuits, such
as auxiliary Rx circuits for the Tx or auxiliary Tx circuits
for the Rx, is proposed. Using the proposed algorithm, the
optimum phase set for the Tx array can be obtained through
the received power measurements using the 3N —2 pre—coded
beams. Since the received power measurement is done using
the simultaneous phase shift for the multiple Tx elements,
the MPT system based on this proposed algorithm has an
improved Rx SNR. The entire beam sequence is generated
using some fixed conditions, such as 0° and 90° phase shifts
for all the Tx elements, and power on/off states of the partial
Tx elements. Since the beam sequence is based on fixed
conditions, the proposed beamforming algorithm enables the
MPT system to simultaneously estimate the optimum Tx
phase sets for multiple Rx’s if the information of the received
power levels from the multiple Rx’s can be independently
acquired at the Tx.

The operational principles of the proposed algorithm were
explained simply using some trigonometric properties for the
vectors. To verify the proposed algorithm, an MPT system
based on an 8 x 4 Tx array was implemented for the 5.2 GHz
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band. Each Tx element has an output power of 0.5 W. For
the beamforming experiments using the implemented MPT
system, a received power of 45 mW at the distance of 2 m
distance was achieved. Superiority of the proposed algorithm
was verified by the close match between the measured and
simulated received power levels and the small number of
measurements (3N —2) without ambiguity.
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