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ABSTRACT In this paper, we present a 5.8 GHz radio-frequency (RF) wireless power transfer (WPT) system
that consists of 64 transmit antennas and 16 receive antennas. Unlike the inductive or resonant coupling-
based near-field WPT, RF WPT has a great advantage in powering low-power internet of things (IoT)
devices with its capability of long-range wireless power transfer. We also propose a beam scanning algorithm
that can effectively transfer the power no matter whether the receiver is located in the radiative near-field
zone or far-field zone. The proposed beam scanning algorithm is verified with a real-life WPT testbed
implemented by ourselves. By experiments, we confirm that the implemented 5.8 GHz RF WPT system is
able to transfer 3.67 mW at a distance of 25 meters with the proposed beam scanning algorithm. Moreover,
with the proposed beam scanning algorithm, the power transfer efficiency reaches 20.32 % and 0.24 %
at distances of 0.5 and 5 meters, respectively, whereas the far-field-only-scanning scheme achieved the
transfer efficiencies of 13.45 % and 0.23 % at the same receiver positions. Since the proposed transmit
antenna array has the maximum linear dimension of 299.12 mm, the approximate boundary between far-
field and radiative near-field is 3.45 meters based on the Fraunhofer distance calculation. The results show
that the proposed algorithm can effectively cover radiative near-field region differently from the conventional
scanning schemes which are designed under the assumption of the far-field WPT.

INDEX TERMS RF wireless power transfer, microwave power transfer, beam scanning, phased array
antenna, rectifier.

I. INTRODUCTION

The Internet of Things (IoT) has been regarded as a represen-
tative technology of the next industrial revolution in terms
of hyper-connected society. According to the forecast from
Transform Insights TAM Forecast Database, at the end of
2019, there were 7.6 billion active IoT devices, which is
expected to grow to 24.1 billion in 2030. Along the way, with
the upcoming industrial wave, supplying electrical power to
a tremendous number of IoT devices will become a great
challenge. Conventional ways to supply power to devices
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(e.g., connecting power cords or periodically replacing bat-
teries) are a huge loss in various aspects not only for the costs
and efforts but also for the quality of service when it comes
to large-scale IoT connectivity.

Over decades, there have been various approaches for
wirelessly charging electrical devices. Near-field wireless
power transfer (WPT) based on resonant or inductive cou-
pling methods has shown great technical progress and even
introduced commercialized products which are able to charge
mobile devices [1]. However, despite the capability of high-
efficiency power transfer of near-field WPT, the applica-
tion area is very restricted due to the short charging range.
Although the wire is not connected to the target device
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directly, it still demands the devices be located near the power
source, even on a specific spot.

On the other hand, radio frequency (RF) WPT, based on
the electromagnetic (EM) wave, is capable of transferring
wireless power enough to operate IoT devices up to hundreds
of meters [2]. Moreover, RF WPT has a powerful advantage
in that it can be extended to simultaneous wireless informa-
tion and power transfer (SWIPT) [3]. However, the required
power for operating an IoT device is around 1 mW [4],
which is not an easy performance target to achieve for the
RF WPT system. It is because most of the radiated RF power
dissipates into the air, and then only a small fraction of the
transmitted EM wave can be captured at the receiver due
to the dispersive nature of free-space EM wave. This is the
reason why the foremost obstacle of RF WPT is low power
transfer efficiency.

High-efficiency RF WPT can be achieved by synthesizing
the beam of an EM wave and steering it to the desired
direction, which means focusing wireless power on the
receiver [5]. Moreover, to maximize available energy with
received power, many studies have been conducted to attain
high RF-to-DC conversion efficiency of rectifiers [6].

To make RF WPT technology much more reliable for
real-life applications, we have to focus on a systematic
and integrated view of the overall system. A number of
papers provide details of practical implementation of RF
WPT together with some associated theories on beamforming
and protocol design, such as [7]-[20]. They experimentally
verified their own proposed beamforming scheme with a
prototype testbed setup. Especially, the authors of [11]-[20]
have built the RF WPT prototype system of their own.

The authors of [11] and [12] have fabricated a transmitter
module consisting of 64 phased array antennas that operate
at around 920 MHz. In [11], the maximum output power of
transmitter reaches 100 W, and the power transfer efficiency
at 15 meters is roughly calculated to be 10 %. And [12],
which is our previous work, demonstrated the outdoor test
results up to 50 meters and verified the sensor device is
successfully kept alive with only the received power. At the
distance of 50 meters, the sensor node received 1 mW with
total transmitted power of 11 W.

Recently, the research works on the RF WPT system oper-
ating at the frequency from 5 GHz to 6 GHz have gained
great momentum (e.g., [13]-[20]). These works introduce
their own WPT prototype based on a phased array antenna
transmitter with different operation frequencies from 5.2 GHz
to 5.8 GHz, respectively. Both [13] and [14] use the same
hardware architecture of the RF WPT system, which operates
at5.2 GHz. While [13] used 8-by-8 transmitter elements, [14]
only used 4-by-8 elements. The receiver consists of one
antenna to report the received RF power and five recten-
nas to harvest energy. The received dc power of 100 mW
was reported from the total transmitted power of 32 W at
a distance of 4 meters in [13]. In comparison, received dc
power was 191.1 mW at a distance of 1 meter with 16 W
of transmitted power in [14].
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In [15], the authors have built an RF WPT system at
a frequency of 5.745 GHz. They proposed a time-sharing
beamforming algorithm and experimentally verified it. Four
nodes located at 2 meters apart from the transmitter with dif-
ferent azimuthal angles have received the power of 23.38 mW,
14.96 mW, 31.4 mW, and 27.92 mW with equivalent isotrop-
ically radiated power (EIRP) of 70 dBm. The work [16]
proposed a tile-based 8-by-8 triangular grid array transmitter
for a 5.7 GHz RF WPT system. The proposed transmitter
achieves up to 68.6 dBm EIRP at 5.75 GHz.

There have been several works about the 5.8 GHz RF
WPT system demonstration (e.g., [17]-[20]), which has the
same target frequency as the proposed system in this paper.
In [17], the proposed RF WPT system consists of 4-by-4
transmit antenna elements and 4-by-4 receive antenna ele-
ments. At a distance of 0.5 meters, around 7 mW was reported
at the receiver with 1.3 W of transmit power. The authors
of [18] and [19] have built the transmitter, which is capa-
ble of controlling the phase of each element by using dif-
ferent lengths of connected transmission lines at 5.8 GHz
frequency band. They both experimentally verified a focused
antenna array method with their own proposed system. The
work [18] used 8-by-8 transmit antenna array, and 4-by-4
receive antenna array. The received power at a distance of
0.4 meters was reported as 33.2 mW with a total transmitted
power of 100 mW. In [19], the authors used a very large-
sized (1 m x 1 m) transmitter and receiver. With 500 W of
transmitted power, 209.26 W of RF power was reported at the
receiver at a distance of 10 meters. In our previous work [20],
we have proposed an analytic method that enables to calcu-
late the efficiency in various multi-antenna-to-multi-antenna
WPT scenarios and verified it by the full-wave simulation as
well as the real experiments. A 64 antennas-to-16 antennas
RF WPT system with phased array circuits is built for the
experiments.

In this paper, we have designed and implemented a full-
fledged 5.8 GHz RF WPT system consisting of an 8-by-8
transmit antenna array and a 4-by-4 receive rectenna array.
Overall hardware components in this paper have been devel-
oped with the aim to make the RF WPT system compact and
simple. The transmitter is comprised of a phase control board,
amplifying board, and antenna board. By stacking up three
boards with connectors as a sandwich structure, we have a
single module of phased antenna array with 16 RF paths since
each board has 4-by-4 elements. With this configuration, it is
easy to increase the number of elements for the transmit-
ter, and we have combined 4 modules to implement 8-by-8
transmit antenna elements. The receiver has 16 rectifiers in a
square form, and each rectifier is designed with a one-stage
Dickson charge pump structure. The rectifier is directly con-
nected to the antenna element, and we will call this structure
a rectenna. The harvested DC energy from each rectenna is
combined in parallel.

We also propose an elaborated beam scanning method
that is able to cover the far-field and near-field region over
two scanning iterations. In the phased array-based wireless
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Transmit
Antenna Array

FIGURE 1. Cartesian and spherical coordinate system model.

communications systems, the codebook-based beam scan-
ning schemes have been studied in many ways in terms
of pencil beam, wide beam, and arbitrarily shaped beam
(e.g., [21]-[25]). However, most beam synthesis methods are
proposed based on the far-field assumption since, in com-
munications systems, the distance between the base station
and user equipment is actually very far. On the other hand,
in the RF WPT system, the far-field assumption does not
hold anymore. For example, the primary potential application
scenario of the RF WPT system is a smart home. In this
scenario, it is not assured that IoT devices are located in the
far-field all the time. Besides, for operating an IoT device,
the RF WPT system demands much higher transfer efficiency
because the required power is around 0 dBm, whereas the data
communication is possible unless the received power is lower
than the noise floor (i.e., —120 dBm). So the beam scanning
algorithm should work within the radiative near-field region
to achieve a reasonable power transfer efficiency.

The proposed beam scanning method, in this paper, divides
the whole far-field region into a specific size of the grid
for the first scanning phase. Each point of considered u-v
coordinate represents a certain direction of the beam from the
transmitter. In the first scanning phase, the transmitter scans
the whole far-field region with a given size and the number of
the grid points. Based on the measured power at the receiver
according to the first scanning, the transmitter determines the
optimal direction. After that, the second scanning phase is
conducted to cover radiative near-field zone. In the second
scanning phase, the transmitter synthesizes the beams cor-
respond to the different distances, which are decided with a
given step size up to the end of the radiative near-field region
towards the obtained direction from the first scanning phase.

The rest of the paper is organized as follows. First,
we present the proposed beam scanning method in
Sections II and III. A detailed description of the implemented
RF WPT system is provided in IV. Testbed setup and exper-
imental results are presented in Section V, and the paper is
concluded in Section VI.
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Il. SYSTEM MODEL

A. COORDINATE SYSTEM

Fig. 1 shows RF WPT system in consideration, which consists
of a phased antenna array transmitter and rectenna array
receiver. The transmitter is located on the x-y plane in the
Cartesian coordinate system, and the EM wave is radiated
towards the positive z-axis. The transmitter is a rectangular
planar antenna array with NIX x N T’{ antenna elements.

row

Let NIX and N CTO’f denote antenna elerrignts along x-axis and
y-axis, also we denote the total number of antenna elements
as NT* (= NIX x NI¥). Each antenna element is indexed by
n(=1,...,N™), and then n th antenna element is denoted
by antenna 7.

In the global Cartesian coordinate system (GCS) with the
X, ¥, and z axes, the position of transmit antenna # is denoted

by
alS = (@, @), ). (1
And the distances between two neighboring rows and

columns of antennas, which is called antenna spacing, are

denoted by erO’\‘,v and l;’i, respectively. Then, the position of

antenna 7 is given by

NTx+1
T col T
aﬁ = lco)i : ((%) - Tco)1(> )

y_lTx Tx _ N;{)xw+1
Ay = bow * \ Trow ) ’

L
a, = 0. 2)
where 71X and rCTO’{ are, respectively, row and column indices

of antenna » such that

X = (= /NI 1,
X = ((n— 1) mod NJ%) + 1. 3)

col

Similarly, the receive antenna array can be defined as follows:
the receiver is composed of MRX x MRX array of antenna
elements with the spacing between neighboring antenna
array elements denoted by lé{o’{ and IRX . The total number of
antenna elements is denoted as MR (= MR} x MR%). And
the position of the receive antenna m in GCS is denoted by

s9CS — (52,50, 55T )

In our system, the position and attitude of the transmit
antenna array are fixed on the x-y plane with the center of
the array at the origin (i.e., (0, 0, 0)) of the GCS. However,
the receiver can be freely located in a GCS with arbitrary
attitudes. To describe the location of the receive antenna,
including its attitude, we introduce the receiver’s local coordi-
nate system (LCS), which is represented by three orthogonal
axes dy, 8y, and §,. The origin of the receiver’s LCS is S%cs =
(0,0,0)" and the position of receive antenna m in LCS is
denoted by

LCS S Oy ST
S = (S5, S $55)" (%)
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In the viewpoint of GCS, LCS can be seen as the rotation
matrix that rotates the receiver with their own attitude, whose
axes are aligned with the x, y, and z axes at first. We represent
the rotation of LCS by the Euler angle. The rotation matrices
that represent the rotation of «, 8, and y around X, y, and z
axes of GCS are, respectively, given by

sB 0 si
R,(x) = [0 (,0(:0{ —s?na] s R‘(ﬁ) = |: 008/3 1 9"(1)/9 :| s

0 sina cosa —sinf 0 cos B

(6)

cosy —siny 0
1

RZ()/) = |:siny cosy O
0 0

Then the rotation matrix of receive antenna Rgyx which is
rotated by an Euler angle («, 8, y) with the x-y’-z” intrinsic
rotation is given by

Rrx = Ry (@)Ry(B)R (). N

The three axes of the LCS of the receiver (ie., oy, §y,
and §;) correspond to the columns of rotation matrix Rgy.
If we present the origin of the receiver’s LCS in GCS as

TS = (53, 55, 59T, (8)

we can fully describe the position and attitude of the receive
antenna element m in GCS as

GCS GCS LCS
$GCS = GCS | Ry, sLCS. ©)

The position of transmit antenna n aTx LCS in LCS is the same
as aTX GCS gince the center of transmit antenna array is located
at the origin of GCS.

In this paper, we designate one antenna element m*, which
is located at the center of the receive antenna array, as an
anchor antenna. We set the position of the anchor antenna in
LCS as the origin such that

s-C5 = st = (0, 0, 0)7, (10)

and the position of the anchor antenna in GCS is denoted as

GCS T

S = (5h, soiy 5500 (11)
From (10) and (11), (9) is rewritten as

SGCS = §GCS | R, k€S| (12)
The position of sGCS can also be denoted in the spherical
coordinate system as SS*CS = (rR*, R pRN)T where rR,
ORX and q)RX denote the radius, elevation, and azimuth of the
anchor antenna m*. Consequently, we can derive the position

of antenna m in the Cartesian coordinate system and spherical
coordinate system both in terms of 7R*, 9R% and ¢®* by

55 = r®sin 6% cos pR*, (13)
s = ™ sin OR* sin o, (14)
55 = r®cos o, (15)
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B. NEAR-FIELD EM WAVE PROPAGATION MODEL

In this subsection, we model the EM wave propagation
between transmit antenna array and receive antenna array in
the radiative near field. The frequency of the EM wave is
denoted by f, and the free-space wavelength of the EM wave
is denoted by 1. The EM wave from the transmitter is radiated
towards the positive direction along the z-axis. The direction
from the transmitter to the receiver is defined as elevation
0 and azimuth ¢. We assume that —7/2 < 6 < mw/2,
—m < ¢ < m which means the receiver is located within
the range of the EM wave radiation from the transmitter.

In our system, only the phase can be controlled with a
phase shifter for hardware simplicity, and hence each element
of transmit antenna array radiates equal power pT*. The
transmitted power wave at the port of antenna n, denoted by
Xy, 1s defined as

Xp = /20T exp(—jwy), (16)

where wj, is the phase of x,,. Here we define the transmitted
power wave vector as

X = (Xn)y=1, NTx- (17)

If we denote y,, as the received power wave from the receive
antenna m, y,, is given by

NTx

Ym = Zhn,mxn- (18)

where hj, , is the channel gain from transmit antenna »n to
receive antenna .
In the free space, the channel gain / between the transmit
and receive antennas is given by
A

h R

2
= GTxGRx —j—d ), 19
4 d eXp( / A ) (19)

where d is the distance between two antennas, G1* is the
gain of transmit antenna, and GR* is the gain of the receive
antenna. Based on (19), we can derive the channel gain
between transmit antenna n to receive antenna .

If we consider LCS and GCS in (12), the distance between
antenna n of the transmitter and antenna m of the receiver,
which is denoted by d,, , is represented by

dom = 1255 — (595 + Rpyst)|

= JISEES 12 4 23S ey + nl, (20)
where
K = aGcs RRXSLCS @21
By using the first-order approximation with the Taylor expan-
sion \/)T—i—y ~ x4+ %y, (20) can be rewritten as
(G L

dpm = 5ol — 255 (22)

GCs, fenm
[t
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Based on (19) and (22), the channel gain 4, , between
transmit antenna n and receive antenna m is given by

A 2
hn,m — v GTxGRx exp —j—ndn,m
4rdy m A

A GTxGRx
= g p( ]—||SGCS||)
n,m

frad ()
PR saesy

( 27 ”’Cnm” )
X exp

J=
A 2fsocl
In (23), the magnitude of sGCS is equal to the distance
between the center point of the transmit antenna array and
anchor antenna m™, which is denoted as below

(23)

PR =SS = (55 + (S (5,07 (24)

Furthermore, in (23), (sS5)7 /[|sSCS|| is interpreted as the

unit direction vector from the center of the transmit antenna
array to the anchor antenna of the receive antenna array,
which is denoted by

(SGCS)T : Rx Rx _: Rx .: Rx Rx\T
”SGCS” = (sinf" " cosg ", sinf" " sing ", cosf )" .
m*
(25)
Based on (24) and (25), we can simplify (23) as
I = @)%, RV Ay (). (26)

In (26), ®(r®*) represents the magnitude and phase rotation
of the channel gain related to the distance between the center
of the transmit antenna array and the anchor antenna of the
receiver, which is defined as

A /GTxGRx
ex p(

C dmRx

2
(R = ]TnI’RX) 27)
where d, , is approximated to r®*. In (26), ®(r®*) has the

same value for all channel gains (i.e., (%1;,m) ,—;._yTx ) regard-

m:l,...,MRx
less of the indices of transmit and receive antennas.

In addition, in (26), Q,,.,(OR*, pR¥) represents the phase
rotation in the far-field region caused by the direction from
the transmitter to the anchor antenna m™, which is defined as

2
Qum(O%, o*) = exp <jTN(sin OR* cos pR*,
sin 6% sin o®*, cos eRX)TKn,m) (28)

Furthermore, in (26), A,,’m(rRX) is the near-field region
related term that denotes the phase rotation of A, _,, related

to the distance r®*, which is denoted by
2 2
A1) = oxp (=22 Mnn2) = (g9
’ A 2rRx

Most of the research works on the beam scanning algo-
rithm have not considered A, n(7®%) since under the far-field
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assumption, An,m(rRX) becomes negligibly small. However,
without An,m(rR"), the transmitter is not able to focus the
EM wave beam on to a small spot within the near-field
region. The convex lens-like phase distribution of the trans-
mit antenna array can be formed by A, ,(r®*). We have
addressed An,m(rR") to propose the elaborated beam scan-
ning algorithm which is capable of covering the near-field
region.

In this paper, since the single element of the receiver is
made up of a rectenna, the received RF power at the antenna
is directly converted to DC power. The converted DC power
from each element is combined together at the end of the
rectifier. With a slight abuse of definition, we call this tech-
nique as DC combining method to represent the total DC
power from multiple rectenna elements. We define ¢,, as
the RF-to-DC conversion efficiency of the rectifier which is
connected to receive antenna m. If y,, denotes the received
power wave from antenna array m of the receiver, the total

received DC power p is given by
MRX P
|Ym|
pRe = Z €m——. (30)

lIl. BEAM SCANNING METHOD

In this section, we introduce the beam scanning method for
maximizing the received power with the proposed RF WPT
system. We have described the coordinate system model
and EM wave propagation model in the previous section.
However, when it comes to radiative RF WPT, derivation
of EM wave propagation between antenna elements is not
very practical. In order to achieve high transfer efficiency,
a phased array transmitter forms the power beam to the
receiver by controlling antenna weights (i.e., magnitude
and phase).

We use the anchor antenna m* as a sensor antenna which
measures the received power for each scanning beam. In this
paper, we prefer to use u-v coordinates to represent the
direction. With 6 and ¢, we can derive the direction control
parameter £ as u-v coordinates of 8 and ¢ as

£ = (u,v)] = (sinfcos¢, sinfsingp)’. (31)
Based on (31), we define the position of the anchor antenna
m* as (ER%, rR¥),

From (10), (23), and (26), the channel gain from transmit
antenna 7 to the anchor antenna m* is derived as

2
_]Tdn,m*)

— qD(rRX) exp < gRX)T TX) exp <

hn,m*

A
= ——VG™GRxexp (

47Tdn,m*

)\, 2rRx
(32)

2n ||aT"||2>

where u
plane.

= (ay, a,) is the position of antenna n on the x-y
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From (18) and (32), the received power wave at sensor
antenna m* is denoted by

NTx
Ym* = E hn,m*xn
n=1

NTx
= Z V2T’ exp

n=1

x <j((§n(§“") + (™) — w)) (33)

where
2T
Ca(EYY) = T(ER")TuZX, (34)
2 aTx 2
(™) = —7”2’;Rﬂ : (35)

The basic concept of beamforming for radiative RF WPT is
pursuing transmitted power waves from each antenna element
to be combined in-phase at the receive antenna. The received
power at the sensor antenna is maximized when the phases
((g“n(ERX)—i—n,,(rR")) —w,) arealigned foralln = 1,..., NT*.
Then the optimal power wave of antenna n is

opt

Xn = 4/2p X exp(—jwy), (36)
where
oy = Ca(E®) + 1, (r™)

_ 27 Rx\T'..Tx ”aIX”2
_T<(E upt — i ). (37)

Based on (37), we can see the optimal phase for each antenna
element is determined by & Rx which represents the direction
of the receiver and the distance between transmitter and
receiver 7R, In the far-field region, 1,(r?*) is approximated
to zero since the distance r®* is very large. However, the WPT
system should work within the radiative near-field region to
guarantee a reasonable power transfer efficiency and in order
to do that, nn(rRx) should be addressed to cover the radiative
near-field region.

From (33), the received power at the sensor antenna P,
can be defined as the function of the direction and the distance
from the transmitter as

P
e
2
NTx R . Rx R 2
> n=1 1) exp (]((Cn(’s' )+ 7a(r?)) — w,,))
= 2 ,
(38)

where I(r®¥) = /2pTx®(rR¥).

Fig. 2 shows a conceptual diagram of the proposed beam
scanning method, which is able to cover far-field and radia-
tive near-field both sequentially. Firstly, we assume that the
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D]DD%S

Phased array antenna

FIGURE 2. Proposed beam scanning scheme.

receiver is located within the far-field region of the transmit-
ter. The far-field region means the distance between transmit-
ter and receiver r is longer than the Fraunhofer distance of the
transmitter. Even though there is no clear boundary between
far-field and radiative near-field, if we define the boundary as
v, €ach field is derived as

213
==, (39)
Radiative near-field < ry, (40)
Far-field > ry, 41

where the maximum linear dimension of the transmit antenna
array Lty is denoted by

Lo = VB x IIR)2 + WD x B2, 42)

row TOW 0 col

Under the far-field assumption, the term 7,(r®*) which
is related to the distance becomes negligibly small and it
means the direction & is the only control parameter to steer
the beam. When the direction control parameter £ is given,
the transmitted power wave from transmit antenna element n
in (16) is rewritten as

21
) = 2™ exp (=8 U). @)
We also rewrite the transmitter excitation vector in (17) as
X&) = (" (E))ey,. N1 (44)

Furthermore, from (37), (38), and (43), we can calculate
the received power at the sensor antenna m* corresponds to
the far-field beam, which is steered to the direction of & as
follows:

Poi(®)
X o R
SN 1R exp (2 (6% — &) ul - L))
2 .

(45)

We introduce the u-v grid concept for the far-field region
from the transmitter. The far-field region from the transmit
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antenna array can be represented by a unit disk form in the
u-v coordinate. The set of scanning beams for the transmitter
is generated by a uniform grid in the u-v coordinate system.
Each scanning beam is determined by &. Then, we define kth
scanning beam % as

£0 — < A*

\Iju
wu M

A ) (46)
w1 e )

where x jJ is the jth grid point in the uniform grid with size J
centered at the origin, that is

X =j-J/2-1/2, (47)

and A" and AV are, respectively, the scan widths along the
u and v axes, V" and WV are, respectively, the numbers of
scanning beams along the u and v axes, and k* = ((k — 1)
(mod W")) 4+ 1 and k¥ = [(k — 1)/ W"] 4 1 are, respectively,
the indices of the scanning beam along the u and v axes.
In this paper, for a Nrf)"‘V X NCTO’i planar array, we generate
2NTX % 2NCT0’{ scanning beams with 2N.I* scanning points

row row
in the u-axis and 2NCTO’i scanning points in the v-axis. The
number of scanning beams K of the transmitter is
T T
K = W'Y = 2N, X 2N . (48)

Trow

During the far-field scanning along the designed u-v grid,
the sensor antenna measures the received power for each
beam index and then finds out the optimal index k* which
has the highest received power. With the optimal direction
E(k*) from the first scanning phase, the transmitter conducts
the near-field beam scanning with different distance value r.
From the first scanning phase, the optimal u-v coordinate is
obtained as & opt = (Uopts vopt)T.

Under the radiative near-field assumption, the phase of
each transmit antenna is determined not only by the direction
but also by the distance. The transmitted power wave from
the transmitter in the near-field region is defined as

/ 27 a1

near _ Tx 2 (g Ty Tx _ e W

X, (&, 1) =4/2p exp( Jj - (E u, > ) .
(49)

The transmitter excitation vector in the near-field region is
defined as

X"UE, ) = 0, E ), N (50)

In the same manner as (45), based on (49), the corresponding
received power for the near-field beam is defined with the
direction control parameter & and distance control parameter
r as

P (E, 1)

" Tx Tx 2
S IR exp (72 (F@ — 25 (k- 1))

7 ;
D

where F (&) = (ER" - S)Tuzx.
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With the fixed optimal direction &, from the first scan-
ning phase, the set of scanning beams is generated by a
uniform distance grid in order to find out the optimal focal
distance. Each scanning beam is indexed by i (=1, .. ., Td)
and defined as

=, (52)

where Y9 is the number of the grid for the distance. The rea-
son why we set the maximum distance as ry, is to conduct the
second scanning phase within the near-field region. Based on
the received power at the sensor antenna corresponding each
beam index, we can find out the optimal distance parameter
ropt With the second scanning phase.

Algorithm 1 Beam Scanning Algorithm

Input:

Direction control parameter &

Distance control parameter r

Output:

Optimal direction control parameter &
Optimal distance control parameter 7opt

1 fork < 1to K do
2 Set the transmitter excitation vector to x™"(& &y
3 Measure the receive power at the sensor antenna
far /@ (k)
Pi(E")
end
k* < arg maxy—1
k*
Eopt < & “
Set the direction control parameter & *)
fori < 1to Y¢do
Set the transmitter excitation vector to
Xnear(g(k*) r(i))
10 Measure the receive power at the sensor antenna
near g (k*) i
P, r)
11 end
12 i* < argmax,_;__~yd prear(g®n) @)y
13 rop < )
14 return &, ropt

,,,,,

DR - A

The overall operation of the proposed beam scanning algo-
rithm is summarized in Algorithm 1. Algorithm starts by
scanning the direction control parameter of the transmitter
with ‘;‘(k) (k = 1,...,K) (line 1). For each scanning beam
k, the corresponding received power at the sensor antenna
Pfsi(é(k)) is measured (line 3) so that the optimal direction
control parameter &, is found at lines 5-6. After the first
scanning phase, the direction control parameter of the trans-
mitter is fixed to &, at line 7, and then we move onto
the second scanning phase with different distance values r®
(i=1,...,Y%Y(line8). Then the optimal distance parameter
ropt 18 returned (line 14) based on the received power for each
scanning beam Pze,f‘r(’g‘(k*), r®) in the second scanning phase
at lines 10-13.
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To verify the proposed beam scanning algorithm, we have
simulated the WPT system with MATLAB software. In the
simulation, the transmitter consists of a 16-by-16 phased
array antenna, which is larger compared to the fabricated sys-
tem in our works. According to (46) and (48), 1024 scanning
beams are generated for the far-field scanning. We set the
center points of transmit antenna array and receive antenna
array have the same height and increase the distance from
1 m to 13 m since based on (39), up to 13 meters from the
transmitter is considered within radiative near-field. Fig. 3
shows the normalized receive power with the proposed beam
scanning algorithm when the distance between transmitter
and receiver is 1 meter. The 497th scanning beam achieves the
highest receive power, and with direction control parameter
5497, the near-field scanning is conducted. For the near-field
scanning, we set the number of the grid for the distance Y4 to
130 and the step size of the distance grid is 0.1 meter. Fig. 4
shows the phases of the transmit array weights according to
the different distances as heat map distribution. In Fig. 3,
we can see that around 7 dB improvement in the received
power is obtained by the near-field scanning compared to the
far-field-scanning-only. Figs. 4(a) is the phase distribution
of the optimal (497th) scanning beam. As we can see in
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Figs. 4(b)-(f), the convex lens-like form to focus the beam
at the receiver gradually changes to the linear form as the
receiver moves towards the far-field region.

IV. SYSTEM DESIGN AND IMPLEMENTATION

In this section, we present the design, structure, and fab-
rication of all hardware components in our system. Fig. 5
shows the block diagram of the proposed WPT system.
Implemented WPT system consists of an 8-by-8 circularly-
polarized phased antenna array transmitter and a 4-by-4
rectenna array receiver that operates at 5.8 GHz. Selected
components for the system are listed in Table 1. Technical
descriptions of the transmitter and receiver are presented in
the following subsections.

A. PHASED ARRAY ANTENNA TRANSMITTER
The 8-by-8 transmitter array consists of four 4-by-4 unit mod-
ules. A 4-by-4 unit module is built by connecting a phased
array board, an amplifier board, and an antenna board as a
sandwich structure. We designed and fabricated a 16-way
phase control board that is able to control both the phase of
the input RF wave and ON/OFF states for each path. Firstly,
to divide the transmit power into multiple RF paths, we have
designed a Wilkinson power divider that has an optimal
performance by using the advanced design system (ADS)
software. A 16-way power divider is implemented by using
four stages of the Wilkinson power divider. And then we have
deployed a phase shifter, RF switch, and shift register every
port, as seen in Fig. 6(a). The RF switch enables turning on
and off the path, and the phase shifter provides a 360-degree
coverage of a phase shifting value, with a least significant
bit (LSB) of 5.625 degrees. The RF switch and phase shifter
in each path are all digitally controlled by a shift register chip.
The power of the output RF signal from the phase control
board is not sufficient for WPT due to the insertion loss

168527



IEEE Access

J. H. Park et al.: Design and Implementation of 5.8 GHz RF Wireless Power Transfer System

Digital 5
Controli]RF Bath?y 5
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FIGURE 6. Phased array antenna transmitter.

of phase shifter and RF switch chips. Therefore, in order
to increase the output power of the transmitter, we have
designed a 4-by-4 amplifier array board, which consists of an
amplifier as in Fig. 6(b). Each output port of the phase control
board is directly connected to the input of the amplifier board
via a board-to-board connector. The phase control board and
amplifier array board are both fabricated on Rogers RO4350B
board with a thickness of 1.542 mm.

The more antenna elements the transmitter has, the sharper
beam can be formed, which leads to higher power transfer
efficiency. To set up the transmitter with 8-by-8 antenna
arrays, we have fabricated an integrating board that can com-
bine four phase shifter and amplifier modules in one transmit
antenna array. Fig. 6(c) shows the module combining board
which has one RF input port divided by a 2-stage Wilkinson
divider into 4 RF paths. At the end of each path, there is an RF
connector that is supposed to be connected to each module.
We put all of the dc-dc power converters together in this board
which is needed to provide power to the phase control board
and amplifying board. Also, we can control shift registers for
all RF ports with a single digital I/O port by forming a daisy
chain to provide a serial control.

A circularly polarized (CP) microstrip patch antenna is
used for both the transmitter and receiver. In the RF WPT
system, in most cases, the receiver is freely deployed with
arbitrary attitudes, and it leads to polarization mismatch in
terms of the transmitter and receive antennas. In order to
achieve reasonable power transfer efficiency even if the polar-
ization is not matched due to the different attitudes of the
transmitter and receiver, CP antenna is used for transmit and
receive antenna arrays.
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(a) Layout with dimensions (b) Fabricated board

FIGURE 7. Antenna array.

(a) xz-plane

(b) yz-plane

FIGURE 8. Simulated radiation patterns of the patch antenna.

Fig. 7(a) shows the layout of the CP antenna array with
antenna patch dimensions. The distance between the feed
point and center point of the patch antenna is Ly (4.398 mm).
The dimensions of the patch are W = 12.75 mm, L =
12.17 mm, and L, = 3.82 mm. The antenna spacing between
two antenna elements (Ly) is 28.2 mm. Simulated 2-D radi-
ation patterns along two cutting planes (xz- and yz-planes)
are seen in Fig. 7(b) at the frequency of 5.8 GHz. We can
see that the designed antenna mainly radiates unidirectional
RHCP waves in the upper hemisphere.

Based on simulation results, we have fabricated a 4-by-4
array antenna on Rogers RO4725JXR board with a thickness
of 1.542mm, as seen in Fig. 7(b). The reflection coefficient
of the antenna element, which is measured by a network ana-
lyzer, was observed to be lower than —10 dB for all ports at
5.8 GHz. Each patch antenna is fed by a coaxial feed from the
backside of the board, which is connected to the transmitter
and receiver modules via a board-to-board connector.

B. RECTENNA ARRAY RECEIVER

Fig. 9(a) shows a circuit diagram of the one-stage Dickson
charge pump rectifier circuit that we have designed and
fabricated. Since the Dickson charge pump structure has
two Schottky diodes in series, the output voltage reaches
almost two times the single shunt diode rectifier’s output
voltage [26]. We have matched the input impedance at the
input power of 5 mW and the load of 1 k2. In addition,
we have used ADS to derive the optimal rectifier perfor-
mance, including input impedance. The two diodes in the
rectifier schematic are integrated as series pairs in one diode
package, Skywork SMS7630-005. The parameters for the
capacitors and resistors in Fig. 9(a) are C; =2 pF, C» =2 pF,
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FIGURE 10. Simulated and measured results.

and Ry, = 1 k. In Fig. 9(b), we show the photograph of the
fabricated rectifier circuit as well. The substrate material is
Rogers 4003, with a thickness of 0.508 mm and permittivity
of 3.55 F/m.

Fig. 10 shows the obtained performance of implemented
rectifier at a frequency of 5.8 GHz. The fabricated rectifier
achieves an output DC voltage of 1.98 V and an RF-to-DC
conversion efficiency of 39.56 % when 10 dBm of RF input
power is fed. The measured results of implemented recti-
fier reasonably well match with the simulation results when
considering the minor losses (i.e., diode loss, substrate and
conductor loss on the PCB, and the impedance mismatch
loss) [27], [28]. Besides, the efficiency difference between
the simulation and measurement is also caused by inaccuracy
in the large-signal model of the Schottky diode and the imper-
fection of the milling process used for the fabrication of the
circuit [26], [29].

Based on the designed rectifier, we have built a 4-by-4
rectifier array receiver as seen in Fig. 11(a) and Fig. 11(b).
We can control the ON/OFF states of the rectifier by control-
ling the deployed analog switch of each path. We can select
one path with a multiplexer and decoder to change ON/OFF
states. When the switch is in the OFF state, we can measure
the open-circuit voltage V, of a rectifier which is used as
an indicator of the received power. On the other hand, in the
ON state, the converted dc power is delivered to dc power
combining circuit. In this system, we used the dc combining
technique which combines the dc outputs of the 16 rectifiers
in parallel.

V. EXPERIMENTAL RESULTS

In this section, we present the experimental results that we
have conducted to verify the performance of the proposed
WPT system. For the experiments, 8-by-8 transmit antenna
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TABLE 1. Selected components for system.

System Part Component Part Number
Phase Shifter HMCI1133LP5E
RF Switch QPC6014
Shift Register SN74HC595B
RF Amplifier HMC415LP3ETR
Transmitter RF Connector SMP-MSSB-PCT
DC/DC Converter (12V) LM2576-12.0
DC/DC Converter (5V) LM2576-5.0
DC/DC Converter (3.3V) TPS56637
DC/DC Converter (-5V) TPS63710

Board-to-Board RF Connector SMP-FSBA-645

Diode SMS7630-005
Capacitor 600S2ROAT250XT
Receiver Sv{itch TS5A3167
Multiplexer ADG706BRUZ
Decoder CD74HC4514M

array and 4-by-4 receive rectenna array are built by combin-
ing and stacking up each component which is introduced in
Section IV. The final prototype is shown in Fig. 12(a) with
dimensions. The experimental setup is shown in Fig. 12(b).
We have used two data acquisition devices (NI USB-6351) for
controlling and measuring the implemented system. On the
transmitter side, the continuous RF signal is provided by a
microwave signal generator (R&S SMB 100A) and amplified
by an RF amplifier (Ophir 5291). The overall system is
controlled by LabVIEW software in the PC.

The scanning beams over the u-v coordinate of the
transmitter are generated according to (46). Therefore,
256 scanning beams are generated for the 8 x 8 phased
array transmitter. The total size of the transmit antenna array
is 210.04 mm x 210.99 mm as seen in Fig. 12(a) and the
maximum linear dimension of which is 299.12 mm. Based
on (39), the radiative near-field region is up to 3.45 meters
(rp = 3.45). In experiments, we set the number of the grid
for the distance Y9 to 35 so that the step size is 0.1 meters.

For the validation of the proposed scanning algorithm,
we have conducted experiments to measure the received
power and obtained the power transfer efficiency over dis-
tances. In this real test scenario, the transmitter is located on
x-y plane, and the receiver directly faces the transmitter.

Fig. 13 presents the received power according to each
scanning beam when the receiver is located 0.5 meters away
from the transmitter. A very good agreement between the
simulation and experimental results is observed. The optimal
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received power is measured at the 120th scanning beam index
during the far-field scanning phase for both results. There
are around 1.61 dB and 1.26 dB improvements, respectively,
for the simulation and experiment in the received power at
the sensor antenna. And the scanning beam index with the
highest receive power is the 260th one which corresponds to
the 0.5-meter distance.

Since we use an 8-by-8 transmit antenna in the real test,
which is relatively small compared to the simulation scenario
with a 16-by-16 transmitter array in Fig. 3, the enhancement
of the received power is not as great as the simulation result as
seen in Fig. 3. Besides, the phase shift is discrete in the exper-
iment since the phase shifter has 5.625 degrees of LSB, which
may have an impact on the degradation of the performance.
In Figs. 14(a) and 14(b), we can see the optimal phases of
the transmit array weights during the far-field scanning and
near-field scanning, respectively.

We have conducted experiments to obtain the received
power and the power transfer efficiency according to the dis-
tance between the transmitter and receiver with the proposed
beam scanning algorithm. Fig. 15(a) shows the experimental
results of a power transfer test in which the distance varies
from 0.5 to 5 meters. In Fig. 15(a), we can see that the
power transfer efficiency reaches up to 20.32 percent at the
0.5-meter distance with the proposed scanning algorithm,
and gradually decreases with the distance. The efficiency is
calculated with the combined DC power from every rectenna
of the receiver.

This efficiency is comparable to that presented in [20]
with the consideration of rectifier efficiency. To prove the
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effectiveness of the proposed algorithm, which includes near-
field scanning iteration, we compared the results to the far-
field-scanning-only scheme that scans only over the u-v grid.

In Fig. 15(a), we can see that the proposed scanning algo-
rithm achieves much higher power transfer efficiency com-
pared to the far-field-scanning-only scheme (i.e., 6.86 percent
difference at a distance of 0.5 meters) when the receiver is
located relatively close to the transmitter. This experimental
results prove that by conducting the near-field scanning with
the proposed algorithm, the power transfer efficiency can be
greatly enhanced in the near-field region. We can expect that
much clearer power transfer efficiency difference between the
two schemes can be achieved within the near-field region by
increasing the number of transmit antenna elements.

Fig. 15(b) describes the power transfer efficiency accord-
ing to the offset of the receiver from the centerline. When
the distance between the transmitter and receiver is 2 meters,
which is in the radiative near-field region, we can see that
the proposed scanning algorithm reaches significantly higher
efficiency from -0.8 to 0.8 meters.

In Fig. 15(b), for the 5-meter scenario which is considered
as the far-field region, we arbitrarily set the parameters ry
and T9 to 5 and 50, respectively, in (52). Then, for this
scenario, the near-field scanning iteration is carried out from
0.1 to 5 meters with 0.1-meter step size. The reason why
we slightly abuse the algorithm for this scenario is to verify
that just extending the scanning distance over the radiative
near-field region does not necessarily result in the higher
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transfer efficiency. We can see that there is no remarkable
improvement and effectiveness between the two schemes in
the far-field scenario. By setting the maximum distance ry
based on (39), we can reduce the radio resource and operation
time.
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Fig. 16 shows the effect of the number of transmit and
receive antenna elements on the received power and the power
transfer efficiency. We have conducted a wireless power
transfer test by running the proposed scanning algorithm
at 0.5-meter and 2-meter distances with different transmit
powers 0.177 W and 1.68 W, respectively. For the results in
Fig. 16(a), we have activated each transmit antenna element
one by one by turning on the switch of each path from the
center of the antenna array. We can see the received power and
power transfer efficiency linearly increase according to the
number of transmit antenna elements. In Fig. 16(b), we can
see that the received power and power transfer efficiency both
increase with the number of receive antenna elements.

In Fig. 17, we show the power transfer test results for
which the distance varies from 10 to 25 meters. The test
environment is shown in Figs. 17(a) and 17(b). In this test,
we use the maximum power of the implemented transmitter,
which is 10.33 W. In the test environment A, due to the limited
space, we have only conducted the test up to 18 meters and
the received dc power of 2.3 mW was reported. The test in
environment B is conducted along the corridor, which is nar-
row compared to environment A. At a distance of 25 meters,
around 3.7 mW was reported at the receiver.

Table 2 compares the performances of this work against
previous RF WPT systems from the literature. First of all,
we present the experimental results at the longest distance
between the transmitter and receiver compared to the previous
works, which is 25 meters, except for our previous work [12].
And as we can see in the Table 2, we have proposed the most
compact transmitter module between the references with the
consideration of the number of transmit antennas. In [11]
and [12], since their proposed RF WPT system operates at
around 920 MHz, the size of transmit antenna arrays is too
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TABLE 2. Comparison of previous RF wireless power transfer systems.

. Frequency Beamforming # of . # O.f Transmit Receive power Distance Transmitter size
Ref Transmit Receive 3
(GHz) scheme power (W) (mW) (m) (mm*)
antennas antennas
Active scanning,
[11] 0.915 Iterative 64 64 100 - 15 -
superposition
Received-power
[12] 0.92 based channel 64 1 9.5 1-13.7 (RF) 25-50 -
estimation
[13] 52 Retrodirective 64 5 32 20-575 (DC) 1-4 272x272x280
LUT?-based
[14] 52 adaptive focal 32 5 16 9.4 -191.1 (DC) 1-3 272x272x280
beamforming
Multiple
[15] 5.745 retrodirective 64 4 320 97.67 (DC) 2 -
time-sharing
[16] 5.75 Fixed beam 64 1 32 63 (RF) 4.2 260x380x 88
[17] 5.8 LUT 16 16 1.3 7°¢ (RF) 0.5 -
[18] 5.8 Fixed beam 64 16 0.1 33.2 (RF) 0.4 -
[19] 5.8 Fixed beam 64 64 500 209,260 (RF) 10 -
[20] 5.8 Fixed beam 64 16 - - 0.1-1 -
This work 5.8 Beam scanning 64 16 10.33 0.36 — 12.4 (DC) 10-25 210x210x40

*LUT : Look-up table
® Estimated based on EIRP
¢ Graphically estimated

large (2 m x 2 m and 3.5 m x 1.5 m) to make use of
for various application scenarios (e.g., smart home). Even
compared to [13], [14] and [16] which operate at 5.2 GHz and
5.75 GHz, respectively, the implemented WPT system in this
paper has a lot lower hardware complexity and the transmitter
module is much compact.

Although the [20] is our previous work, the implemented
testbeds are very different from each other. For example,
in the previous testbed, there is no amplifier for each RF path
in the transmitter and the received RF power at the receiver
cannot be converted to DC power since the rectifier is not
connected to the each receive antenna. It is because that the
purpose of the testbed in [20] is not implementation of full-
fledged RF WPT system, but the verification for the analysis
of multi-antenna-to-multi-antenna RF WPT.

In this work, we have proposed a novel beam scanning
algorithm that is able to effectively cover the radiative near-
field zone as well as far-field zone. In proposed algorithm,
the near-field scanning is conducted with the fixed optimal
direction which is determined by the first scanning phase
(i.e., far-field scanning), along a uniform distance grid within
the near-field region. Since the near-field is conducted in
only one fixed optimal direction, we can reduce the num-
ber of beams to cover the near-field region, and it means
the proposed algorithm is efficient in both time-wise and
RF resource-wise. None of the references in this paper and
existing patents (e.g., [30]) presents the novel algorithm that
scanning the near-field to achieve optimal power transfer
efficiency in the near-field area.
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The authors of [13] and [15] have used a retrodirective
beamforming algorithm that is able to transfer the power
effectively within the near-field region. However, in the case
of the retrodirective beamforming, the receiver requires addi-
tional hardware to send a pilot signal to the transmitter,
and it demands relatively high energy consumption at the
receiver. In [14], in order to cover the near-field region,
look-up table (LUT) based beamforming algorithm has been
presented. However, it is hard to say that the work [14]
fully cover the near-field region since the LUT were gen-
erated with a fixed distance. Moreover, the LUT consists of
a 13 x 13 phase matrix for each distance value which is not
cost-effective compared to our proposed beam scanning algo-
rithm. While [16], [18]-[20] have not presented the beam-
forming scheme that is able to dynamically adjust the beam
to the receiver, our proposed beam scanning algorithm can
transfer the power effectively no matter where the receiver
is located. Although the patent [30] considered the distance
between the transmitter and receiver as a concept of proxim-
ity, they have not described any specific algorithm or method
to achieve high power transfer efficiency in the near-field
region.

VI. CONCLUSION

In this paper, we have designed and implemented a 5.8 GHz
RF WPT system. The transmitter of the proposed RF WPT
system consists of an 8-by-8 phased antenna array, and the
receiver is comprised of a 4-by-4 rectenna array. We also pro-
posed a beam scanning algorithm that is capable of covering
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the radiative near-field, unlike the conventional codebook-
based far-field beam scanning schemes. The proposed beam
scanning algorithm is verified with the experimented results.
Implemented RF WPT system can be used for charging vari-
ous types of IoT devices wirelessly, which is located far away
from the power transmitter.
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