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ABSTRACT In this study, a rectenna is adopted in a microwave-based wireless power transfer system to
rectify the received radio frequency (RF) to DC power. Each rectenna comprises a DC-DC converter at
the DC output port to ensure a stable power supply and a Schottky diode for the DC-combining network.
The results indicate that the RF-DC conversion efficiencies of the rectifier circuit and 4 x 1 rectenna
were 71% and 71.2% when the unit-cell RF input levels were 19 dBm and 19.6 dBm, respectively.
Furthermore, the DC output levels of a 4 x 8 rectenna with and without the DC-DC converter were
28 V and 30 V, respectively, when the unit-cell RF input level was 20.2 dBm. Additionally, the RF-DC
conversion efficiencies were 52.6% and 59.9% with and without the DC-DC converter, respectively. Thus,
we experimentally verified that the Schottky diode combined with the DC-DC converter at the DC output
port can increase the DC power combining level, making it suitable as an extendable array rectenna system.

INDEX TERMS Rectenna, Schottky diodes, wireless power transmission.

I. INTRODUCTION

The increasing demand for various applications, such as
smart home systems, health monitoring, electric vehicle
charging, implantable electronic devices, and sensors has
resulted in the rapid development of wireless power trans-
fer (WPT) technology [1]-[8]. Transmission of wireless
energy results in highly compact and user-intuitive sys-
tems. WPT technology can be divided into two categories,
namely non-radiative and radiative. A popular non-radiative
source is a magnetic field generated by a conductive coil
system, wherein power is transferred to another coil via
inductive coupling. This system is implanted in smartphones
and various Internet-of-Things systems owing to its high
transfer efficiency of approximately 70% within a proximity
of a few centimeters [9]; beyond this, the power transfer
efficiency decreases due to poor coupling. The efficiency
can be improved by increasing the coil diameter; however,
a physical size limitation exists. Therefore, WPT technology
based on radiation is adopted for distances longer than a
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few meters. Radiative WPT systems comprise two compo-
nents, namely a transmitter and a receiver. In the transmit-
ter, a magnetron or solid-state power amplifier is used for
the generation of the electromagnetic field, and the antenna
facilitates free-space radiation. The radiated microwave from
the transmitter diverges as it transmits through free space.
However, the transfer loss in free space increases with the
increase in the transmission distance. Several researchers
extended the distances to thousands of kilometers to inves-
tigate solar-powered satellites [10]. Typically, a phased array
is adopted in both transmitter and receiver antennas to reduce
the transfer loss. To receive a certain power level without
increasing the transmitting power, a large-scale phased array
antenna system is preferred. This can enhance the antenna
gain, thereby reducing the transfer loss.

The receiver comprises an antenna and a radio fre-
quency (RF)-DC rectifying system, which converts RF
energy into electrical energy. Previously, multiple antenna
shapes and different circuit topologies were adopted to
increase the receiver performance. A power amplifier, volt-
age doubler, power combiner, and impedance matching tech-
niques were developed to account for the different input
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power levels, thereby increasing the RF-DC conversion effi-
ciency [11]-[16]. Multiple-band and three-dimensional (3D)
wide-angle structures were studied to improve the antenna
usability and gain in various scenarios [17]-[21]. To reduce
the connection loss in the receiver system, a rectenna was
developed, comprising a receiving antenna and a rectifying
circuit on the front-side and back-side of a single printed cir-
cuit board (PCB), respectively. Previous studies on rectenna
were primarily based on packaged diode type rectennas
that generate parasitic components and rectification losses.
Recently, the use of bare Schottky diodes for higher efficiency
and high-power has been reported [22], [23]. Furthermore,
RF-DC conversion efficiency of 73.1% was achieved with the
rectifying circuit by using a common-ground and multiple-
stack structure based on a bare Schottky diode [24].

To receive higher amounts of power from the transmitter,
the number and size of the rectenna need to be increased.
However, the loss of the matching network in the rectenna
array increases owing to the multiple circuit components.
Therefore, reconfigurable DC output connections (series,
parallel, and series—parallel) and RF combining techniques
were studied to determine the best strategy using RF signal
connections and output power lines. A comparison of the
DC output and RF-combined output verified that the RF
combination exhibits a higher efficiency in a low input power
range with additional loss in longer feeding lines [25]. Fur-
thermore, the comparison of single and array rectenna per-
formances indicated that the array rectenna exhibits a higher
voltage with reduced conversion efficiency [26]. Although
the series—parallel connection is a popular choice for design-
ing a DC output [27], the conversion efficiency of parallel
DC connection is 1% higher than those of the series and
series—parallel connections [28]. However, the non-linearity
of each rectenna increased with the scaling law, regardless
of the DC or RF combining methods [29]. Thus, increasing
the RF-DC conversion efficiency is challenging owing to the
multiple-input and multiple-output implementation in WPT
systems.

In this study, we investigated the extendable rectenna based
on the Schottky diode connected to the DC-DC converter
at the DC output port. Existing studies have reported that
the output voltage fluctuates based on the input power level,
which can limit the usability of the rectenna. To overcome this
limitation, we developed a single DC-DC converter combined
with a rectenna. The array rectenna is a parallel combination
of using DC-DC converter rectennas. The Schottky diode
connected in series to a DC-DC converter at the DC output
port. This stabilized the output voltage level regardless of
the input power level in the array connections, which can be
utilized as an extendable array rectenna based on the input RF
beamforming width.

Il. DESIGN AND FABRICATION

Both transmitter and receiver antennas were designed based
on the right-hand circular polarization (RHCP) at 5.8 GHz.
Typically, a microwave receiver comprises an antenna,
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a matching network, Schottky diode-based RF-DC rectifier,
DC power line, DC-DC converter, and Schottky diode.

A. ANTENNA DESIGN

Based on a previous study by Oraizi [30], we developed an
RHCP patch antenna to operate at 5.8 GHz considering fractal
geometry. Fig. 1 depicts the schematic view and Table 1 lists
the design parameters of the patch antenna. The unit-cell size
was half the wavelength of the incident wave to design an
antenna of compact size. We used a 1.52-mm-thick dielectric
substrate, Taconic RF-35, with a dielectric constant of 3.5 and
a loss tangent of 0.0018 at 5.8 GHz. The feed point illustrated
in Fig. 1(a) is obtained by a through-via hole. It indicates the
location where the return loss was suppressed and optimized,
and the axial ratio was nearly 0 dB. The RHCP gain of this
single patch was 6.429 dBic at 5.8 GHz.

sub_w

m_|—|

sub 1 patchl[

m_w

Feed point
Origin
patch_w! (feed x,|feed_y)
2 e

@ ®)

FIGURE 1. (a) Schematic of the right-hand circular polarization (RHCP)
patch antenna. (b) Simulated result of the 3D radiation pattern at 5.8 GHz.

TABLE 1. Design parameters of the RHCP patch antenna.

Parameter Value (mm)
patch_ w 10.86
patch 1 11.5
rm_| 3.33
m w 1
feed x -13
feed y -2
sub w 25.845
sub 1 25.845

To verify the generation of the RHCP, the surface current
distributions on the fractal patch were simulated at a time
period (T') of 5.8 GHz (Fig. 2). The simulation was per-
formed using a 3D electromagnetic (EM) simulator, namely
the CST Microwave Studio Suite software. Fig. 2 depicts
the simulated surface current distributions observed from the
+z-direction att =0, T/4, 2T/4, and T. At ¢t = 0, the major
currents increase on the left and right grooves of the patch,
and their vector sum points from the upper side to the lower
side. At t+ = T/4, the major currents exist on the upper
and lower grooves of the patch, generating a vector sum that
points from the left to the right of the patch. This vector sum
is orthogonal to that at = 0 and rotates counterclockwise as
the value of ¢ increases, thereby generating the RHCP.
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FIGURE 2. Simulated surface current density of the fractal patch antenna.

Fig. 3(a) illustrates an 8§ x 8 array antenna composed
of the fractal patch depicted in Fig. 1. Fig. 3(b) depicts
the receiving power at 5.8 GHz based on the spacing (d)
between patches when the receiver antenna is composed of
the patch array antenna. Herein, the transmitter antenna was
set with an RHCP gain of 22.8 dBic and a 3 dB beamwidth
of 12.6 °. Additionally, the transmitter and receiver are
located 1 m apart in front of each other, considering the scale
model. The power transmitted from the transmitter was set
to 100 W. Based on the simulation, the maximum receiv-
ing power was attained between 0.65 and 0.75 A. This is
because the size of the entire receiver array increases as the
spacing increases. Therefore, the gain and receiving power
of the receiver antenna increase. However, when the spacing
exceeds 0.8 A, the number of array elements within the width
of the transmission beam decreases, which in turn decreases
the receiving power rapidly. Considering the maximization
of the received power and the possibility of fabricating the
array antenna, a 4 x 8 patch array with 0.658 A spacing was
designed as a unit array for the receiver, as depicted in Fig. 4.

To validate the performance of the designed 4 x 8 array
antenna of each patch element, we fabricated a 4 X
8 patch array antenna with 30 dB isolation between the
cells, as depicted in Fig. 5. A rigid coaxial cable was
attached to obtain the measurements in the anechoic chamber.
Fig. 6 illustrates the simulation and measurement results of
element no. 12 (Fig. 5). The simulated and measured reflec-
tion coefficients were approximately —10 dB at 5.8 GHz as
depicted in Fig. 6(a). Fig. 6(b) illustrates the RHCP-realized
gain and axial ratio (AR) in the +z-direction and the RHCP
gain and AR measured at 5.8 GHz, which were 6.98 dBic
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FIGURE 3. (a) Schematic view of the receiving 8 x 8 fractal patch array
antenna. (b) Received power depends on the spacing (d) between the
patch elements.
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FIGURE 4. Schematic view of the 4 x 8 patch array with 0.658  spacing.

and 2.99 dB, respectively; these results concur with those
of the simulation. Additionally, both normalized radiation
patterns in the x—z and y-z planes exhibit a similar tendency,
as depicted in Figs. 6(c) and 6(d), respectively. Therefore,
the proposed 4 x 8 patch array unit can receive RF power
with high efficiency for wireless RHCP at 5.8 GHz.

B. RECTIFYING CIRCUIT DESIGN

The rectifying circuit can be designed using various topolo-
gies, such as a series-connected diode, parallel-connected
diode, full-bridge circuit based on four diodes, and voltage
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FIGURE 5. Photographs of the (a) front-side and, (b) back-side of the
fabricated antenna.

doubler based on two diodes [13]. Among these, the voltage
doubler can be expanded to configure a multi-stage doubler
that generates a higher output voltage. Fig. 7 illustrates the
Greinacher voltage doubler adopted in this study to obtain
the rectifying circuit. As the voltage applied to the circuitis a
sine wave, a negative half-wave is applied to diode D1, which
charges the capacitor Cjy to voltage Vi. The subsequent
positive half-wave is applied to diode D». Finally, the Croap
is charged twice that of V. The single-stage doubler was
stacked in parallel to implement a four-stage doubler.

The rectifying circuit comprises an impedance matching
circuit based on the PCB transmission line to maximize
the RF-DC rectifying efficiency. The rectifying efficiency
was calculated using the equation n = Ppc/Prr, where
Ppc denotes the output DC power delivered to the load
impedance, and Pgr indicates the input RF power. The cir-
cuits were designed using the ADS software and then opti-
mized. Both the shunt capacitor and low-frequency band-pass
filter were selected to reduce the noise signal and reflection
coefficient, respectively, and match 50 Q. Existing studies
use packaged Schottky diodes in the rectifiers. Conversely,
the proposed rectifier circuit comprises a voltage doubler
topology based on the bare-die type Schottky diode. It has
a low turn-on voltage of approximately 0.4 V, which reduces
the power consumption and increases the RF-DC rectifying

VOLUME 9, 2021

25k E

Reflection coefficient (dB)

30 . 4

— Simulated
-35F —#—Measured
-40 L L L I

54 55 56 57 58 59 60 61 62
Frequency (GHz)

(@)

(=1
o

s Elo)
L =)
- 8 8 3
27 7 E
= 6t 6 S
3 s 5 3
g E
E 4 4 s
2 3t =
< 3 W ’ B
2 H %5 e
- K ‘i‘ —— Simulated 2 %
1 Y —m—Measured {1 2%
0 1 1 1 0
56 3. 58 5.9 6.0
Freqeuncy (GHz)
(b)

~—— RHCP (Simulated)
§ ———RHCP (Measured)

1 = = -LHCP (Simulated)
= = -LHCP (Measured)

150

Normalized Radiation Pattern (xz-plane), 5.8 GHz

180
0 (degree)
(©

£ (@B) 0
O 04
e
w,
g
E71% 300
=
N
Z
= -20
£
= 270 f---5---N 90
A
§ -204 e G
= ——RHCP (Simulated) |
E 540 | ——RHCP (Measured)
o -4 7 = = -LHCP (Simulated) |
5 = = -LHCP (Measured)
E 1
£ o
2 180
< 0 (degree)

(d
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FIGURE 7. Schematic of (a) a 1-stage doubler and (b) an N-stage doubler.
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FIGURE 8. Measurement setup: (a) Schematic view and (b) photograph.

efficiency. As the reported rectifying efficiencies were satu-
rated, a bare-die type Schottky diode was adopted to reduce
the parasitic component values and increase the efficiency.
Fig. 8 depicts the measurement setup comprising a drive
amplifier and a four-way Wilkinson divider to supply the RF
power to the rectifier; the electric load was used to measure
the DC output power.
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Macom MA4E-1319 is an unpackaged gallium arsenide
substrate-based Schottky diode. Figs. 9 and 10 depict the pho-
tographs of the wire-bond diode and measured results of the
MAA4E-1319-based rectifying multi-stage doubler, respec-
tively, as presented in a previous study [24]. The substrate
material is RF35 with a thickness of 520 um. As illustrated
in Fig. 10, the peak efficiency was 71% at 19 dBm, and
the highest efficiency was 73% at 22 dBm. The output DC
voltage was approximately 30 V at 19 dBm with a four-
stage doubler. Additionally, the bare-die type was compatible
with the surface-mount technology owing to the wire bonding
depicted in Fig. 9.

FIGURE 9. Photographs of the wire-bond diode at the rectifier circuit.

C. RECTENNA IMPLEMENTATION

As mentioned in Section I, a rectenna comprises a receiving
antenna and rectifying circuit on the front-side and back-side
of a single PCB, respectively. Fig. 11 illustrates the rectenna
thickness of the multi-layer PCB structure. The layers include
an antenna, RF ground plane, DC ground plane, and recti-
fier. The RF and DC ground planes are connected by the
through-via hole, VIA1, at the edge of the PCB. VIAI dis-
connected from the M2 and M3 layers at the center of the
PCB. It is perforated from the M1 to M4 layers to provide
RF signal feeding. VIA2 provides a common ground to the
rectifier circuit and DC-DC converter on the M4 layer. The
final ground line is connected to the ground.

As depicted in Fig. 12, the proposed rectenna of dimen-
sions 156 mm (H) x 272 mm (L) comprises 32 unit-cells in
a4 x 8 array. Each unit-cell antenna at the front is connected
to the Schottky diode at the backside by a through-via hole.
Further, four units of diodes were stacked in a group at the
backside to obtain a four-stage voltage doubler. Eight parts
of the DC output power from the rectifier were connected
to a DC-DC converter to prevent the output voltage fluc-
tuation, which relies on the input power level. The model
LT3434 DC-DC converter was utilized with a wide input
range of up to 60 V and a peak switch current of 3 A. The
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FIGURE 10. Measurements obtained from a multi-stage doubler based on
MAA4E-1319 diode: (a) Efficiency and (b) DC output voltage.

M1
RF-35(1.57 mm)
VIAT paste(0.2 mm)
VIA2 RF-35(0.52mm) M3
M4
M1: Antenna

M3: RF GND, DC path
M4: Rectifier, DC path

FIGURE 11. Schematic of the multi-layer printed circuit board (PCB)
information.

efficiency is expected to be more than 85% when the input
voltage is higher than 30 V with a 28 V output voltage. The
output voltage was configured using the feed-back resistor of
the DC-DC converter.
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FIGURE 12. (a) Schematic of the rectenna structure. Photographs of the
(b) front-side and (c) the backside.

A simulation was performed to verify the antenna
performance of the proposed rectenna. Fig. 13 illustrates
the simulated results of the scattering parameter, axial ratio,
and realized RHCP gain of the central patch element in the
rectenna array. The rectenna model in the simulation includes
the antenna structure with the rectifying circuit. In compari-
son with the antenna-only structure, the reflection coefficient
of the patch of the proposed rectenna satisfies the condition
of less than —10 dB at 5.8 GHz. Additionally, its axial ratio
nearly equals 0 dB owing to the through-via hole, which is
similar to that of the antenna-only case.

Ill. RESULTS AND DISCUSSION
A. SINGLE RECTENNA

The performance of the rectenna was evaluated with MA4E-
1319 in an anechoic chamber. The transmitter comprises
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FIGURE 13. Simulated electromagnetic response of the rectenna:
(a) Reflection coefficient and the (b) axial ratio.

power-amplifier modules, wherein each channel amplifies
the RF signal from a signal generator and controls the 6-bit
phase shifters. The total output power was 1.2 kW, and the
dimensions of the transmitter antenna were 1.8 m x 1.2 m
with an RHCP gain of 16.5 dBic. The received RF power was
controlled by the transmitter power and the distance between
the transmitter and receiver. Fig. 14(a) depicts the customized
automatic jig system of dimensions 2.5 m x 2.2 m with
8 columns and 16 rows. A maximum of 128 rectennas were
available to configure the jig system. We used acetal plastic,
which has a low dielectric constant of approximately 3.7 and
strong mechanical strength, for the configuration. Addition-
ally, a remote motor controller with 0.5 ° motor step was
used to determine the best alignment between the transmit-
ter and receiver for generating the maximum RF transfer
efficiency. Fig. 14(b) depicts the rectenna installed on the
left-side with and without the DC-DC converter. The RHCP
antenna without a rectifying circuit was installed on the right-
side to confirm the input RF power to the receiver.
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FIGURE 14. (a) Automatic rectenna jig system. (b) Single rectenna
installation.

The incident RF power was measured for each unit-cell
using an RHCP antenna without a rectifying circuit. The
power distribution, which varied based on the changing
magnitude of the incident power, was measured each time.
Fig. 15 depicts the 4 x 8 rectenna divided into eight
4 x 1 rectennas. A total of four 4 x 8 rectennas were used
to measure the DC output power of the 4 x 1 rectenna
in each zone, and the DC output power was measured by
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FIGURE 15. 4 x 8 rectenna divided into eight 4 x 1 rectennas.

TABLE 2. DC output power of 4 x 1 rectennas.

Num‘zerOf Input 4x8 4x8 4x8 4x8
section
@x1 Power rectenna rectenna rectenna rectenna
X
W) #1 #2 #3 #4
rectenna)
® 0.382 0.23 0.20 0.25 0.24
@) 0.383 0.22 0.19 0.25 0.23
® 0.444 0.24 0.24 0.18 0.26
@ 0.445 0.18 0.18 0.22 0.24
® 0.455 0.15 0.22 0.26 0.27
© 0.416 0.24 0.28 0.27 0.26
@ 0.365 0.20 0.26 0.19 0.23
0.356 0.18 0.20 0.20 0.22
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FIGURE 16. Distribution of 4 x 1 rectenna RF-DC conversion efficiency.

the electric load. Table 2 lists the performance of thirty-two
4 x 1 rectennas, and the maximum RF-DC conversion effi-
ciency was 71.2% at 19.6 dBm. As the rectifier circuit effi-
ciency was 71% at 19 dBm, the rectenna exhibited a similar
result. Fig. 16 illustrates the distribution of the rectenna per-
formance around an RF-DC conversion efficiency of 55%,
which can be attributed to the impedance mismatching owing
to each slightly different diode specification.

Fig. 17 illustrates the measurement results of the sin-
gle 4 x 8 rectenna with and without the DC-DC converter.
As indicated in the figure, the output power exhibits a gentle
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FIGURE 17. Rectenna DC output power measurement, (a) without DC-DC
converter and (b) with DC-DC converter.

downward curve above 450 2 without the DC-DC converter.
The highest RF-DC conversion efficiency was 59.9% at
20.2 dBm, and the DC output power measured was 2.04 W
with 30 V. Conversely, the measured DC output power was
1.79 W with 28 V at a load impedance of 450 €2 and 20.2 dBm
input RF power with the DC-DC converter. The calculated
RF-DC conversion efficiency was 52.6%, and the DC-DC
converter efficiency was approximately 80-88% based on
the input power. The rectenna with the DC-DC converter
exhibits decreased efficiency. However, when the rectenna
with the DC-DC converter generates an output voltage of
approximately 28 V, it remained stable regardless of the input
power.

B. SCHOTTKY DIODE AT THE RECTENNA OUTPUT PORT

As the 3 dB beamwidth and the radiation pattern of the
transmitted beam can change owing to the excited phase of
the transmitter, the receiving configuration and the DC out-
put connection must be extendable as desired. Furthermore,
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12V DC bias

FIGURE 18. Experimental setup of the rectenna with variations in power
supply.

the output voltage of the rectenna array should be stable
regardless of the array rectenna configuration. Fig. 18 depicts
a varying input power applied to the array rectenna connected
in parallel. We utilized a power supply to control the parame-
ter accurately. The experiments were performed under the fol-
lowing four conditions. First, DC power of 25 V was supplied
to both upper and lower rows of the rectenna. Second, 25 V
and 12 V DC powers were supplied to the upper and lower
rows, respectively. Herein, the upper rectenna was operated
under normal conditions, whereas the lower rectenna was
operated in an unstable condition. As the load impedance
decreased at 12 'V, the required current increased; however,
the current was limited to 500 mA. Third, 8.5 V DC power
was supplied to both the upper and lower rows of the rectenna
under unstable operating conditions. Herein, the currents of
both rows were limited owing to insufficient power. Fourth,
8.5 V DC power was supplied to the upper row, whereas no
power was supplied to the lower row.

Consequently, when multiple DC-DC converters were
operated under normal conditions, the DC-DC converter with
the highest voltage drove all the loads and operated dom-
inantly, and the power was not supplied to other DC-DC
converters. Owing to the variations in the output feed-
back resistance caused by the fabrication error, the output
voltage differs for each DC-DC converter despite identical
design parameters, which leads to the operation of a single
DC-DC converter among the four converters. As summa-
rized in Table 3, the DC-DC converter operates excellently
in case 1 with sufficient power. When insufficient power is
applied, multiple DC-DC converters begin to operate with
lower efficiencies, as in cases 2, 3, and 4. Therefore, when
the current is not sufficiently supplied toward the DC-DC
converter, the rectenna efficiency decreases as it does not
receive an appropriate amount of power.

To overcome this limitation, a Schottky diode was adopted
in series at the backstage of the DC-DC converter in the
DC output port. We adopted a package SMC type Schottky
diode from Vishay Semiconductors, VS-30BQ100-M3, with
a turn-on voltage of 0.62 V, breakdown voltage of 100 V, and
an average forward current of 3.0 A. Fig. 19 depicts the three
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TABLE 3. Comparison of power supply variations.

Case 1 Case 2 Case 3 Case 4
25V,25V 25V,12V 85V,85V 8.5V, off
Load
52 20 12 12
(®)
Power
8.2 6.7 5.5 2.3
W)
Vout
20.3 11.6 8.1 5.3
™)

TABLE 4. Comparison of different operating conditions in the rectennas.

Case 1 Case 2 Case 3
Normal+Normal Normal+Off Normal+Off
(Without Schottky |(With Schottky diode)
diode)

1 2 1+2 1 2 1+2 1 2 1+2

Load(Q)| 3k | 3k | 1.5k | 1k | - 1k k| - 1k
Power
026]025| 054 | 0.8 - 068 |08 - 0.8
W)

Vout (V)| 28.6 | 284 | 29.1 |287| - 264 |28.7| - 28.7

experimental cases conducted in this study. First, two recten-
nas were installed without a Schottky diode and operated
normally. Second, the rectenna without the Schottky diode
was operated normally, whereas nearly no input power was
supplied to the other rectenna. Third, the rectenna was tested
with the Schottky diode under conditions identical to those of
case 2. Table 4 summarizes the obtained experimental results.
In case 1, the output power summation operates normally.
In case 2, the absence of the Schottky diode decreases the
summation of the power and voltage. In case 3, the presence
of the Schottky diode conserves the output power and voltage
adequately in the summation. This can be attributed to the
Schottky diode conducting the forward current and blocking
the reverse current, which in turn operates the DC-DC con-
verter in the normal power summation.

C. ARRAY RECTENNA

We conducted an outdoor experiment using a large array
rectenna based on 128 4 x 8 rectennas. As depicted in Fig. 20,
each rectenna comprised a DC-DC converter connected in
parallel to the load. The Schottky diode at the output port was
also adopted in each rectenna to facilitate DC combining. The
best alignment or angle between the transmitter and receiver
was determined to obtain the maximum RF transfer effi-
ciency. As the distance between the transmitter and receiver
increased, the ground reflections became larger. Therefore,
the distance was set to 50 m, as depicted in Fig. 21(a).
We used the same transmitter system as in the single rectenna.
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FIGURE 19. Photographs of the rectenna experiments. (a) The two
rectennas are under normal conditions. (b) One rectenna is under normal
condition and the other rectenna is turned off.

A x B array

M x N array

DC Schottky
Converter Diode

DC Schottky
Converter Diode

11

Output
power

]

(2)

FIGURE 20. (a) Schematic of the array rectenna system. (b) Photograph of
the array rectenna system.

TABLE 6. Comparison of results obtained in different studies.

Number of Single rectenna
Ref. Freq. . .
TABLE 5. DC output power of each line. 1o. (GHz) rectenna conversion Connection
unit efficiency
Power (W) Power (W) [26] 5.8 16 (4 x 4) 71.2% Series-parallel
Line 1 0.74 Line 9 2.00 -
Series /
Line 2 2.37 Line 10 1.09 [28] 2.45 4 (2 x 2) _ parallel/
Line 3 2.78 Line 11 0.46 Series-parallel
Line 4 2.48 Line 12 0.37 Series /
e e B1] | 58 | 303x10) 44.1% eries
Line 5 278 Line 13 0.05 parallel
Line 6 2.16 Line 14 0.18 [32] 5.8 25(5%5) 66.2% Series-parallel
Line 7 2.53 Line 15 0.17
Tne ?ne 712%
Line 8 241 Line 16 0.08 . /59.9%(w/o DC
This 4(4x1)
5.8 converter) Parallel
work /32 (4%38)
/52.6%(w/ DC
The input RF power for the receiver was set to 16 dBm for the converter)

central rectenna.

Table 5 lists the results of each DC output power line.
As shown in Fig. 21(b) and (c), a flat-flexible circuit cable
was connected to each rectenna in the horizontal direction,
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and the DC cable was connected at the end. Each DC cable
was connected or disconnected in the control box, as depicted
in Fig. 21(d). Eight rectennas were connected in parallel,
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FIGURE 21. Photographs of (a) the transmitter and receiver during the
outdoor experiment; (b) back-side of the array rectenna system;

(c) DC-summation in the horizontal connection; and (d) the 16-line
DC-summation in the control box.

14.3184

20, 36U

1.428A

FIGURE 22. Measurement of the total summation.

comprising one line. Sixteen such lines were compared and
added, generating an 8 x 16 array or 128-rectenna sum-
mation. All lines were connected in parallel and measured,
as depicted in Fig. 22. The total summation of each line was
calculated as 22.65 W, and the result of the total summation
was 20.36 W with a loss of 2.29 W in comparison with each
line summation. The loss of the summation can be attributed
to the load variation. The lower lines from 11 to 16 exhib-
ited reduced output power owing to the ground reflection.
Regardless of the DC output power of each rectenna, the total
output power was adequately conserved in the summation.
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Table 6 summarizes the comparison of the obtained results
with those of previous studies. We observed that although
various DC output connections were studied to enhance the
RF-DC conversion efficiency in total summation, the number
of rectennas was limited owing to the non-linearity of each
rectenna. Therefore, the combination of the DC-DC con-
verter and Schottky diode facilitates the utilization of larger
rectenna arrays.

IV. CONCLUSION

In this study, we employed a Schottky diode to enhance the
DC power combination in an array rectenna. A DC-DC con-
verter was adopted at the DC output port of the rectenna. The
rectifier circuit exhibited an RF-DC conversion efficiency
of 71% at an RF input level of 19 dBm and that of the
4 x 1 rectenna was 71.2% at 19.6 dBm. The single RHCP
4 x 8 rectenna exhibited an RF-DC conversion efficiency
of 52.6% and 59.9% with and without the DC-DC converter,
respectively. At an RF input level of 20.2 dBm, the DC
output level measured using a four-stage doubler was 28 V.
The Schottky diode was connected in series to the DC-DC
converter at the backstage, thereby improving the level of
DC power combining in the parallel-connected array rectenna
system. The Schottky diode allows all DC-DC converters to
operate under normal conditions and reduces the power loss
in the DC power combining. The proposed rectenna structure
can be extended to a larger array rectenna system with various
input RF beamforming widths and shapes.
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