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SUMMARY  Research on wireless power transmission technology is
being actively conducted, and studies on spatial transmission methods such
as SSPS are currently underway for applications such as power transfer to
the upper part of steel towers and power transfer to flying objects such as
drones. To enable such applications, it is necessary to examine the config-
uration of the power-transfer and power-receiving antennas and to improve
the RF-DC conversion efficiency (hereinafter referred to as conversion effi-
ciency) of the rectifier circuit on the power-receiving antenna. To improve
the conversion efficiency, various methods that utilize full-wave rectifica-
tion rather than half-wave rectification have been proposed. However, these
come with problems such as a complicated circuit structure, the need for
additional capacitors, the selection of components at high frequencies, and
a reduction in mounting yield. In this paper, we propose a method to im-
prove the conversion efficiency by loading a high-impedance microstrip
line as a feedback line in part of the rectifier circuit. We analyzed a class-F
rectifier circuit using circuit analysis software and found that the conversion
efficiency of the conventional configuration was 54.2%, but the proposed
configuration was 69.3%. We also analyzed a measuring circuit made with
a discrete configuration in the 5.8-GHz band and found that the conversion
efficiency was 74.7% at 24 dBm input.

key words: wireless power transfer, rectifier circuit, feedback line, mi-
crowave frequency, quasi-millimeter and millimeter-wave frequency

1. Introduction

In 1968, Dr. PE. Glaser proposed and conducted exten-
sive research on space solar power systems (SSPS) [1]-[15].
In these systems, the microwaves received on the ground
are converted into direct currents (RF-DC conversion) by
a rectifier circuit and then used as energy sources. Wire-
less power transfer technology on the ground by applying
microwave wireless power transfer has also been studied.
In more recent years, wireless power supply to drones and,
sensors, and base stations have been attracting interest [16]—
[20].

Figure 1 shows an image of wireless power transfer be-
tween a base station installed on a building roof and sev-
eral nearby sub base stations. This system makes it pos-
sible to simplify the preparation of signal lines and power
supply lines when installing new base stations. In order
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Fig.1  Power transfer image.

to achieve this, it is necessary to develop elemental tech-
nologies for both power transfer and power receiving. For
the power-transfer technology, a configuration method for
the power-transfer antenna is needed, along with a power-
transfer method using a narrow beam in order to overcome
huge propagation loss. As for the power-receiving tech-
nology, we need a configuration method for the power-
receiving antenna to improve system efficiency and increase
the conversion efficiency of the rectifier circuit. In this study,
we focus on the design of rectifier circuits to improve the
conversion efficiency. There are already several methods
for improving the efficiency by utilizing full-wave rectifica-
tion rather than half-wave rectification [21]-[28]. However,
these methods come with problems such as the necessity of
mounting an additional capacitor, the necessity of selecting
components at a high frequency, and the deterioration of the
manufacturing yield. Therefore, in our proposed method,
we aim to improve the conversion efficiency by using a high-
impedance microstrip line (MSL) as a feedback line in the
rectifier circuit [28]—[31].

2. Target Rectifier System

A rectenna is typically composed of a rectifier circuit and
a power-receiving antenna, as shown in Fig.2. The mi-
crowave received by the power-receiving antenna is con-
verted into DC by the rectifier circuit and then DC power is
obtained as the system output. In this paper, we assume the
rectenna system in the power transfer system has a narrow
beam characteristic. Undesirable power distribution tends to
occur at the receiving antenna during wireless power trans-
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Fig.2  Rectifier system block.

fer using a narrow beam, where the power density is high at
the center of the power-receiving antenna and low at the an-
tenna end. Since diodes have non-linear characteristics, RF-
DC conversion efficiency decreases when the input power
is low. Therefore, when a rectifier circuit is simply con-
nected to each antenna element, the RF-DC conversion ef-
ficiency of the rectifier circuit is lower at the antenna end.
To resolve this issue, we propose a configuration in which
each subarray is connected to a rectifier circuit. Using this
subarray configuration improves the RF-DC conversion effi-
ciency at the antenna end because the difference of the input
power levels among rectifiers is reduced. Also, since the in-
put power levels are equalized, the rectifier system can be
configured with only one rectifier circuit design.

3. Proposed Rectifier System
3.1 Circuit Design

In this paper, we have proposed a method to improve the
conversion efficiency by loading a high-impedance MSL as
a feedback line in the rectifier circuit. We used Advanced
Design Systems (Keysight) to design the circuits. Figure 3
shows the configuration of the rectifier circuit, where a feed-
back line for feeding back only DC is added to a single shunt
type rectifier circuit with class-F load. The operating fre-
quency of the rectifier circuit is the 5.8-GHz band. We de-
signed the circuit using PTFE [NPC-H220A, NIPPON PIL-
LAR PACKING Co., Ltd.] as the dielectric substrate and
Schottky Barrier Diode (SBD) [HSMS-2822, Agilent Tech-
nologies] as the diode. Tables 1 and 2 show the substrate
parameters and the diode parameters, respectively.

As shown in Fig. 3, the matching circuit, DC cut ca-
pacitor, and feedback line output (point A) are connected to
the input side of the diode. The matching circuit performs
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Fig.3  Rectifier circuit model.

Table 1  Substrate parameters.
Parameter Value Unit
Substrate thickness h 0.5 mm
Copper foil thickness t 0.018 um
Relative permittivity € 2.19 -
Loss tan§ - 0.0006 -

Table 2  Diode parameters.
Parameter Value Unit
Reverse breakdown By 15 v
voltage
Junction capacitance Cjo 0.7 pF
Band gap voltage Eg 0.60 eV
Reverse breakdown
start current Toy 0.1 mA
Saturation current Is 22 nA
Emission factor N 1.08 -
Series resistance Rg 8 ohm
Junction inclination M 0.5 B

factor

impedance matching between the capacitor and the circuit,
and the DC cut capacitor prevents the DC component from
flowing out. A matching stub is connected at point C to
suppress harmonics generated by the diode. A A/4 line, har-
monic filter, and feedback line input (point B) are connected
to the output side of the diode. The A/4 line is connected
between the diode and the load in order to make the diode
operate in class-F mode.

Class-F amplifiers operate with high input impedance
(Ziy = oo) at odd harmonics and low input impedance
(Zi, = 0) at even harmonics to shape the current and voltage
waveforms of the circuit and improve the RF-DC conversion
efficiency. In this configuration, the filter is designed con-
sidering the harmonic processing up to the fourth harmonic.
The rectifier circuit with the feedback line is designed to
increase the reference voltage input to the diode and to in-
crease the conversion efficiency, similar to the charge pump
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type rectifier circuit. Since the rectifier circuit with a feed-
back line does not require a capacitor for the charge pump,
the number of circuit elements selected and the number of
mounted circuit elements can be reduced, thus preventing
deterioration of the mounting yield. Here, we show the prin-
ciple of the operation of the circuit. The DC component is
fed back from the output side (point B) of the diode to the in-
put side (point A) via the feedback line. The RF-DC conver-
sion efficiency is improved by increasing the reference volt-
age input to the diode by utilizing the DC feedback. In order
to perform DC feedback, the feedback line needs to operate
as a low-pass filter at high frequency, so we use a feedback
line composed of MSL with high impedance. In this paper,
a high-impedance line refers to an MSL with a characteris-
tic impedance higher than 50 ohm. The calculated values of
the characteristic impedance of the proposed feedback line
are wigp = 0.37mm at Z; = 100ohm, w50 = 0.1 mm at
Zo = 150 ohm, and wypy = 0.02mm at Zy = 200 ohm. The
RF-DC conversion efficiency 7 is obtained by

Vi
Ppc = R (D
P
7= —2£ x 100, 2)
Pin

where P;, is the input power to the rectifier circuit, V is
the voltage applied to the load resistance, Ry, is the load re-
sistance, and Ppc is the power consumed by the load resis-
tance.

3.2 Simulation Results

We used a circuit simulator (ADS) to clarify the conversion
efficiencies when the characteristic impedance of the pro-
posed feedback line was Zy = 100 ohm, Z; = 150 ohm, and
Zy = 200ohm. Figure 4 shows the conversion efficiency
for each characteristic impedance. In this simulation, the
feedback line length was L = 44.3 mm and the load resis-
tance was R; = 250 ohm. As we can see in the figure, when
Zy = 100 ohm, the efficiency saturated at a lower efficiency
than the other two cases. In the cases of Zy = 150 ohm and
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Fig.4 Relationship of conversion efficiency to feedback line width.
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Zy = 200 ohm, the efficiency continued to increase until the
input power was about 23 dBm.

Figure 5 shows the RF-DC conversion efficiency when
the feedback line length was changed. The input power was
23 dBm and the load resistance was R; = 250 ohm. As we
can see, the conversion efficiency changed periodically re-
gardless of the characteristic impedance. We also found that
the conversion efficiency was higher when Z; = 150 ohm
and Zy = 200 ohm, L = 44.3 mm than when Zy = 100 ohm.

Figure 6 shows relationship of conversion efficiency to
load resistance of the rectifier circuit. Here, the input power
was 23 dBm and the feedback line length was L = 44.3 mm.
As we can see, the conversion efficiency was maximized
when Zy = 150 ohm and R;, = 250 ohm. This is presumably
because the impedance at point A appeared sufficiently high
for the harmonic component and it operated the same as the
low-pass filter. It also seems that the DC resistance value
of the feedback line did not look large for the DC compo-
nent at point B, and the DC component was fed back, thus
obtaining the highest efficiency.

Figure 7 shows the transient analysis results of the cur-
rent on the feedback line when the optimum feedback line
length, width, and load resistance were selected and the rec-
tifier circuit was configured. As we can see, a reverse current
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Fig.5 Relationship of conversion efficiency to feedback line length.
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of about 1.7 A flowed after 150 usec from the start of current
flow. Therefore, the feedback line was a high-impedance
MSL from the viewpoint of the high-frequency component,
and it seemed to be acting as a low pass filter. In addi-
tion, we assume that when the power supply voltage became
zero, the feedback line fed the DC component from the out-
put side of the diode (point B in Fig. 3) to the input side of
the diode (point A) to increase the reference voltage to the
diode, thus improving the rectification efficiency.

Figure 8 shows the conversion efficiencies of the recti-
fier circuit with (our proposal) and without (conventional) a
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Fig.7  Current on feedback line.
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Table 3  Comparison of conversion efficiency with/without feedback
line.
Proposed Conventional
circuit circuit
Feedback line with without
Ry 250 ohm 250 ohm
Zgy 150 ohm —
L 44.3 mm —
Frequency band 5.8 GHz 5.8 GHz
Max efficiency o o
(@23dBm) 69.3% 54.2%
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feedback line.

Table 3 shows the comparison. According to Fig.§,
the maximum efficiency of the rectifier with the feedback
line was 69.3% with 23 dBm input. We found that the RF-
DC conversion efficiency could be improved by 15.1% com-
pared to the conventional rectifier without the feedback line.

4. Measurement

We prototyped and measured the designed rectifier circuit
with a feedback line and compared it with a conventional
rectifier circuit. We used the PTFE dielectric substrate (pa-
rameters are shown in Table 1). In accordance with the
analysis results, the feedback line was designed with the
width w = 0.1 mm and the characteristic impedance Z; =
150 ohm. Figure 9 shows a circuit diagram of the rectifier
circuit with the feedback line. In this configuration, the fil-
ter was designed with consideration of harmonic processing
up to the fourth harmonic. Figure 10 shows a photograph of
the prototyped rectifier circuit.

Figure 11 shows a block diagram of the measurement
system. A 5.8-GHz sine wave was generated by the signal
generator and the input power level of the rectifier circuit
was tuned using an attenuator and amplifier. The amplified
power was input to the rectifier circuit through a directional
coupler and circulator. Power sensor A measured the input
power and power sensor B measured the reflected power of

150 ohm, wy50 = 0.1 mm
Feedback line

L=9.1 mm
W=0.92 mm

I

DC cut
capacitor

Load R,

Fig.9  Circuit design.

———

Fig. 10

Proposed rectifier circuit with feedback line.
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Fig.11  Measurement system block.
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Fig.12  Measurement results.

the rectifier circuit. The voltage of the DC output from the
rectifier circuit was measured using a multimeter. Figure 12
shows the measured conversion efficiency of the rectifier cir-
cuit with feedback. In addition to connecting the optimum
load obtained by analysis, measured data when the load re-
sistance value was changed by +5 ohms is plotted. When
an optimum load of 250 ohm was connected and 23 dBm of
power was input, the efficiency of the rectifier circuit with
the feedback line was 69.3% on the simulator, but the mea-
sured result was 73.7%. The highest measured efficiency,
74.7%, was observed when the load resistance was 245 ohm
and input power was 24 dBm. The output voltage when the
conversion efficiency was maximized was about 5.9 V in the
simulation and about 7.8 V in the measurement. The con-
version efficiency obtained at 0 dBm input power was 1.1%
in the simulation, but the measured result was 5.8%.

The measurement results of the rectifier circuit with
feedback obtained in this experiment showed higher con-
version efficiency than the simulation results. We presume
this difference in the optimal load values and conversion effi-
ciencies between the analytical and experimental results can
be attributed to the incomplete reproducibility of the diode
device model on the analytical simulator.

efficiency of 74.7% was obtained at 24 dBm input.
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