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Efficiency Enhancement of a Single-Diode Rectenna Using
Harmonic Control of the Antenna Impedance

Katsumi KAWAI'?, Student Member, Naoki SHINOHARAf, Senior Member, and Tomohiko MITANI', Member

SUMMARY This study introduces a novel single-diode rectenna, en-
hancing the rf—dc conversion efficiency using harmonic control of the an-
tenna impedance. We employ source-pull simulations encompassing the
fundamental frequency and the harmonics to achieve a highly efficient
rectenna. The results of the source-pull simulations delineate the source-
impedance ranges required for enhanced efficiency at each harmonic. Based
on the source-pull simulation results, we designed two inverted-F antenna
with input impedances within and without these identified source impedance
ranges. Experimental results show that the proposed rectenna has a maxi-
mum rf—dc conversion efficiency of 75.9% at the fundamental frequency of
920 MHz, an input power of 10.8 dBm, and a load resistance of 1 k2, which
is higher than that of the comparative rectenna without harmonic control of
the antenna impedance. This study demonstrates that the proposed rectenna
achieves high efficiency through the direct connection of the antenna and
the single diode, along with harmonic control of the antenna impedance.
key words: rectenna, harmonic control, source-pull simulation, single-
series, wireless power transfer (WPT)

1. Introduction

A circuit comprising a receiving antenna and a rectifier
circuit—termed a "rectenna" by William C. Brown—is a
fundamental component in far-field wireless power transfer.
Figure 1 illustrates the distinctions between the single-shunt
and single-series rectennas circuit diagrams. Brown intro-
duced a single-shunt rectenna with a half-wave dipole an-
tenna and a parallel-connected rectifying diode, which we
classify as a type I rectenna in Fig. 1 [1]. His single-shunt
rectifier circuit utilizes the properties of a distributed circuit
to control the harmonics generated by the diode. Notably,
the dc-pass filter, which consists of a quarter-wavelength line
and a smoothing capacitor, acts as an open circuit for the odd
harmonics and a short circuit for the even harmonics gener-
ated by the diode. This harmonic control enables full-wave
rectification using a single diode [2]. Brown achieved an
rf—dc conversion efficiency of 90% with a 2.45 GHz-band
single-shunt rectenna [1].

Several researchers have focused on the similarities be-
tween harmonic control of the dc-pass filter of a single-
shunt rectenna and it of a Class-F load of a high-frequency
amplifier [3]-[7]. Several studies have documented using
single-shunt rectifier circuits that employ a Class-F load.
The capacitor in the dc-pass filter fails to provide adequate
short-circuit terminations at the higher harmonics, however,
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Fig. 1: Comparison of the differences between single-shunt
and single-series rectennas and the configuration of the pro-
posed single-series rectenna.

due to the frequency characteristics of the capacitor. In the
Class-F load configuration shown as type I in Fig. 1, the ca-
pacitor is replaced with parallel-connected open stubs that
constitute quarter-wavelength resonators for the fundamen-
tal frequency and harmonics. These open stubs fine-tune the
short-circuit terminations at the fundamental frequency and
each harmonic, resulting in a more efficient rectifier circuit
compared to one that uses a capacitor. Previous studies have
reported single-shunt rectifier circuits using a Class-F load,
achieving an efficiency of 90% at the 2.45 GHz band [3] and
91% at the 920 MHz band [4]. Therefore, harmonic control
is essential for achieving full-wave rectification and high effi-
ciency with a single diode, as demonstrated in a single-shunt
rectenna.

Diode efficiency limits the maximum rf—dc conversion
efficiency of a rectenna [8]. It is, therefore, crucial not only
to determine the maximum efficiency of the diode under
operational conditions but also to minimize circuit losses
in peripheral components. Thus, it is essential to consider
designing a rectenna with a simple configuration. In the stan-
dard design of a single-diode rectenna, as shown in Fig. 1,
either the dc pass filter, the low pass filter, or both are respon-
sible for harmonic control. Concurrently, the low pass filter
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also facilitates impedance matching between the receiving
antenna and the rectifier circuit. The operating conditions
of the rectifying diode vary with the input power and the
load resistance. Typically, the low-pass filter is optimized
for a specific operating condition of the diode. Therefore,
it is crucial to consolidate harmonic control and impedance
matching into a single component to minimize circuit losses.
A previous study [9] introduced a highly efficient rectenna
featuring a direct connection between a half-wave dipole an-
tenna and a full-bridge rectifier circuit without the low pass
filter. Harmonic control was achieved by using short stubs
connected to the antenna, which resulted in the impressive
rf—dc conversion efficiency of 92.8% [9]. However, the full-
bridge rectenna features a cross-connection at the dc pass
filter, which complicates the configuration in the case of a
single-layered rectenna. Therefore, to achieve higher rf—dc
conversion efficiency, a single-diode rectenna is needed that
eliminates the need for cross-connections at the dc pass fil-
ter and simplifies the configuration by avoiding additional
circuits.

This study introduces a novel single-diode rectenna,
shown as type IV in Fig. 1, which enhances the rf—dc conver-
sion efficiency by using harmonic control of the receiving
antenna impedance. This study focuses on developing a
single-series rectenna equipped with an antenna capable of
controlling the harmonics. Namely, the roles of the low-pass
filter and an inductor for the dc short circuit are integrated
into the receiving antenna. This configuration can minimize
losses in additional circuits and improve the rf—dc conver-
sion efficiency. Notable distinctions between our proposed
rectenna and a single-shunt rectenna that utilizes a Class-F
load include our ability to simplify the dc-pass filter by im-
plementing harmonic control at the antenna. Additionally,
our rectenna differs from the full-bridge rectenna presented
in [9] in that it achieves full-wave rectification using only a
single diode. We incorporate source-pull simulations in de-
signing our rectenna. Source/load-pull techniques are com-
monly used in high-frequency amplifier design [10]-[12].
They also apply to rectenna design, as it involves non-linear
elements similar to those in high-frequency amplifiers. Al-
though previous research has covered rectenna design exten-
sively using load-pull methods [13]-[17], designs employing
source-pull techniques are less common. Moreover, previ-
ous investigations into the use of source-pull methods for
rectenna design have focused on the fundamental frequency
alone [18]-[22]. A previous study [23] did utilize multi-
harmonic active source-pull in the MHz band for rectifier
design. However, the rectifier in [23] is transistor-based,
not diode-based. Consequently, this study employs source-
pull simulations that encompass the fundamental frequency
and the harmonics in designing a diode-based single-series
rectenna.

This paper is structured as follows: Section 1 discusses
previous rectenna studies and outlines the objectives of this
study. Section 2 highlights distinctions between single-shunt
and single-series rectennas, emphasizing the advantages of
single-series rectennas. Using ideal-circuit simulations, we
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have also demonstrated that a single-series rectenna can
achieve an ideal 100% efficiency when the antenna con-
trols the harmonics. In Sect. 3, we design a 920 MHz-band
proposed single-series rectenna with harmonic control of
the antenna impedance using source-pull simulations with
harmonics. Furthermore, we have designed a comparative
rectenna without harmonic control of the antenna impedance
to validate the effectiveness of harmonic control of the an-
tenna impedance in enhancing efficiency. Section 4 details
the experimental results and compares the performance of
the designed rectennas with and without harmonic control
of the antenna impedance. The paper concludes in Sect. 5,
summarizing our key findings and contributions.

2. Principle of the proposed rectenna

2.1 Feature comparison between the single-shunt and the
single-series rectenna

Theoretically, a single-shunt rectenna, which utilizes a
quarter-wavelength line and a capacitor, can attain 100%
rf—dc conversion efficiency. Conversely, the dc-pass filter of
the type II single-series rectenna shown in Fig. 1, which em-
ploys a quarter-wavelength line and an inductor, creates an
open circuit at even harmonics and a short circuit at odd har-
monics. Consequently, the ideal rf—dc conversion efficiency
of this single-series rectenna reaches 100% due to this har-
monic control, enabling the diode to be used for inverted-F
(Class-F~1) operation [24],[25]. In contrast, in the case
that harmonic control is concentrated in the low-pass fil-
ter as shown in type III and IV in Fig. 1, both Class-F and
Class-F~! operations become applicable for single-shunt
and single-series rectenna configurations.

In a single-shunt rectenna, the dc-pass filter must be
an open circuit at the fundamental frequency to ensure that
the input power is directed solely to the diode and does not
flow to the load. Consequently, if the low-pass filter controls
the harmonics in a single-shunt rectenna, the dc-pass filter
requires an inductor connected in series, as shown in type I1I
in Fig. 1. In contrast, in a single-series rectenna, the dc-pass
filter must be a short circuit at the fundamental frequency
to ensure that the input power is directed solely to the diode
and does not flow to the load, as shown in type IV in Fig. 1.
Therefore, if the low-pass filter controls the harmonics in the
single-series rectenna, the dc-pass filter requires a capaci-
tor connected in parallel. Capacitors generally have lower
losses than inductors, as indicated by their higher non-loaded
quality factor (). A type III single-shunt rectenna can omit
the series-connected capacitor on the rectenna’s input side
when an open-ended antenna, such as a patch antenna, is
utilized. Likewise, a type IV single-series rectenna can omit
the parallel-connected inductor on the rectenna’s input side
when a short-ended antenna, like an inverted-F antenna, is
employed. Consequently, a single-series rectenna that relies
solely on a capacitor is more likely to reduce circuit losses
than a single-shunt rectenna, which requires an inductor.
This feature of the single-series rectenna is advantageous
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Fig.2: Circuit diagram for a comparative analysis of two
cases: with and without harmonic control at the antenna.
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Fig.3: Voltage (red) and current waveforms (blue) at the
diode and the output DC voltage (black) with and without
harmonic control (HC) in the ideal circuit simulation.

for rectenna design. Based on these advantages, this study
focused on and designed the single-series rectenna. Further-
more, this study proposes a new single-series rectenna that
integrates the roles of the low-pass filter and shunt inductor
in the receiving antenna and performs harmonic control at
the receiving antenna.

2.2 Simulation of the single-series rectenna using ideal
circuits

The previous study [26] established the theoretical efficiency
of a single-series rectifier circuit at 81.1%. However, this
study [26] did not incorporate harmonic control. In this sub-
section, we use circuit simulations that employ ideal compo-
nents and circuits to show that when the antenna (function-
ing as the power supply) controls the harmonics, the rf—dc
conversion efficiency of the single-series rectenna can reach
100%. Additionally, as part of the ideal circuit simulation,
we carried out a comparative analysis of two cases: with and
without harmonic control at the antenna (the power supply).

Figure 2 shows the circuit diagram for a simulation us-
ing the Advanced Design System (ADS) from Keysight Tech-
nologies. We used the harmonic balance method, with the
maximum order set to be the fifth harmonic. The fundamen-
tal frequency, denoted by f, was 920 MHz. The input power
was 10.0 dBm, and the load resistance was 1 k2. In this sim-
ulation, we utilized an ideal diode, represented within the
circuit using the following equation:

0 Va <0),
Ii={, (Va <0) (1)
R7d (VdZO),

where I represents the current through the diode, V4 rep-
resents the voltage, and Rq = 0.5 mS2 represents the on-
resistance of the diode. We used a 1nF capacitor as an
output-smoothing capacitor. The power supply impedance
Zss and impedances Z; and Z3 determined the source
impedances at the fundamental frequency and harmonics.
We configured the source impedances at each harmonic Z,, ¢
using the magnitude M, and phase D,, of the reflection co-
efficients Sy, f, as defined by the following equations:

1+Ssnf
Tt = Zo——2md (n— 1.2 5), 2
r=%775 (n ) 2)
Ssnf:Mnexp@DnlgW) (n=1,2,...,5), (3)

where n represents the harmonic order, and Z represents
a reference impedance of 50€2. We configured the source
impedances to create short circuits at the even harmonics
and open circuits at the odd harmonics, enabling Class-F
operation of the diode. Equations (2) and (3) indicate that
Zgny diverges when M, = 1. Consequently, we cannot
use M,, = 1 due to simulation errors. We therefore used
M, = 0.9999 and D,, = 0° to represent an open circuit,
while we represented a short circuit by M,, = 0.9999 and
D,, = 180°. In cases where harmonic control was not
employed, we set the source impedances at each harmonic
to 502 (M,, = 0 and D,, = 0° when n # 1), but not for the
fundamental frequency. We optimized the source impedance
at the fundamental frequency on the real number to achieve
impedance matching for the rectifier circuit in both cases:
with and without harmonic control.

Figure 3 shows the voltage and current waveforms at
the diode, as observed in the simulation. Table 1 displays
the harmonic power at the diode with or without harmonic
control in the simulation, rounded to three significant digits.
The simulations yield a 100% rf-dc conversion efficiency
when harmonic control is applied and a 90.1% efficiency
when it is not. These waveforms exhibit square-wave double
voltage and half-wave double current patterns in harmonic
control. These waveforms are consistent with Class-F op-
eration theory. The simulations indicate that the rf—dc con-
version efficiency for a single-series rectenna reaches 100%
with harmonic control, an increase of 9.9% compared to
the case without harmonic control. The rf-dc conversion
efficiency of the rectenna is associated with the theoretical
efficiency with losses from the diode and circuits.



Table 1: Harmonic power at the diode with or without har-
monic control (HC) in the ideal circuit simulation.

Num. of harmonic w/ HC (mW) w/o HC (mW)
DC 10.0 9.01
fo 10.0 10.0
2fo 1.00 x 107% | 5.91 x 10~1
3fo 3.90 x 1074 | 3.14 x 10~
4fy 1.50 x 10~7 | 8.80 x 10~2
5fo 3.00 x 1075 | 2.74 x 105

3. Rectenna design

3.1 Rectifier design using the source-pull simulation with
harmonics

Figure 4 shows a circuit diagram of the source-pull simula-
tion for the single-series rectifier circuit. For the dielectric
substrate, we used R5775-K from Panasonic, which has the
following specifications: dielectric constant = 3.62, tangen-
tial constant = 0.0046, substrate thickness = 0.75 mm, and
metal thickness = 18 ym. The line width was 1.62 mm with
areference impedance of 50 2. The rectifying diode we em-
ployed was SMS7621 from Skyworks. Figure 5 and Table 2
show the equivalent circuit and the SPICE parameters of the
diode before and after adjustment, respectively. Here, the
SPICE parameters provided in the datasheet are tailored for
use in small-signal applications such as detector circuits and
mixers. Consequently, when these SPICE parameters are
employed for rectenna design, discrepancies arise between
simulation outcomes and experimental results, particularly
under high power inputs that fall within the diode’s tolerance
range. To address this, we measured the voltage-current
characteristics of the diode, and SPICE parameters except
Cjjo, were adjusted based on these measurements as detailed
in Table2. The parameter Cjy was fine-tuned through the
empirical evaluation of several rectifier circuits utilizing the
same diode, ensuring alignment between simulation and ex-
perimental results. We used GIM1552C1H430JB01 from
Murata for the capacitor, with a capacitance of 43 pF. the
dc-pass filter is a simple circuit consisting of a capacitor
connected in parallel. It allows dc power to pass to the
load while cutting the fundamental frequency and harmon-
ics. We swept the source impedances during the simula-
tion while keeping the input power and load resistance fixed
at 10.0dBm and 1k, respectively. We determined these
source impedances using equations (2) and (3). We varied
each harmonic impedance in steps of 0.01, ranging from
0.01 to 0.99 for the magnitude M, of the reflection coeffi-
cient, and in 1° steps, from 0° to 360°, for the phase D,, of
the reflection coeflicient. Before conducting the source-pull
simulation, we optimized the source impedance at each har-
monic to maximize efficiency. Then, we swept the source
impedance at each harmonic. The source impedances for
orders not involved in the source-pull simulation sweep were
fixed to the values obtained from optimization.

Figure 6 shows the results of the source-pull simulation,
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Fig.4: Circuit diagram of the source-pull simulation for the
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Fig.5: Equivalent circuit of the diode (SMS7621). The
package model is SC-79.

Table 2: SPICE parameters of the diode (SMS7621) before
and after adjustment.

Parameter ~ Value Parameter Value
I 0.4nA Rs 12Q
before N 1.05 Cjo 0.1pF
adjustment Vi 051V M 0.35
(from datasheet) By 3V Ihy 10 nA
I 2 uA Rs 9.692
after N 1.7 G 0.15pF
adjustment Vi 03V M 0.35
By 8.4V Iy 0.8 mA

with specific figures for the fundamental frequency (Fig. 6a),
the second and fourth harmonics (Fig. 6b), and the third and
fifth harmonics (Fig. 6¢). In Fig. 6, each plot represents the
optimal source impedance at which maximum efficiency is
achieved in the simulation. The maximum rf-dc conver-
sion efficiency is 80.4%, resulting in an output dc voltage of
2.84 V. Based on the source-pull simulation results, we estab-
lished target source impedances for each harmonic within the
range where the rf—dc conversion efficiency reaches 79.0%
or higher. Figure 6a shows a close-up of the upper right cor-
ner of the Smith chart; in this figure, the optimal fundamental
source impedance is 153.5 + j271.0 Q2. This result indicates
that the fundamental source impedance becomes high when
a dc output voltage of several volts is extracted at a low input
power of 10.0dBm. The input impedance of the rectifier
circuit is the conjugate value of the source impedance. Con-
sequently, Fig. 6a indicates that the input impedance of the
rectifier circuit at the fundamental frequency is capacitive;
this occurs because of parasitic capacitances, including the
capacitances of both the diode junction and the package.
Additionally, Fig. 6 shows that the target range for the fun-
damental source impedance is narrower than that for other
harmonic source impedances. The contour results for the
fundamental frequency demonstrate that the rf-dc conver-
sion efficiency changes rapidly with variations in the funda-
mental source impedance. The source impedances for even
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Fig.6: Source-pull simulation results for the proposed
single-series rectenna at an input power of 10.0dBm, re-
sulting in a dc output voltage of 2.84 V. (a) Contours at the
fundamental frequency in the upper right of the Smith chart.
(b) Contours at the second and fourth harmonics. (c¢) Co-
pontours at the third and fifth harmonics.

harmonics are the second-most critical parameters for the
rf—dc conversion efficiency. The second-harmonic source
impedance is located in the lower-left corner of the Smith
chart, and the fourth-harmonic source impedance is found
in the upper right corner, where efficiencies of 79.0% or
higher can be achieved. In contrast, the source impedances
for odd harmonics are less sensitive to the rf—dc conversion
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Fig.7: Circuit diagram of the designed inverted-F antenna.

Table 3: Adjusted parameters of the designed inverted-F
antenna with and without harmonic control (HC).

Parameter  Value (mm) | Parameter  Value (mm)
gl 35 fl 325
with HC ml 535 sh 18
fx 3.5 w 0.3
x 30.5
gl 48 fl 415
without HC ml 62 sh 10
fx 39 w 0.5
x 18.5

efficiency than are the fundamental and even harmonics. The
rf—dc conversion efficiency becomes 79.0% or higher over a
wide range in the lower left portion of the Smith chart for
both the third and the fifth harmonics. The range of varia-
tion of the rf—dc conversion efficiency due to fluctuations of
the source impedance is most significant for the fundamental
wave, and this variation tends to decrease as the harmonic
order increases. Lower-order harmonics substantially influ-
ence the rf—dc conversion efficiency because they possess
higher energy [27]. In other words, when designing the re-
ceiving antenna, it is crucial to maintain the input impedance
within the target range for the fundamental frequency.

3.2 Antenna design

Based on the results of the source-pull simulation shown in
Fig. 6, we designed the receiving antenna. In a single-series
rectenna, a short circuit on the anode side of the diode is
required at dc to apply a reverse dc voltage to the diode. We
adopted an inverted-F antenna with a short stub as the shape
to satisfy this requirement. Figure7 shows the designed
inverted-F antenna, which we simulated using the T-solver
of CST (Dassault Systemes) for antenna design. The sub-
strate we used for the antenna was R5775-K. We connected
a waveguide port toward the positive Y-axis at port #1 shown
in Fig.7 to analyze the antenna. =~ We designed two types
of receiving antennas using the inverted-F antenna geome-
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Fig.8: Simulated and measured input impedance of the
inverted-F antenna with and without harmonic control from
0Hz to 5 GHz. (a) The antenna with harmonic control. (b)
The antenna without harmonic control.

try, as shown in Fig.7: one for the proposed rectenna and
another for the comparative rectenna. The dimensions in-
dicated in Fig. 7 are the design parameters of the antennas.
The proposed rectenna was designed so that the antenna in-
put impedance at all harmonics falls within the target source
impedance range for an rf—dc conversion efficiency of 79%
or higher. The comparative rectenna was designed so only
the antenna input impedance at the fundamental wave falls
within the target range. To confirm that the harmonic con-
trol of the antenna impedance is effective in improving the
rf—dc conversion efficiency in addition to the fundamental
impedance matching, we compared the performance of the
rectenna with harmonic control (proposed circuit) and the
rectenna without harmonic control (comparative circuit).

Table 3 shows the adjusted design parameters of the
inverted-F antenna with and without harmonic control. Fig. 8
shows the frequency characteristics of the input impedance of
the designed inverted-F antennas with and without harmonic
control. The simulated and measured input impedance of the
designed antennas with and without harmonic control at each
harmonic are shown in Fig. 9 along with the target impedance
range. Specifically, Fig. 9a, Fig. 9b, and Fig. 9c demonstrate
that, in both the simulations and the measurements of the
antenna with harmonic control, the input impedance at each
harmonic falls within the target source-impedance range (i.e.,
an rf-dc conversion efficiency of 79.0% or higher). Further-
more, the input impedance of the antenna without harmonic
control is within the target source impedance range only at the
fundamental and fifth harmonic. For the second, third, and
fourth harmonics, the input impedance of the antenna with-
out harmonic control is outside the target source impedance
range. From simulation results, the radiation efficiencies of
the antennas with and without harmonic control at 920 MHz
were 89.2% and 84.3%, and the maximum gains of the theta
component on the XY plane were 1.64 dBi at § = —7° and
2.48 dBi at § = —8°, respectively.
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Fig.9: Simulated and measured input impedances of the de-
signed inverted-F antenna with and without harmonic control
(HC) and the target source impedances at each harmonic. (a)
Results at the fundamental frequency. (b) Results at the sec-
ond and fourth harmonics. (c) Results at the third and fifth
harmonics.

4. Rectenna measurement

4.1 Input power and load resisitance characteristics of the
rectennas

Figure 10 shows the fabricated rectennas with and without
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Fig. 10: Photos of the fabricated rectennas, (a) with har-
monic control, (b) without harmonic control.

standard dipole antenna §

harmonic control. We measured the input power and load re-
sistance characteristics of the designed rectennas. Figure 11
and Fig. 12 show a photo and an outline of the measurement
system of the rectenna in an anechoic chamber, respectively.
In this measurement, we set the rectennas on the angle
obtaining the peak output dc power. For estimating the ac-
tual input power to the rectifier circuit P, we measured the
output power of the designed inverted-F antenna both with
and without harmonic control using the measurement system
shown in Fig. 12. We measured the received power of the
antenna at the same angle as the rectenna measurement using
the power sensor B before the rectenna measurement. We
used a three stub tuner (MS-N-811, NJHON KOUSHUHA)
and an SMA cable to perform impedance matching between
the designed inverted-F antenna and the system reference
impedance of 50 2. We measured the insertion loss of the
three stub tuner and the SMA cable used in the received
power measurement as shown in Fig. 12. Then, the actual
input power to the rectifier circuit P,;, was determined by
deducting the insertion loss of the three-stub tuner and cable
from the received power.

Figure 13 shows the simulated and measured rf—dc con-
version efficiency of the designed rectennas. Figure 13 shows
that the maximum measured rf—dc conversion efficiency of
the rectenna with and without reached 75.9% at an input
power of 10.8 dBm and load resistance of 1k and 62.4%
at an input power of 10.6 dBm and load resistance of 1k{2,
respectively. Both simulated and measured results show

7
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7 Anritsu, X
g}l\glﬁ MA5612A2 Circulator  Directional coupler
Three stub tuner [/ DITOM, PASTERNACK,
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MS-N-811 Pin Amplifier
—————————— --- — R&K,
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Digital multimeter
Keysight, 34465A
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/ & w/o HC

Power sensor B[Power sensor A||Signal generator

o Agilent, Agilent, Agilent,
84818 8481A E4421B
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Digital multimeter
Agilent, 34401A

Fig. 12: Outline of the rectenna measurement system.
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Fig. 13: Simulated and measured rf—dc conversion efficiency
of the designed rectennas with and without harmonic control.
(a) The rf—dc conversion efficiency vs. the input power at the

load resistance of 1k(2. (b) The rf-dc conversion efficiency
vs. the load resistance at the input power of 10.0 dBm.

that the proposed rectenna with harmonic control of the an-
tenna impedance has higher rf-dc conversion efficiency than
the comparative rectenna without harmonic control. Thus,
these comparative results confirm that the harmonic con-
trol of the antenna impedance effectively enhances the rf—dc
conversion efficiency. Table 4 compares the performance of
rectennas operating in the 920 MHz band, demonstrating
that the proposed rectenna achieves superior efficiency with
just a single diode compared to previous studies.



Table 4: Performance comparison of the rectennas around
920 MHz band.

Ref Rectenna or Rectifier Num. of  Efficiency(%)
’ Rectifier only type diodes at Py (dBm)
[28] Rectifier only Single-shunt 1 66.0 at 9.0
[5] Rectifier only Single-shunt 1 80.4 at 13.4
[29] Rectenna Charge-pump 2 71.0 at 0.0
[30] Rectenna Charge-pump 2 71.0 at 15.0
[31] Rectenna Charge-pump 2 81.0at11.0
[32] Rectenna Charge-pump 2 83.0 at -4.0
This Rectenna Single-series 1 75.9 at 10.8
work

4.2 Angular characteristics of the rectenna

The radiation patterns of the proposed rectenna were eval-
uated on the XY and YZ planes utilizing the far-field mea-
surement system in an anechoic chamber. Additionally, the
angular characteristics of the output dc power of the pro-
posed rectenna were measured in another anechoic chamber.
During the angular characteristics measurements, the trans-
mission power P was set to 35 dBm, and a load resistance
of 1k was employed. The turntable shown in Fig. 11 fa-
cilitated the angular measurements. Figure 14 shows both
simulated and experimental results related to the radiation
patterns of the designed inverted-F antenna and the angular
characteristics of the proposed rectenna. It is noted that the
radiation pattern results have been normalized to their peak
values. The peak output dc power of the rectenna with har-
monic control was higher in the XY plane than in the YZ
plane. The peak output dc power and angle of the rectenna
with harmonic control were 8.05dBm and 5° on the XY
plane, respectively.

5. Conclusion

This study demonstrated that a novel single-diode rectenna
can improve the rf-dc conversion efficiency through har-
monic control of the antenna impedance. We employed
source-pull simulations encompassing the fundamental fre-
quency and the harmonics to achieve a highly efficient
rectenna. Based on the source-pull simulation results, we de-
signed the inverted-F antenna. Subsequently, we performed
experimental measurements using the fabricated rectennas.
Our findings indicate that the maximum rf—dc conversion ef-
ficiency for the designed rectenna reached 75.9% at an input
power of 10.8 dBm and a load resistance of 1 k). These mea-
surements and comparisons with the comparative rectenna
and previous studies underscore the achievement of full-wave
rectification and high efficiency in the proposed single-series
rectenna, where harmonic control is executed at the receiving
antenna.
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