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Abstract—In this article, a novel duplexing rectenna with
harmonic feedback capability is proposed for efficient wireless
power transfer (WPT) applications. The proposed duplexing
rectenna can harvest the incoming radio frequency (RF) energy
efficiently and also make use of an inherent harmonic signal,
which is sent back to the RF transmitter (Tx) for positioning
in order to guide the radiation patterns from Tx antenna array
for optimum WPT. A novel duplexing dipole antenna is designed
based on the top loading and capacitive gap effects. It is used
to receive RF power at fundamental frequency 0.915 GHz and
transmit the second harmonic signals at 1.83 GHz as a feedback.
Experimental validation of a complete WPT system with beam-
scanning capability has been carried out. It is shown that the
fabricated rectifier has realized a maximum RF-dc¢ conversion
efficiency of 71% (at 15-dBm input power) and a measured
peak second harmonic power of —1 dBm. Thus, the proposed
duplexing rectenna can form a closed-loop system by providing
its location information for efficient WPT applications.

Index Terms— Antenna, duplexing antenna, harmonic feed-
back, rectenna, rectifier, second harmonic, wireless power
transfer (WPT).

I. INTRODUCTION

IRELESS electronic devices have grown immensely
Wover the last decades. The idea of wireless electronics
is moving beyond networking people to sensors and devices,
thus creating an “Internet of Things” (IoT) which enable these
objects to collect and exchange data [1]. This exponential
increase in wireless devices demands a method for effective
power supply to realize self-sustainable operation. Wireless
power transfer (WPT) is a promising technology to power
these devices [2]. In a WPT system, the power from the
transmitter (Tx) is wirelessly captured by a rectenna which
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can convert the incident radio frequency (RF) power into dc
power for many sensing devices [3].

For wireless energy harvesting (WEH) scenarios, ambient
RF sources are taken into consideration [3], [4]. Convention-
ally, the rectenna for WEH and WPT is designed in a similar
way, without considering the advantages of a dedicated RF
source [5]. Therefore, the conventional rectennas for WEH
and WPT can only offer a limited amount of dc power
and normally do not have the location knowledge of the
rectenna [3]-[5]. To direct the microwave energy beam toward
the desired rectenna and to enhance the incident power level,
several researchers proposed antenna arrays with beam steer-
ing capabilities [5]-[7]. Due to the use of antenna array for
high gain performance, the radiation is very directive. There-
fore, a slight misalignment can lead to a big drop in energy
conversion efficiency and output dc power [8]. In this scenario,
a feedback signal from the receiver (Rx) to the Tx can be
used to overcome this problem [9]. However, it is challenging
to create a passive and simple feedback signal from the Rx
side where power is a critical issue. Some designs on wireless
powered sensors combined with backscatter modulation have
been reported in [10] and [11], these designs use two tones
for energy harvesting and information transfer, respectively.

Few studies were carried out by researchers to investigate
the relation between harmonic effects in rectifiers and output
dc power [12], [13]. Furthermore, these works were mainly
focused on harmonic terminations to suppress the generated
harmonics and enhance rectifier performance. Another work
attempted to recycle and harvest the harmonics for improving
the power conversion efficiency of the rectifier by rerectify-
ing the harmonics [14]. An energy harvesting passive UHF
RFID relying on the exploitation of the power carried by
the third harmonic signal generated by the RFID chip to
provide dc power to an associated sensor while simultane-
ously communicating with the reader is reported in [15].
A retrodirective system utilizing second harmonic reradia-
tion as pilot signal from a rectenna was presented in [16].
In [17], UHF multisine excitations of a battery-less RFID tag
were utilized for recycling the unwanted harmonics generated
by the rectifier nonlinear regime to build a fully passive
UWB generator. Thus, a promising technology is to use
harmonics generated by the rectifying element as a feedback
signal from the Rx for providing the knowledge about the
Rx node [18]-[20]. Couplers or separate antenna elements
were employed in these designs to feedback the harmonic
power [18]-[20].
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In this article, we present the design of a novel duplexing
rectenna with harmonic feedback capability for WPT applica-
tions and it offers the potential to track the Rx for effective and
efficient WPT. Fig. 1 shows the proposed duplexing rectenna
system with localization capability for WPT. At the WPT
Tx side, the power from the microwave generator at the
fundamental frequency (fp) is amplified by a power amplifier.
To reduce the effect of harmonics in the amplified signal, a low
pass filter (LPF) is utilized. Then, a power splitter is employed
to evenly allocate the power to the antenna array elements.
A set of phase shifters is used to control the radiation direction.
In the Rx side, a novel duplexing rectenna is designed to
perform the WPT operation along with the feedback gen-
eration. One major novel contribution of this work is the
duplexing antenna and harmonic feedback rectifier integration;
to the best of the author’s knowledge, such an integrated
design has never been reported before. More specifically,
one antenna element can perform both harmonic feedback
and WPT functions simultaneously. Although the harmonic
feedback rectifiers have been reported, the proposed rectifier
has reported relatively high feedback power of —1 dBm. So,
the proposed single antenna based rectenna can send feedback
signals over a relatively long distance with a considerably
high-power conversion efficiency. A harmonic receive antenna
in the Tx side accepts the second harmonic signal (2 fy)
from the duplexing antenna, based on which the maximum
radiation direction can be determined. As the Tx antenna array
has high gain and narrow beamwidth, the duplexing rectenna
requires a wide beamwidth in horizontal angle for accepting
the WPT power and to send the feedback even in angles
for demonstrating the antenna misalignment property. Then
by controlling the phase-shifters of array to the direction of
maximum feedback power, targeted WPT becomes possible.

The rest of this article is structured as follows. Section II
explains the design and operation principle of the proposed
duplexing antenna. The measured results are also explained
in this section, Section III describes the design and perfor-
mance of the harmonic feedback rectifier. Then, experimental
validation of the complete WPT system including antenna
array and duplexing rectenna is performed in Section IV.
Finally, conclusions are drawn in Section V emphasizing the
achievements of this research and future work directions.
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Fig. 2. Proposed duplexing antenna.

II. DUPLEXING ANTENNA
A. Antenna Structure

The geometry of the proposed duplexing antenna is depicted
in Fig. 2. In order to demonstrate the viability of this novel
idea, we should select fy and 2 f; ideally from the license-
free ISM bands. Checking the ISM bands, we can see that
13.56 and 27.12 MHz, as well as 61.1 and 122 GHz are
the ISM bands available for both f; and 2 f;. However, in
order to develop a demonstration system using a reason-
ably compact size and low loss, these frequencies are not
selected on the basis of large wavelength (e.g., 13.56 MHz)
and large attenuation (e.g., 61.1 GHz), at the end the ISM
band frequency 0.915 GHz has been selected as the primary
power transfer frequency for our optimized proof-of-concept
prototype. Moreover, 915 MHz has been widely used for the
studies and researches in WPT applications as reported in [13]
and [18]. The proposed novel dipole antenna consists of a
capacitive gap, a top loading, and stub loading structure at
each pole to realize as a compact dual-band dipole antenna
which is printed on a Rogers RO4350B substrate with a
relative permittivity of 3.48 and thickness of 1.52 mm. The
capacitive gaps aided to generate the dual-band resonances at
fo and 2 fy frequencies and also to create similar radiation
patterns in fundamental and harmonic bands. Moreover, the
proposed dual-band antenna is coupled to a A microstrip line
resonator for the duplexing action. Port 1 is used to excite
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TABLE I
PARAMETERS OF THE PROPOSED ANTENNA
Parameter lel;ll; Parameter Yni:lnlif Parameter X:ﬁz:
L1 472 Wi 0.8 Ar 25.4
L2 17 w2 0.5 Wr 1
L3 52 w3 1 Lf 37.2
L4 38 W4 1 Wi 2.5
Lm 7.5 Wm 9 Gl 0.2
Lx 23 Wx 9 G2 0.2
D1 22 El 1.6 D5 20
D2 19 E2 0.4 ES 1
D3 27 E3 1.5 Lr 433
D4 38 E4 0.5 Ls 114
Ws 150

the fundamental mode for receiving the 0.915-GHz signals
to perform the WPT. Harmonic feedback is transmitted back
through port 2 at 1.83 GHz. All the physical dimensions of this
antenna (after optimization to be discussed later) are tabulated
in Table L.

B. Evolution of Dual-Band Antenna Design

Dipole antennas are widely used in rectenna designs due
to its broad beamwidth and structure simplicity. The target
in this work is to design a half-wavelength dipole antenna
that resonates at 0.915 and 1.83 GHz for receiving RF power
and sending feedback signals, respectively. The reason for
choosing such frequencies is that the rectifier circuit generates
a second harmonic signal which can be used for feedback
radiation as will be discussed in detail in Section III.

The conventional center-fed dipole can only excite odd-
order modes [21]. Thus, a conventional half-wavelength dipole
at 0.915 GHz is not good as its second odd mode is at
2.745 GHz, a new design for these two frequencies is required.
The proposed dual-band antenna is evolved from three refer-
ence antennas as shown in Fig. 3. Initially, the Ref 1 half-
wavelength dipole at 0.61 GHz with a length of 202 mm is
selected. The second odd mode frequency in this case is at
1.83 GHz. The second reference design is a dipole antenna
with capacitive gaps as in Fig. 3. Each arm of the dipole is
divided into two equal segments (x1 = x2 = 50.5 mm) by a
gap width of 0.2 mm to provide a capacitive effect. The gap
cuts off the flow of current and stores the electric field energy.

According to the capacitive reactance X ¢, relationship with
frequency as in [22]

X.=1/wC. (1)

The capacitive gap reactance has much more influence on
lower frequencies compared to higher frequencies. Further-
more, coupling becomes stronger with the decreasing gap
width GI. Therefore, resonance of the fundamental frequency
of Ref 2 antenna is shifted up to 0.915 GHz from the 0.61 GHz
of Ref 1 design due to the capacitive gap effects as shown
in Fig. 4. Fig. 4 represents the Smith chart showing the
fundamental and harmonic resonances of the reference designs
and proposed antenna. Fig. 5(a) clearly reveals the frequency
shift of fundamental mode. The current distributions of the
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Fig. 3. Evolution of dual-band antenna design.
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Fig. 4. Smith chart of the reference designs.

two resonant modes of the Ref 1 and 2 designs are given
in Fig. 5(b). It can be confirmed that Ref 2 has the shifted
fundamental mode at 0.915 GHz. Moreover, the capacitive
gaps aided to enhance the central lobe and suppress the grating
lobes in harmonic mode as depicted in Fig. 5(c). Therefore,
the two resonant modes in Ref 2 has similar omnidirectional
radiation pattern. However, the second resonance is slightly
shifted away from 1.83-GHz frequency. Thus, top loading
is introduced in the Ref 3 design, by making circular arcs
at the end of each dipole arms. The circular arcs help to
reduce the second segment length of each dipole arm, but it
maximizes the volume of antenna in the “k#” sphere (“k” is
the wavenumber and “r” is the radius of the smallest sphere
that encloses the antenna) [23]. For a half-wavelength dipole

kr ~2m /A x AJ2 ~ )2 2)

and the impedance bandwidth is far below the Wheeler—Chu
limit [24]. Thus, the electrical size of the dipole can be reduced
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Fig. 5. (a) SI,1 of Ref 1 and Ref 2. (b) Surface current distribution of Ref 1
and Ref 2. (c) Radiation pattern of Ref 1 and Ref 2.

with a T-shaped top loading, while maintaining an impedance
bandwidth similar to that of the A/2 dipole. Hence, a kr of 1
is utilized to minimize the length of the antenna. Additionally,
the resonance of the higher frequency band is shifted back to
the 1.83 GHz due to the top loading. Unfortunately, this oper-
ation increases the real part of impedance due to the increase
in overall length by the circular arcs. Further impedance
matching is achieved in the proposed design by performing the
stub loading in the gap region using the Smith chart analysis.
Two stubs are used on either side of the gap in each dipole
arm. This operation reduced the real part in the 1.83-GHz
frequency band compared to Ref 3 and hence impedance
matching becomes considerably simple. Dimensions of the
stubs are optimized by analyzing the impedances in Smith
chart with the aid of the Computer Simulation Technology
(CST) software. Thus, an antenna is realized with pass bands
at 0.915 and 1.83 GHz. To integrate the proposed antenna
with microstrip rectifier, a coplanar strip (CPS) to microstrip
balun is utilized. A truncated metal ground is used in the
bottom plane of the substrate. This ground plane acts as a
metal reflector and helps to obtain a beamwidth of around
180° in the H-plane with increased gains.

C. Duplexing Antenna Design

A duplexer is a device that allows the use of the sin-
gle antenna by both Tx and Rx [25]. Some researchers
have attempted to realize the antenna with duplexing prop-
erties [25], [26]. A simple architecture of duplexing dipole
antenna is implemented by using a 0.54 microstrip line res-
onator coupled to the feed of the dual-band antenna as shown
in Fig. 2. Two resonances of the microstrip line are designed
to work at 0.915 and 1.83 GHz. For receiving the 0.915-GHz
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Fig. 6. Surface current distribution of duplexing antenna at different modes.

signal, a coupled port 1 is positioned at the end of 0.5
microstrip line. Fine-tuning of the port placement is needed to
achieve the maximum coupling of fundamental mode with a
good consideration of harmonic signal isolation. Another cou-
pled port is defined at the middle of the microstrip line for the
harmonic signal. For the harmonic signal, 0.54 microstrip line
acts like a 4 microstrip resonator. Therefore, at the line center
the harmonic signal can be coupled with a zero-fundamental
signal. The width of the line resonator and the coupled lines
are adjusted to maximize the coupling of fundamental and
harmonic signals with proper isolation. Thus, the simple 0.54
microstrip line resonator can be used with dual-band antenna
to form a duplexing antenna. Fig. 6 shows the surface current
distribution of the duplexing antenna at different modes. Port 1
has the ability to excite the fundamental mode at 0.915 GHz
and port 2 deals with the harmonic mode excitation. Surface
current distribution clearly reveals that port 1 is completely
isolated from the 1.83-GHz harmonic mode excitation and vice
versa.

D. Duplexing Antenna Performance

To validate the predicted performance of this proposed
duplexing antenna, a prototype was fabricated and measured.
Fig. 7 shows the fabricated duplexing antenna. The proposed
duplexing antenna has an overall dimension of 114 x 150 x
1.52 mm?. Two SMA connectors are used to excite the two
isolated bands of the fabricated antenna. Fig. 8 shows the
simulated and measured S-parameter results of the duplex-
ing antenna. A very good agreement between the measure-
ments and simulations is achieved. The fundamental mode at
0.915 GHz is excited by port 1. The measured bandwidth of
the duplexing antenna is 60 MHz which ranges from 0.895 to
0.955 GHz in the fundamental band. Correspondingly, port 2
can excite the harmonic mode with a bandwidth of 90 MHz
which ranges from 1.815 to 1.905 GHz. The isolation between
ports 1 and 2 in the fundamental band is around 13 dB. So,
there is a very small leakage of WPT power at 0.915 GHz
from the antenna to port 2. However, port 2 is in the output
side of the rectifier and does not affect the performance and
conversion efficiency of the rectifier. While in the harmonic
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(a) (b)

Fig. 7. Fabricated duplexing antenna. (a) Front view. (b) Back view.
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band where power is crucial, the isolation is around 20 dB
as shown in Fig. 8. Consequently, the power leakage is
extremely small, and it does not affect the feedback power
from the rectifier to antenna. The simulated 3-D radiation
patterns of the proposed antenna with excitation at ports 1
and 2 are shown in Fig. 9(a). The half-power beamwidth of
the duplexing antenna is 150.5° at 0.915 GHz and 177.6° at
1.83 GHz. Fig. 9(b) depicts the simulated efficiency of the
antenna. The duplexing antenna has achieved a total efficiency
of 88% in fundamental band and 84% in harmonic band.
Fig. 9(c) shows the simulated and measured realized gains
of the antenna. Maximum measured gain of 4.83 dBi was
obtained at 0.9 GHz. Similarly, 4.68 dBi was measured at
1.833 GHz. It is interesting to note that both frequency bands
have similar gains and radiation patterns with good isolation,
making it as a good duplexing dipole antenna.

ITI. HARMONIC FEEDBACK RECTIFIER

A. Analysis of Harmonic Generation

A conventional rectenna block diagram is shown in Fig. 10.
The RF power received from the antenna is converted to dc
power by the rectifying circuit after passing through a filtering
and matching network. A matching network (or bandpass fil-
ter) ensures that the antenna is matched to the rectifier and the
harmonics generated by the rectifying element are not radiated
back into the environment through the antenna [27]. Schottky
diodes can be used as the rectifying element. An accurate
model of the diode is required with a low threshold voltage,
a high reverse breakdown voltage, a low junction resistance,
and a low junction capacitance [28]. Current—voltage relation-
ship through the nonlinear diode can be expressed as

I(V)=1I (exp(%> — 1) 3)

0.915 GHz | 1.83 GHz |
@ (a)
90 6
N
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Fig. 9. (a) Simulated 3-D radiation patterns with excitation at ports 1 and 2,

respectively. (b) Simulated efficiency. (c) Realized gain of duplexing antenna.
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Fig. 10. Block diagram of a conventional rectifier.

where ¢ is the charge of an electron, k is the Boltzmann’s
constant, T is the temperature, n is the ideality factor, and Is
is the saturation current [14]. Let a sinusoidal signal input to
the rectifier be

V = Vicos(wopt) 4)

where V; is the amplitude and @y is the frequency of the input
signal. The output response of a nonlinear diode rectifier can
be modeled as a Taylor series in terms of input signal voltage
as

Vo=xo+x1V4+x2V2+x3V3 ... 5)

where xg, X1, X2, . . . are the Taylor expansion coefficients [29].
For sinusoidal input in (4), Taylor series can be expanded as

Vo = xo + x1 Vicos(wot) + )Cg[Vscos(a)ot)]2
+ x3[Vycos(wot) )P + -+ (6)

Since
1
cos?(f) = 5(1 + cos(20)) (7
and
3 3 1
cos’(0) = 2 cos(d) + 1 cos(30) ®)
X2 9 X2 o
Vo = x0 + x1 Vycos(wot) + ?VS + ?VS cos(2aot)
3
+ % V2cos(mopt) + % VicosBaot) +---  (9)
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Fig. 11.  Proposed block diagram of harmonic feedback rectifier.

Thus, the output voltage contains dc rectified output and ac
signals of frequency wy, 2wy, and 3wy (as well as higher order
harmonics), which are usually filtered out with a simple LPF.
Moreover, the second and third order harmonics increases with
increase in incident RF power. The second and third harmonics
generated from the rectifier can be expressed as

Vauy = xZ—ZVSZCOS(Zth) (10)
Vi = %Vfcos@wot). (11)

In conventional rectenna design, a dc pass filter is used to
obtain a ripple-free dc signal by suppressing the fundamental
and harmonic frequencies from the rectified output. DC pass
filter also has a key role in determining the output impedance
for maximizing the dc power. An important concern in the
design of feedback rectifier is to ensure the efficient operation
of primary function, i.e., WPT. So, it is necessary to design
the rectifier with high dc output power. Another essential
consideration is to avoid the use of external power or a part
of rectified dc power [18]. As (10) reveals that the second
harmonic power increases with rectifier input power and
has higher value than third harmonic, this work proposed
a second harmonic feedback rectifier. Fig. 11 represents the
proposed block diagram of the harmonic feedback rectifier.
It demonstrates the RF to dc power rectification process and
channeling the second harmonic from the rectifier output by
enhancing and matching. A voltage doubler circuit is adopted
for the design of this harmonic feedback rectifier. A second
harmonic enhancing and filtering part is commenced from the
output side of diodes, before the dc pass filter. The power of
the second harmonic is very crucial as it acts as a feedback
signal. Therefore, great care is needed to enhance and match
the impedance to the output feedback port.

B. Harmonic Feedback Rectifier Design

A novel harmonic feedback rectifier is designed based on
the above-mentioned requirements. The final layout is shown
in Fig. 12. The harmonic feedback rectifier is designed to
operate at 0.915 GHz which is printed on a Rogers RO4350B
substrate with a relative permittivity of 3.48 and thickness
of 1.52 mm. The design flow of the rectifier starts with
determining the operating power level and expected output
power. The operating input power for WPT application is
typically 5-15 dBm [5]. Therefore, Schottky diode HSMS

1.83 GHz

2 7[
915 MHz
5
-—) 10.8 L1 5.3
|
15 , [ 2 I
c1 2

+ -
Qutput DC
voltage

Fig. 12. Layout of harmonic feedback rectifier (dimensions in mm).

2860B from Avago has been selected in the design. Moreover,
the low junction capacitance and series resistance of this
Schottky diode are also favorable for a high output dc power.
In order to realize a high output voltage rectifier, a voltage
doubler topology and a load resistance of 1000 € are selected.
The large signal S-parameter (LSSP) and harmonic balance
(HB) simulations are used to analyze the input impedance for
impedance matching and conversion efficiency of the rectifier
structure. A m-network of lumped components is used for
filtering and matching of the fundamental frequency. It consists
of two capacitors CI, C2, and an inductor L/ with values
1.1 pF, 0.3 pF, and 15 nH, respectively, aiming to get the
circuit matched at 0.915 GHz. Capacitors C3 and C4 have
the function of storing the energy rectified by the rectifying
elements D/ and D2. Despite this energy storage function,
C3 works along with the input bandpass filter in the sense
that it acts as a dc block. Similarly, C4 in shunt with load
resistor R; acts as the output LPF with a foofr, cutoff
frequency 1/(2r Ry C4). Initially, both capacitors C3 and
C4 are assigned to have a value of 20 pF to serve as a dc
block filter. The chip capacitors and inductors are modeled
using S-parameter files provided by Murata and Coil craft.
After the rectifier performance is optimized for required output
voltage and power, the next step is to design the harmonic
extraction from the output of voltage doubler. The dc pass
filter on the output side is critical in this design because it
has an important role in determining the second harmonic
power [17]. The output capacitor C4 has a significant role in
controlling the ripples and smoothing the output dc voltage.
Normally C4 with higher values can be directly used with
R; for realizing the output LPF to reduce the ripples in
output voltage, by bypassing the harmonics to ground. But,
in harmonic feedback rectifier the load resistance, R; and C4
can tune the power of harmonic signals. Variations of harmonic
power and conversion efficiency as a function of capacitor
C4 are shown in Fig. 13. By providing an input power of
10 dBm to the rectifier, second harmonic power of —2 dBm
can be observed with an output dc pass capacitor of 0.1 pF
whereas third harmonic power is only —10 dBm which is
about 8 dB smaller than the second harmonic. Furthermore,
the propagation loss for higher modes is also more compared
to lower frequencies. Therefore, second harmonic will be
better as the feedback signal, as it is having more power.

In the designed rectifier, output capacitor has a very low
impact on the input impedance of the rectifier. Moreover,
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TABLE II
CIRCUIT COMPONENTS USED IN THE RECTIFIER DESIGN

Component Nominal value Part number and supplier
name

C1 1.1 pF chip capacitor GRMO0335C2A1R1CA01,Murata
2 0.3 pF chip capacitor GRMO0335C2AR30BA01, Murata
C3 20 pF chip capacitor GRMO0335C2A200JA01, Murata
c4 0.5 pF chip capacitor GRMO0335C2AR50BA01, Murata
Cc5 1.5 pF chip capacitor GRMO335C2A1R5CA01, Murata
L1 15 nH chip inductor 0402HP-15NX_E _, Coilcraft

the rectifier is designed for moderate wide bandwidth. Thus,
it is having relatively stable performance and good impedance
matching for a change of C4 from 0.1 to 1 pF. Efficiency is
almost constant over 70% for different output dc pass capacitor
values. So, it provides the opportunity to tune the capacitor
C4 for a better second harmonic power without disturbing
the output power significantly. For realizing the harmonic
feedback system, the second harmonic signal at the output of
the rectifier is required to be enhanced and matched to the sec-
ond port of the antenna. Capacitor C5 has the functions of
blocking the rectified dc and allowing the impedance matching
of the second harmonic signal. Through proper tuning of the
output capacitor C4, bypass capacitor C5, and the shorted stub
length, the feedback signal is constructively directed to the
harmonic port of the rectifier. These operations in the feedback
signal branch do not impair the power conversion efficiency of
the rectifier. In this design, after careful optimization, a 0.5-pF
Murata capacitor is chosen as C4 and 1.5 pF as C5. This
value can provide a good conversion efficiency and second
harmonic power with less ripples in the output dc voltage.
The values and part numbers of the circuit components are
given in Table II. Fig. 14 shows the effect of harmonic power
and conversion efficiency as a function of input power. It can
be clearly observed that the second and third harmonic power
are increasing with input power and the second harmonic has
higher power than third harmonic. Layout level simulations are
performed using electromagnetic (EM) simulator momentum
in ADS.

C. Harmonic Feedback Rectifier Performance

For evaluating the performance of harmonic feedback rec-
tifier, a prototype is fabricated. A fundamental signal port
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Fig. 14. Effect of harmonic power and conversion efficiency with respect to
input power level.
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Fig. 15.
view.

Fabricated harmonic feedback rectifier. (a) Front view. (b) Back

Signal Generator

Power Amplifier

Fig. 16. (a) Experimental setup for rectifier measurement. (b) Harmonic
spectrum at 12-dBm input power.

is placed on the edge of the circuit board while the sec-
ond connector for harmonic power is connected through
the substrate. The overall dimension of harmonic feedback
rectifier is 25 x 40 mm?. The fabricated prototype is shown
in Fig. 15. The experimental setup for rectifier measurement
is illustrated in Fig. 16(a). The reflection coefficient of the
designed rectifier is depicted in Fig. 17. The impedance
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Fig. 17. Reflection coefficient of the harmonic feedback rectifier.

bandwidth of the harmonic feedback rectifier is 390 MHz
which ranges from 680 to 1070 MHz at 5-dBm input power.
A fundamental reflected power of —23 dBm is observed
with an input power of 5 dBm at the input of rectifier.
Reflected power of fundamental is 8 dB lower compared to
the extracted second harmonic power (—15 dBm). A Keithley
2920 RF signal generator is used for signal generation at
0.915 GHz. The signal generator can provide a maximum
output power of 13 dBm. Thus, a 40-dB power amplifier is
used to amplify the signals for having complete access of
the input power. The output power of the signal generator
is varied from —41.5 to —19.5 dBm. A 3-dB attenuator is
connected between the signal generator and power amplifier
to protect the signal generator from any power surge and
reflections. The input power from the power amplifier is
estimated using a Keithley signal analyzer. After considering
the 3-dB attenuator and the loss in cables, the power from
the amplifier is estimated to be from —5 to 17 dBm. The
output voltage and second harmonic power is measured by
varying the input power. Second harmonic power is measured
using the Keithley signal analyzer. Fig. 18(a) plots the output
voltage variation with the input power. The maximum output
voltage of 5.2 V is obtained at 17 dBm with a 1000-Q load
resistor. Second harmonic power is linearly increasing with
input power and reaches at —1 dBm for an input power
of 16 dBm as in Fig. 18(b). It can be observed that the
simulated and measured conversion efficiency has a difference
in low power region around —5 dBm. The measured one
achieved only 12% while the simulated is around 25% at
—5 dBm. A similar difference can be observed in the harmonic
signal also. These differences in low input power are due to the
inherent property of the diode to work well in high input power
(5-15 dBm) and partially due to the impedance mismatch at
lower input powers. Moreover, the parasitic behavior of the
SMD components used in the circuit and the fabrication errors
are also contributed to the slight differences in simulated and
measured second harmonic power.

The rectifier RF to dc conversion efficiency is defined as
n=VZ /Ry Pnx100% (12)

where Vi, is the dc voltage across the load resistor R
and P, is the RF input power. Fig. 19 shows the simulated

Qutput voltage (V)
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Fig. 18. Performance of rectifier as a function of input power. (a) Output
voltage. (b) Second harmonic power.
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Fig. 19. RF to dc conversion efficiency versus input power.

and measured conversion efficiency for various input power.
The harmonic feedback rectifier achieved a peak conversion
efficiency of 71% at 15-dBm input power.

IV. EXPERIMENTAL VALIDATION OF DUPLEXING
RECTENNA AND COMPARISONS

A prototype of the proposed rectenna is fabricated after
careful cosimulation of the duplexing antenna and harmonic
feedback rectifier. The rectenna is fabricated on a 1.52-mm
Rogers RO4350B substrate as shown in Fig. 20. A four-
element Tx antenna array is utilized with an overall width
of 60 cm, to transmit the RF signal at 0.915 GHz. The array
is fed by a four-way power divider which is fed by a 40-dB
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Fig. 20. Fabricated duplexing rectenna.
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Fig. 21. (a) Layout of Tx antenna element and Rx antenna. (b) Reflection
coefficient and efficiency of Tx and Rx antennas.

gain microwave GaN power amplifier, which amplifies the
power generated by the signal generator. A harmonic feedback
receives antenna (Rx) with a beamwidth of 155° is placed
below the antenna array with a spacing of 15 cm to receive
the second harmonic feedback signal from the duplexing
rectenna at 1.83 GHz. Fig. 21(a) shows the layout of the Tx
antenna array element and Rx antenna. Reflection coefficient
and efficiency of Tx antenna element and Rx antenna are
depicted in Fig. 21(b). The design is the same but for different
frequencies. They are Yagi-Uda antennas with a meandered
dipole and director, and curved reflector. Both antennas are
fabricated on the FR4 substrate with a thickness of 1.52 mm.
Simulated radiation patterns of the Tx antenna array (at various
beam-scanning angles) and Rx antenna are shown in Fig. 22.
The Tx antenna array has a gain of 12.5 dBi and the Rx
antenna has a gain of 5.6 dBi.

As explained in Section III, a Keithley 2920 RF signal
generator is utilized to generate the signal at 0.915 GHz,

—=— Tx array 0 deg
\ || # - Txarray 30 deg
o|[* - Tx array 45 deg
)||-®- Tx array 50 deg
-4~ Tx array -30 deg
---#--- Tx array -45 deg
—a-Tx array -50 deg
15 ie FE —=— Rx antenna

= T T T T

-60 -40 -20 0 20 40 60

Theta (degree)

Gain (dBi)

Fig. 22. Simulated radiation patterns of Tx antenna array (at various beam-
scanning angles) and Rx antenna.

which fed to the power amplifier through a 3-dB attenuator.
The power from the 40-dB power amplifier is estimated to be
from 20 to 37 dBm. Then, the power is fed to the four-way
power splitter (6-dB loss) through the LPF. A maximum sec-
ond harmonic power of —43.5 dBm from the Tx array was
observed in the Rx antenna, with a maximum input power
of 29 dBm. Thus, an LPF VLF1000 having high attenuation
in stopband is utilized to reduce the second harmonic power
to a very low power around —86.5 dBm (noise floor). The
cable losses in the Tx side and the insertion loss of LPF is
estimated as 2 dB. Finally, the RF signal with power in the
range of 12-29 dBm is fed to the Tx antenna array elements.
Thus, the maximum EIRP is in the range of 41.5 dBm.
In this measurement, distance R is set to be greater than
2.2 m, which satisfies the far-field condition at 0.915 GHz.
The transmitted continuous wave high-power signals in these
experiments are only used as a demonstration in laboratory
conditions, rather than real world application. In real world
scenario, to meet the EIRP safety levels, it is possible to
use modulated signals or multicarrier signals to reduce the
peak power levels. Fig. 23 illustrates the experimental setup
for antenna alignment using second harmonic feedback signal.
The dc output voltage is measured as a function of the received
power derived by Friis’ formula [30]. The power received in
rectenna is therefore

P. = P,G,G,(lo/4T R)? (13)

where P; is the transmitted power, P, is the received power,
G, is the Tx antenna array’s gain, G, is the Rx antenna gain,
Ao is the free space wavelength, and R is the distance between
the Tx and the rectenna. The received power in the duplexing
rectenna is in the range of —12 to 7 dBm.

Fig. 24 describes the flowchart of operations for targeted
WPT using feedback power. As observed in Section III,
the output dc power from the rectenna is proportional to the
received feedback signal, it is possible to evaluate antenna
misalignment by analyzing the feedback signal power. Thus,
this duplexing rectenna-based WPT system can determine the
rectenna position by sweeping the Tx antenna array beam from
—45° to 45° by controlling the phase shifters and analyzing
the feedback power received by the Rx antenna at each beam
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Fig. 24. Flowchart of operations for targeted WPT using feedback power.

positions. Initially, if the duplexing rectenna is misaligned
with the Tx antenna array, the incident power on the rectenna
will be low. Thus, a low feedback power will be recorded by
the Rx antenna. Then, the Tx antenna array beam sweeping
will record the corresponding relative feedback power at
different beam directions. The peak value of the feedback
power will be the position of the duplexing rectenna and hence
the Tx antenna array and duplexing rectenna can align for
maximum power transfer. Even though the Rx antenna is for
the second harmonic, at the output of Rx antenna a maximum
fundamental power of —36 dBm is observed. However, we
have used the second harmonic power and neglected the
fundamental power for the antenna alignment application by
using a VBF-1840 bandpass filter centered around second
harmonic. Fig. 24 shows the received second harmonic power
and dc voltage measured at two different distances from the
Tx antenna array and rectenna. The experiment was conducted
multiple times to improve the accuracy of results and to
analyze the uncertainties. The measured harmonic feedback
powers and output dc voltages are shown in Figs. 25-27
with error bars. Output dc voltage has a small error while
repeating the experiments for accuracy. However, at low

received feedback power conditions slightly more fluctuations
can be observed at the output of Rx antenna output. As the
received power in rectenna is increasing, the received second
harmonic power and output voltage are also increasing. The
maximum output voltage measured at R = 2.5 m is 1.65 V,
which is limited by the input power applied to the antenna
array to protect the LPF power rating. Feedback power of
—51.06 dBm is observed at R = 2.5 m, while at 3.5-m
distance —56.95 dBm is measured.

For analyzing the feedback power from rectenna as a
function of horizontal antenna misalignment angle (between
the Tx antenna array and rectenna), the deviation angle f
is varied in steps of 5°. R is kept as 2.5 m with a fixed
transmitted power of 28 dBm fed to the Tx array elements.
Fig. 26 shows the measured feedback power in Rx antenna
and dc voltage from rectenna for § values ranging from —45°
to 45°. It can be observed that the maximum received second
harmonic power —52 dBm and the maximum output voltage
1.4V are achieved when S approaches 0°. Thus, the maximum
feedback power from harmonic receive antenna and peak dc
output voltage occur simultaneously at the angle corresponding
to the position of the rectenna. To improve the robustness
of the proposed system, a fixed phase shifter is used to tilt
the antenna beam to 30° from the initial direction. Then,
deviation angle f is varied to analyze the received feedback
power at different rectenna positions. Fig. 27 shows the plot
of measured feedback and dc voltage with a 30° phase shifter
as a function of deviation angle f. It shows that the maximum
second harmonic power as well as the output voltage can be
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TABLE III

COMPARISON OF THE PROPOSED RECTENNA AND RELATED DESIGNS

Ref [9] [18] [19] [20] Proposed Rectenna
Frequency (GHz) 2.45 0.915 2.45 2.6 0.915
. Rectifier Rectifier and . . Duplexing rectenna
Rectenna elements studied only amplifier Rectifier only | Rectifier only e o)
Extra antenna for harmonic feedback Yes No No Yes No
. Third - Second- Third - Second-
Harmonic feedback type feedback feedback feedback feedback s
- - o
RF to DC conversion efficiency (%) at 10 NA 30 59 NA 65
dBm input power level
Harmonic povyer measured (dBm) at 10 dBm NA 33 26 NA -6
input power level
Maximum measure(c‘l) /:;)nverswn efficiency 76 30 706 495 7
Maximum harmonic power measured in
rectifier (dBm) at input power (dBm) 2lat7 -33at 10 -12 at 20 -20 at 0 -1 at17
Feedback power measu‘red in transmitter side 53 at 0.5 } 65 at 03 49 atl 51.06 at2.5
(dBm) at distance (m)
Distance coverage of feedback power Medium Low Low Medium High
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Fig. 27. Measured feedback power and dc voltage with a 30° phase shifter
as a function of deviation angle /.

achieved when the deviation angle and the beam direction
coincide. Harmonic feedback power of —54.5 dBm is observed
from the harmonic receive antenna output while f = 30°.
A maximum output voltage of 1.29 V is also observed in this
specific f value. Therefore, it is possible to conclude that by
scanning the Tx array and detecting the maximum feedback
power received by the Rx antenna, the direction of rectenna
can be determined. A comparison between our duplexing
rectenna and some harmonic feedback rectenna designs is
given in Table III.

Our integrated duplexing rectenna uses one antenna ele-
ment to perform both harmonic feedback and WPT functions
simultaneously. At a typical WPT power level of 10 dBm,
the proposed duplexing rectenna can provide high RF to dc
conversion efficiency with a reasonable feedback power. More-
over, the measured harmonic power of —1 dBm in rectifier
is relatively high compared to other rectifier works. Thus,
it is evident that our single antenna-based rectenna can send
desired feedback signals over a relatively long distance with
a considerably high-power conversion efficiency. Therefore,
this duplexing antenna-based harmonic feedback rectenna can

A novel duplexing rectenna with a harmonic feedback
capability has been proposed for efficient WPT applications
with the antenna alignment. The proposed duplexing rectenna
can efficiently convert the incident RF power at 0.915 GHz
to dc and also send a reasonable harmonic signal back to the
RF Tx at 1.83 GHz for tracking the position of rectenna to
improve power transfer efficiency without the need of another
antenna and Txs. The fabricated novel duplexing antenna
exhibited dual-band operation with similar radiation pattern
for RF power reception and sending the harmonic feedback
signals simultaneously. A harmonic feedback rectifier with
a maximum measured conversion efficiency of 71% and a
peak second harmonic power of —1 dBm at 17 dBm has been
proposed. The proposed duplexing rectenna is better than other
published feedback rectenna designs in terms of the overall
conversion efficiency as well as the harmonic feedback power
at a typical WPT power level of 10 dBm. Experimental demon-
stration of rectenna alignment for optimum power transfer
has been carried out by determining the maximum received
feedback power. Thus, this complete WPT system based on a
duplexing rectenna with feedback property is a very promising
solution for future efficient WPT applications.
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