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Abstract—The paper concentrates on the design of a dual-
band rectenna which consists of a receiving antenna,
impedance matching, single-stage voltage doubler rectifier
as well as a load. The rectenna is designed using HSMS
280C Schottky diodes as its main component and combined
with the lumped elements, microstrip lines as well as quasi-
Yagi with semi-bowtie as the driven element. The quasi-
Yagi antenna with a semi-bowtie driven element is designed
using Computer Simulation Technology (CST) and its
Touchstone file is imported into the Advanced Design
System (ADS) for simulation with the other components of
the rectenna. The rectenna with an input power of —-6dBm
has an optimal Power Conversion Efficiency (PCE) of
32.1% while receiving a signal from the ISM 0.868GHz
band transmitter and 18.8% using the input power of
—7dBm at ISM 0.915GHz band. Both PCEs are obtained
using 700Q and 900Q as load and producing minimum
output voltage (Vo) of 0.3V and 0.28V respectively. The
rectenna operates in both Industrial, Scientific, and Medical
(ISM) 0.868GHz and 0.915GHz bands since both are
unlicensed bands. The ISM 0.868GHz band is normally used
in Europe while ISM 0.915 GHz band is widely used in the
United States as well as Japan. The dual-band rectenna can
be used for powering a power management unit such as
EMB8500 or AEM30300 in an indoor environment.

Index Terms—Dual-band, rectenna, power conversion
efficiency, single-stage voltage doubler, Industrial, Scientific,
and Medical (ISM) bands

. INTRODUCTION

The Internet of Things (loT) has triggered the
widespread usage of wireless sensors. The emergence of
the 10T creates the main issue concerning the way energy
supplying. The main drawbacks of the existing battery
usage are the problem of the disposal of battery waste,
maintenance cost for the replacement of depleted
batteries as well as the limited lifetime of the batteries.

Nowadays, the revolutionary in electronic technology
has made it possible the use ultra-low powered sensor as
well as replace batteries with another alternative energy
source. A potential solution is by using Radio Frequency
(RF) electromagnetic as a source of energy. There are
two main concepts for using the RF as an energy source
namely Wireless Power Transfer (WPT) and Energy
Harvesting (EH) [1].

Manuscript received August 2, 2022; revised September 10, 2022;
accepted October 20, 2022.
*Corresponding author: Mohd Tafir Mustaffa (email: tafir@usm.my).

doi: 10.18178/ijeetc.12.1.60-70

60

The EH concept can be done by extracting the ambient
RF energy and converting the RF energy into DC power.
There are a variety of ambient energy sources such as
thermal energy, wind energy, solar energy, tidal energy,
electromagnetic energy, and many more. Those ambient
energies have the potential as sources of energy
harvesting systems. Unfortunately, most energy sources
cannot provide power continuously for 24 hours a day
except for electromagnetic energy [2].

The WPT concept involves transferring wirelessly the
RF energy received by a rectenna from a dedicated RF
transmitter to a device for it to operate. A typical rectenna
consists of an antenna, impedance matching, rectifier, and
DC pass filter as in Fig. 1.

Antenna

N

Fig. 1 shows a common topology of a rectenna. The
receiving antenna will extract the RF energy and converts
it to DC by using the rectifier. The impedance-matching
network will ensure a maximum power transfer from the
antenna to the rectifier. Generally, the capacitive and
inductive elements are used in a matching network for
producing a maximum delivery of power between them.
The matching condition will directly reduce transmission
loss. An AC-type voltage at the output of the matching
network will be converted to usable DC power. The
individual components of a rectenna also have their
drawbacks. For instance, most antennas will have the
issue of multipath fading and interference which will
directly influence the system performance. Thus, a
directional antenna such as a quasi-Yagi antenna which
has high directivity and gain shall be used.

Currently, the quasi-Yagi antenna is being used in
various applications such as personal area networks [3],
[4], point-to-point comm [5], and radar applications [6].

However, the existing quasi-Yagi antenna has narrow
bandwidth characteristics which restrict its usage.
Nowadays, some wideband quasi-Yagi antennas have
been proposed such as in [7], [8], and [9]. Unfortunately,
these antennas need either complex driven element or
balun. Both complex properties will directly contribute to
the difficulty in fabricating the antenna as well as the
bigger size of the antenna itself.

Impedance
matching
network

DC pass
filter

Load or power
management unit

e H

Fig. 1. A typical rectenna block diagram.




International Journal of Electrical and Electronic Engineering & Telecommunications Vol. 12, No. 1, January 2023

Regarding other rectenna main components such as
rectifiers, many types of rectifiers have been designed
such as single-band rectifiers [10], dual-band rectifiers
[11], [12], multiband rectifiers [13], and broadband
rectifiers [14], [15]. All the respective rectifiers are
designed for their specific application. Other components
such as impedance matching and output filter will be
designed accordingly based on the input impedance of the
rectifier and the antenna.

The design of a complete rectenna system using a
specified load in a WPT environment is quite scarce
nowadays. The scenario occurs even though the study on
the topic is progressing well [16].

A possible reason for the situation is due to the
challenge of balancing critical requirements such as small
form factor, low cost, high power conversion efficiency
(PCE), and complying with specified regulations [16].

The objective of this study is to design a rectenna
using a single-stage voltage doubler fed using a quasi-
Yagi antenna with semi-bowties as driven elements. The
objective is based on the requirement of the cold start
input voltage needed by a power management unit such
as EM8500 [17], [18] or AEM30300 [19] as well as
aiming for considerably high PCE of the rectenna at the
specified ISM 0.868GHz and 0.915GHz bands.

In this work, the rectenna has been designed and
characterized for operating in both bands for supplying
DC voltage to a power management chip (PMU) or low-
powered wireless sensors. The system will be used in an
indoor environment such as a smart home or hall [20].

Both unlicensed ISM bands are chosen due to having
the characteristics of a good trade-off between the free-
space losses and the covered range. In addition, the
selected ISM bands are unlicensed bands that are suitable
for being used in an indoor wireless power transfer
system. The designed rectenna must operate at ISM
0.863GHz to 0.870GHz and 0.902GHz to 0.928GHz. The
planar quasi-Yagi with the semi-bowties driven elements
is chosen as receiving antenna of the rectenna due to its
good directivity, compactness dimension, ease of
fabrication as well as broadband characteristics [21], [22].
The final designed rectenna is made of a quasi-Yagi with
semi-bowties as driven elements, a single-stage voltage
doubler, and an impedance matching between both
components.

This paper is divided into six main sections starting
with the Introduction section. Section Il is about an
overview of the rectenna design. Section Il explains the
selected antenna design. Section 1V delves into rectifier
design. Section V elaborates on the rectenna results and
their analysis. Finally, Section VI concludes the paper.

Il. OVERVIEW OF RECTENNA AND ITS TOPOLOGY

In this work, the rectenna is made of a rectifier
consisting of Schottky diodes HSMS 280C in a single-
stage voltage doubler configuration as in Fig. 1. The DC
power will be used directly for energizing low-power
devices or storing them in an energy storage unit. For
example, the storage unit shall allow uninterrupted
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delivery of power to load or is used as a backup reserve
whenever the required energy is not enough [18], [19].
The DC pass filter at the output section will reject the
fundamentals and harmonics which are produced by the
diodes. The load represents the input impedance of
electronic devices such as wireless sensors or Power
Management Units (PMU).

The first objective of this study is to supply sufficient
DC power to a PMU such as EM8500 or AEM30300 by
absorbing the RF energy from a dedicated transmitter. In
line with that, a minimum of 300mV (for EM8500) or
275mV (for AEM30300) is needed for a cold start of the
respective PMU. The load in Fig. 1 represents a Power
Management Unit (PMU).

The EM8500 or AEM30300 is chosen to be used in
this work since both devices can provide Maximum
Power Point Tracking (MPPT) as well as a boost
converter at its inputs. The dynamic MPPT operation of
both devices can vary its input impedance according to
the different input voltage from the rectifier. The rectifier
usually provides insufficient DC output voltage for
directly powering a sensor. The nominal operating
voltage of sensors is between 1.8V and 3.3V. Hence, a
PMU is needed for providing the required DC voltage to
sensors. The second objective is for ensuring that the
rectenna has a comparable PCE compared to other
rectennas as in [15], [16].

In this work, all the rectenna components as in Fig. 1
will be integrated into the same printed circuit board. The
size of the rectenna will be mainly driven by the size of
the antenna. As such, the first step in designing the
rectenna is by designing and characterizing the rectifier
and the antenna separately. The first process is needed for
ensuring a good 50Q impedance matching as well as
analyzing their characteristics respectively. The
assembling of the rectifier with the antenna is the second
step and the last step involves characterizing the resulting
rectenna. The details of the antenna and its rectifier, low
pass filter as well as the load will be discussed in the
following sections.

Microstrip technology is used for designing the
antenna. The design of the antenna is explained
comprehensively in [23]. In this paper, the outline of the
antenna design is given for the sake of the topic’s
completeness. In this work, a quasi-Yagi antenna with
semi-bowties as driven elements is used because it has
good directional properties with sufficient bandwidth for
operating in a dual-band of ISM 0.868GHz and
0.915GHz bands.

Fig. 2 shows the antenna in the form of quasi-Yagi
using semi-bowties as driven elements. The antenna
structure is designed on a low-loss FR4 substrate with &
= 4.6, tano = 0.0027, and substrate thickness =1.60mm. A
feeding line width (Ws) of 3.30 mm and linefeed length
(Ly) of 58 mm are used for feeding the antenna. Table |
gives the detail of the antenna’s dimensions.

ANTENNA DESIGN
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TABLE |: FINALIZED PARAMETERS USED IN FIG. 2 [23]

Variable | Value (mm) | Variable | Value (mm)
LBcr 5.60 HB. 7.00
Woepr 2.00 L 435
W, 130.0 HBr 7.00
Br 47.8 Lg 435
Lop 3.65 Lys 6.60
Ly, 50.0 Lp. 425
I—BCR 650 LDR 425
Lps 50.0 Lp 85.0
Hpr 8.00 HD, 8.60
HpL 6.70 HDg 8.60
LBcL 6.50 Woeps 0.50
L¢ 58.0 L 58.0
Wi 3.30 Lcpsr 8.00
Woepr 2.00 Ly 100.0
LTeL 6.60 B. 47.8
Note: The flare angle (6,) is ~ 7.22 degrees
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Fig. 2. The geometry of the modified quasi-Yagi antenna structure uses
semi-bowtie as a driven element [23].

The antenna structure can be designed for operating on
either multiple frequency bands or a single frequency. In
other words, the antenna can be designed for receiving a
signal from multiple or single transmitters. Most antenna
designs previously were limited to a single band which is
not much efficient [24], [25] and [26]. However, recent
research motivation has moved on towards antenna arrays,
dual-band or higher bands as well as wide bandwidth for
RF energy harvesting [27], [28]. In addition, the high
directive dual-band antenna for wireless applications has
also gained much attention [29], [30], and [31].

The feed line has an impedance of 50Q. The quasi-
Yagi semi-bowtie antenna is selected due to its good
directional properties as well as sufficient bandwidth for
receiving ISM 0.915GHz (USA/Japan) and 0.868GHz
(Europe) bands. The antenna is designed by applying the
geometry modification of a standard quasi-Yagi of the
driven element from dipole shape to semi-bowtie shape.
The vital advantage of this geometry shaping is having a
good bandwidth and directional characteristics suitable
for the application in an indoor wireless power transfer
application at both ISM bands.
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There are two main methods for improving the
performance of the antenna in terms of its directivity,
dual-band properties, and bandwidth. The first method is
by optimizing the parameters such as phase shift arms
and the semi-bowtie flare angle of the antenna by using
Computer Simulation Technology (CST) [23]. Secondly,
the optimization of the lumped element equivalent circuit
which represents the main patch of the antenna which is
its driven elements. The parallel combination of
capacitance (C), resistance (R), and inductance (L) are
viewed as a representation of the antenna used [32], [33].

The optimization of the lumped element equivalent
circuit is done in such a way that the model S-parameters
match with antenna S-parameters at their resonant
frequencies. In contrast, there may be a mismatch
between both S-parameters since the lumped component
values vary along with frequency in antenna S-
parameters. On the other hand, the lumped component
values are fixed in the model S-parameters [33].

Fig. 3 shows that most of the surface current
concentrates at specific locations such as linefeed,
coplanar stripline, left-driven element, and phase shift
arms. Moreover, the shape of the semi-bowtie also
contributes to minimizing the overall structure of the
antenna compared to conventional quasi-Yagi [23].
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Fig. 3. Surface current distribution on the antenna structure at 0.868
GHz [23].

Theoretically, the radiation pattern and the antenna
functionality depend on the surface current distribution
on the antenna itself. Any changes in the geometry of the
antenna shall create a new path of current as well as
radiation. Hence both effects will create a new resonant
frequency. Alternatively, the change in substrate material
and its height will also affect the resonant frequency.
From another perspective, the gain of the antenna can
also be increased by increasing the height of the substrate
[32].

As a pair of the semi-bowtie patch and its microstrip
linefeed are conserved since it represents the biggest
patch as well as the main factor contributing to the
antenna characteristics, the surface current distribution
will be different between the semi-bowtie patch structure
and the full structure of the same antenna.

Finally, the S;; of the antenna result has been
converted into S1P format. The aim is for integrating the
antenna with its respective impedance matching and
rectifier.
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IV. RECTIFIER DESIGN

Rectifier design is the next step in developing a
rectenna. The selection of diode, impedance matching,
rectifier topology, and its effects on PCE will be
discussed in this section.

A. Schottky Diode Selection

The HSMS 280C is chosen as rectifying element
mainly due to its low turn-on voltage and wide
impedance bandwidth. Two HSMS 280C Schottky diodes
are used for rectification. The Schottky diode has a low
forward voltage drop (V) of 0.41V at 1mA forward
current. The voltage drop is lower than a typical silicon
diode’s voltage drop between 0.6V to 1.7V [34]. The Ve
limits the PCE in low input power levels. It is due to the
diode needing Ve as the minimum voltage to turn on the
diode itself. The diode also has lower heating losses and a
very fast switching action as needed by a high-frequency
incoming signal. All the properties are efficient for
applications that are sensitive to accuracy [34]. The PCE
saturation point of the diode relies on many parameters
such as rectifier topology, the breakdown voltage of the
selected diode as well as load resistance.

PCE is obtained by using (1) and (2). The variables
used in (1) and (2) are V, which represents the output DC
voltage, Ry is the applied load resistance, P, as the output
power, 7 as its PCE, and Pi, is the input power.

VZ
p_Jo 1
Y 1)
P, 0

B. Impedance Matching

The heart of a rectenna is the rectifier. The rectifier
determines the power conversion efficiency of the
rectenna system. Theoretically, there are two main
reasons for a reduction in PCE during a power
transmission such as impedance mismatch between the
rectifier and the antenna as well as leakage in the variety
of components used.

An impedance-matching network will act as a low-pass
filter for rejecting harmonics generated by the nonlinear
rectifier. The network will also ensure an identical source
and load. The input impedance of the rectifier shall be
matched with the antenna impedance to maximize the
output voltage. Antenna impedance is a function of the
RF power incidence [35]. A matching circuit is needed
for matching the rectifier input impedance with the
antenna impedance. The impedance matching is crucial
for reducing power transmission reflection in the rectenna
design. The issue happens due to the nonlinearity of the
diode. In addition, the rectifier’s input impedance varies
with the load resistance and the input power level. Both
problems cause the rectifier to be able for matching the
dynamic conditions of the input signal. Lumped element
matching is used for ensuring a degree of freedom in
matching. An L-matching network is used in this work
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due to its structural simplicity. The impedance matching
values are initially obtained using (3) and (4) in this study.
The f; is the resonance frequency. L; and C; are the
inductor and capacitor used for the impedance matching
respectively.

1

f=—— -
" 2z LG

The input impedance (Zin) at the input of the L-network
equals 50 Ohm:

®3)

; J
120 = fc, (4)
The value of C; and L; are obtained by using (3) and (4)
at the respective frequency. Then, the values are
optimized using Smith Chart Utility. Finally, the
impedance-matching values are optimized in the
schematics by using the ADS simulator. The best possible
matching network values (C; and L) will provide the best
input return loss (S11).

C. Rectifier Topology

Generally, there are myriad topologies of rectifiers in
the field of RF harvesting. The main difference among
them depends on the position as well as the number of
diodes used. Nowadays, the series or shunt-mounted
single diode is the simplest rectifier topology. Voltage
doubler and voltage multiplier are normally used for
improving the output DC voltage [36].

The selection of the rectifier’s number of stages is very
important for ensuring the required output voltage can be
obtained with minimum losses due to diodes’ non-linear
properties. Thus, a single-stage voltage doubler [37] is
used in this work. The selection is done based on the
required output voltage and optimum PCE. In addition,
parasitic losses of non-linear devices will increase by
increasing the number of stages [37].

Based on Fig. 4, let Van be the sinusoidal input voltage,
Vantmax the maximum sinusoidal input voltage, « the
angular frequency, and t the time, we have

Vit = Vane max SIN @t (5)
Finally, the output voltage (Vcs) is obtained by
VC3 = 2valnt max 2Vd (6)

where Vqrepresents the forward bias voltage of the diode.
From (2), the input power Pi, and input current I;, of
the rectifier can be developed as

I:’in :Vantlin (7)
Ram L; Cy Ds
M T
Vo JEI — —[»
| Dy ‘rs =Ry
J_ |

Fig. 4. A single-stage volta_ge doubler topology.
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D. Output DC Low Pass Filter

The last step in designing the rectenna circuit is
designing a low-pass filter at the output. The low pass
filter is used for smoothing the signal and removing any
unwanted noise. A capacitor is used for implementing the
filter in ADS. Based on Fig. 4, the output capacitor (Cs)
value is obtained by using (8) whereby R, represents the
load connecting to the rectifier’s output.

1
2 f.R,

C, ®)

In this work, Schottky diodes, lumped elements, and
resistive loads are used for RF-to-DC voltage conversion.
All the respective components of the rectenna are
connected using an impedance-matching network for
maximum power transfer. Generally, a good rectenna has
a good dynamic range, low power consumption as well as
good power sensitivity [38].

The rectifier is capable of converting the received RF
signal into a useful DC power. The parameters of the
FR4 substrate used in this work are such as substrate
thickness of 1.6mm, a relative dielectric constant of 4.6,
and a loss tangent of 0.02 [39]. The Harmonic Balance
(HB) in the ADS software is used for simulating the
circuit by considering the non-linearity properties of the
Schottky diodes. The HB is used for treating non-linear
circuits operated using sinusoidal excitation.

Fig. 5 reveals a schematic of the designed rectifier. The
rectifier is made of Schottky diode HSMS 280C in a
single-stage voltage doubler configuration. The 0.1pF is
used as a low pass filter in the output section. The
rectifier’s L-network impedance matching is made of
lumped elements consisting of an inductor (L;) 19nH and
capacitor (C;) 3.9pF for matching the input impedance of
the rectifier at both ISM 0.868GHz and 0.915GHz bands.
The main parameter values at both ISM bands are as in
Table II:

TABLE Il: MAIN PARAMETERS USED IN FIG. 5

Component Value

Ly 19nH

C, 100pF

Zi at 0.868GHz (20.83-j85.3)0hm
Zi, at 0.915GHz (20.83-j80.29)0hm
Z, 50 Ohm

Note:

Zi, =Input impedance of the rectifier
Z, = Source impedance
C; to Cz and L, are components in Fig. 5.

All the components used at 0.868GHz are being
utilized for the rectifier operating at 0.915GHz. The
usage of HSMS 280C as rectifying components creates a
sufficient bandwidth catering to 0.868GHz and 0.915
GHz bands.

L=0.5 mm

MLI
L1

Subgt="MSub1" Subst="MSub1"
W=456 mm W1=1.15 mm ¥ O
L=1.)2 mm W2=1.15 mm
W3=0.3mm L3
P_1Tone |
PORT1
Num=1
Z=50 Ohm
=1 P=polar({dbmtow(Pin),0)
Freq=0.915 GHz

VIAGND

V3
Subst="MSub1"

di_hp_HSMS280C_20000301
D2

L=19nH

W=05mm L2 W=05mm
$=10.0 um Subst="MSub1" $=10.0 um
L1=1mm W=05mm L1=1mm

~ W=2mm H=1.6 mm
ek S=2mm Er=4.6
L1=2mm Mur=1
Cond=5.96e+7
Subst="MSub1" Hur;1 De+33 mm
V!EOZZ mm T=0.035mm
L=0.2 mm TanD=0.02
Rough=0 mm

MTEE_ADS

Tee3
MTEE_ADS Subst="MSub1
e W1=1.15 mm
Lot W2=1.15
Subst="MSub1" W3:1 12 mm
W1=1.15 mm =1.15 mm
W2=1.15 mm

W3=0.5mm

MSUB
MSub1

Subst="MSub1"
W=05mm

Bbase=
Dpeaks=

Subst="MSub1"
D=0.8 mm

I SmEMSlg 7002 mm ommm kIR
= T=0.02 mm Rho=1.0 W3mm Rho=1.0
Rho=1.0 W=3mm W=3mm
Fig. 5. Schematic of dual-band rectifier for operating at 0.915 GHz band.
The range of Pj, is calculated by using (9), (10), and ! EIRP
(11). The receiving antenna captures a part of the power S-———GP-—— (11)
4zR? V' 4zR?

density (S) by having an effective aperture Ar. A is the
receiving antenna’s effective aperture in the direction of
the transmitter.

The received power, Pi, is given as

B =AS 9)
A can be described by (10) [20] :
A =—GZ (10)
Az

S isrelated to EIRP given as
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where A is the transmitted signal’s wavelength. G is the
gain of the receiving antenna, G: is the gain of the
transmitter, P is the power of the transmitter, EIRP is the
effective isotropic radiated power, and R is the distance
between the receiver and the transmitter.

In this work, Gy is 2.2dB [23] and EIRP is 820mW for
0.868GHz band [20] and 4W [20] for 0.915GHz.

By using (9) until (11), the P;, ranges at 0.868GHz and
0.915GHz bands for the practical propagation between
2m and 10m are as below:
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a) —20dBm < Pj, < —6dBm for frequency of 0.868
GHz band.

b) —13.4dBm < Pj, < 0.53dBm for frequency of
0.915GHz band.

Based on both ranges, the specified Pi, such as —6dBm
and —-10dBm are used at 0.868GHz band and Pi, of
0.5dBm, -5dBm, and —10dBm are used at 0.915GHz
band.

Typically, the quantity of impedance matching used in
most rectifiers depends on the number of frequency bands
used. The niche of the rectifier in this work is that it uses
only a single impedance matching which can cover two
ISM unlicensed bands. The condition happens due to the
usage of HSMS 280Cs in a single-stage voltage doubler
topology for being used in the configuration of the
rectifier. The HSMS 280Cs have suitable properties [10]
such as a large junction capacitance (C;) as well as slow
varying input impedance. The combination of the dual-
band impedance matching with the rectifier using HSMS
280C has created the required dual-band characteristic in
this study. The integration of both components is one of
the novelties of this study.

The antenna design is one of the main novelties in this
work. Hence, a quasi-Yagi antenna with semi-bowtie as
driven elements has been used as receiving part of the
rectenna. The quasi-Yagi antenna is chosen due to its
good directional properties while the semi-bowties are
used for getting the required wider bandwidth as well as
the tunable directional direction based on its flare angle.
In this study, the quasi-Yagi antenna has been redesigned
by using semi-bowtie as driven elements for getting an
exceptional property as formerly mentioned. In general,
the modified quasi-Yagi antenna has the required
properties of good directional properties, antenna gain as
well as sufficient bandwidth for operating in dual bands
of ISM 0.868GHz and 0.915GHz.

Finally, the integration of all the main components of
the rectenna is being the main novelty in this study. The
combination of a dual-band quasi-Yagi antenna using
semi-bowtie as driven elements, dual-band impedance
matching, and a dual-band rectifier represent the designed
rectenna in this work. The integration of all the
components has created a new chapter in the
development of the rectenna since the rectenna has the
capability of receiving the 0.868GHz and 0.915GHz
bands simultaneously. The idea is for making a dual-band
rectenna possible by using only a single antenna, a single
impedance matching as well as a single rectifier. In
addition, the flexibility of the rectenna in receiving the
signal as well as the capability of supplying sufficient DC
voltage to kickstart a power management unit has created
a value-added property for the whole system. All the
novelties shall be preferably in terms of overall
rectenna’s size, complexities, and cost.

This paper predicts that the integration of the quasi-
Yagi antenna using semi-bowties as driven elements with
a dual-band rectifier and dual-band impedance matching
shall produce the required output voltage for powering T
specific power management unit such as EM8500 or
AEM30300. The rectenna shall operate at 0.868GHz and
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0.915GHz for ensuring the minimum output voltage is
obtained at competitive PCE compared to other rectenna
systems. The same rectenna is used throughout the design.
Generally, the main rectenna components such as the
antenna and rectifier as well as the load will affect the
obtained output voltage and PCE. In this design, the
effects are stronger since semi-bowtie is used at the
antenna which is very sensitive to resonant frequency
[23]. In addition, the rectifier uses Schottky diodes
HSMS 280C which has nonlinear properties. All the
rectenna properties will be further explored in terms of its
main output such as DC voltage, PCE, and input power in
the following sections.

V. RECTENNA RESULTS AND DISCUSSIONS

The antenna has been integrated with the rectifier for
producing a rectenna. An analysis approach using ADS
software is used in the schematic simulation by applying
Harmonic Balance as well as S parameter Simulation. As
such, the circuit performance in terms of DC output
voltage and conversion efficiency can be accurately
predicted. The input power level is one of the main
factors which will affect the conversion efficiency () of
the rectifier since the diode has non-linear characteristics.
The co-simulation of the rectifying circuit with the
receiving antenna using ADS and CST is very important
as part of designing a rectenna. The properties of the
reflection coefficient (S11) vs frequency of the antenna
have been embedded in the rectifier circuit’s input port
using the S1P file.

Fig. 6 reveals the simulated S-parameter, Si; (return
loss) value obtained by using Computer Simulation
Technology (CST) software. The antenna operates at dual
ISM frequency bands of 0.868GHz and 0.915GHz bands
with overall bandwidth of 130MHz. Sufficient bandwidth
is necessary for harvesting power at both frequency bands.
The antenna is used for rectenna applications in an indoor
environment. The antenna operates at the center
frequency of 0.870GHz with bandwidth covering from
0.82GHz to 0.95GHz. The wide bandwidth covers both
the 0.868GHz band and 0.915GHz band. The antenna
suits well to be used as a receiving antenna in a rectenna
system.
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Fig. 7 shows the reflection coefficient (S;1) of the
rectifier operating at both ISM bands. The rectifier
produces similar Sy; shapes for operating at both ISM
bands. The Si; of both ISM bands has about the same
peak value of —15.18dB at the center frequency of 0.879
GHz. The result shows that the rectifier operating at
0.868GHz and 0.915GHz have almost the same
performance in terms of S;1. The first harmonic at 11.23
GHz has a very weak Si; of about —1.46dB. The weak

1P
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first harmonics will not interfere with the rectifier for
operating at its targeted frequency of 0.868GHz band and
0.915GHz bands.

The S1; information of the antenna has been exported
to the rectifier schematic for co-simulation with the rest
of the energy harvesting circuit as shown in Fig. 8. The
Harmonic Balance and S-parameter methods are used for
interpreting the relationship between its output power and
the receiving antenna. The rectenna is co-simulated using
the ADS and CST software. In this study, a frequency
domain source is used for the rectenna simulation using
ADS.

The conversion efficiency () of the rectenna is as

F)DC

Vic
TlReDc = P_

Voo —25-100% (12)

i L"in

whereby Ppc is the output DC voltage, Pin is the input
power, Vpc is the output DC voltage and R. equals to
load at the output terminal [40].

Fig. 9 demonstrates the graph of PCE vs load and V, at
specified Pj,. The specified Pi, such as —-6dBm and —-10
dBm are used in Fig. 9 (a) and Pj, of 0.5 dBm, —5dBm,
and —10dBm are used in Fig. 9 (b) for the analysis based
on the calculated indoor range as in section IV.

MTEE_ADS
Tel

— Subs="MSLET
MTEE_Al

MIEERS Wi=115mm
Subs="MSubi” 2515
Wi1=1.18 mm ~ Al
W2=115mm

W3=[& mm

Mur=1

. T i I| Frobe Cod=5 SEarT
CouplerSngls JTEE A0S b LN { Frobet ?ﬂg"ﬁmﬂ
COUR Taa1 - pe L ! =0.035 mm
Coupling=10¢8 IR fEaee S e Subsi="MSubt” TnC=1E
MVEWRI1 Wi=145mm L-05m W=0Erm = Roigh=0rmm
MLIN CVEWRI=t W2=115mm e L=15 mm Yots e Ehase=
4 Loss1=0dB W3=03 mm - WLIN g R_Pzd1 Dpeaks
Subel="N Bub1” Dipcti=100cB | s il ] RL
W55 ZRer=50.0nm | CFadl k1 Subs=" Bt R i
L=112m o1 W=02mm yamim
di_hp HSME280C 20000301 L=02 mm S=am
o] Li=Zmen
VIAGND
V3
Subat="MSubi"
055 cosu : 5
=t P=poiaridbmiowPin)I) i Rho=10
Freq=0.525 GHe W=3mm w=3mm gy
Fig. 8. Schematic of rectenna using HSMS 280C operating at 0.915 GHz bands.
60 r0.45 a5 -1
o4 $ a0
.50 a Legend
S [0.35 D o35 Pin=-10 dBm r08
= > - Pin=-5 dBm
5w \ ro3 3 & 30 == e=Pin=0.5dBm :g
= Loas & 5 e VousingPin=05dBm. |06 '~
& S 5 25 Vo using Pin = -5 dBm o
= 30 [=} . " . of
§ ] Loz 2 = s V0 using Pin = -10 dBm =
2 s PCE at atPin=-6 dBm| ~~ 3 - 2 L oa 5
2 3 !/ PCE atPin=-10dBm | 15 & 2 s 4 &
= == = 7Vo using Pir=-10 dBm [s] g E
@ w=r'= V0 using Pin =-6 dBm [-0.1 z =
e wl|f e g L02 &
= o005 5
— : °
5 O ———— — 0 [\% 0 0
= = a8 = [~ R R~ R R B B~ B~ B~ I~ I~ B~ B~ I~
o n oo oo o Q0 Q Q0 00 Qe Qo Qe
a, mEFREEE = S MRS A ERMESSEEE S S
S a s I B A I - = R =~
Load (Ohm) - Load (Ohm) =
) (b)

Fig. 9.

Graph power conversion efficiency (PCE) and output voltage (V,) of rectenna vs load: (a) PCE and V, vs load

at 0.868 GHz and (b) PCE

and V, vs load at 0.915 GHz
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The variation of the RF-to-DC conversion efficiency
(PCE) and output voltage (V,) against load is displayed in
Fig. 9 (a) and Fig. 9 (b). The graph shows that the 0.868
GHz rectenna produces an optimum PCE of 38.51% with
an optimum V, of 0.280V. The condition happens at a
load of 300Q2 and the Pi, equals —6dBm.

For the 0.915GHz rectenna, the optimum PCE is 25%
with V, equals 0.345V. It is observed that the PCE is
inversely proportional to load. The correlation agrees
well with (9). V, at Pi» = —6dBm is generally higher than
that at Pi, = =10 dBm. The relationship shows that V, is
directly proportional with Pi, which is consistent with (6)
and (7) stated earlier. The rectenna received —5 dBm with
load equals 900Q2. The 0.915GHz rectenna has a
bandwidth (~115MHz) that covers both 0.868GHz and
0.915GHz bands. Based on Fig. 9 (a) and Fig. 9 (b), it is
clear that the rectifier operating at the 0.915GHz band
produces a higher maximum DC output voltage compared
to that at the 0.868GHz band.

Fig. 10 depicts the graphs of PCE vs Pj, using selected
loads at both ISM bands. Both graphs show the variation
in PCE vs input power. The optimum load value of 700€2,
90002, and 200002 have been used in Fig. 10 (a) and Fig.
10 (b). Those values are chosen since a minimum output
voltage of 0.3V and 0.28V can be achieved at 700Q and
900Q2 (0.868GHz band and 0.915GHz band) respectively.
The 0.3V and 0.280 are the minimum cold start voltage
for power management chips such as EM8500 and
AEM30300 respectively. 2000Q2 load is used at both
frequency bands as a comparison with the optimum
selected load.

The PCE is small in the low-power region due to the
forward voltage of the diode being comparable to or
greater than the voltage swing [35]. The generation of
higher-order harmonics will also affect the PCE. If the
voltage swing exceeds the breakdown voltage (Vir), the
PCE will drop drastically. The Vi of the diode dictates
the critical input power based on (13). Other definitions
of the variables used are Py which represents the
breakdown power or critical input power and R_
represents the rectenna load resistance.

_ Ve
" 4R,

The maximum PCE is 38.88% at Pj, = —13dBm
operating at 0.868GHz (Fig. 10 (a)). Fig. 10 (b) reveals
that the max PCE of 28.6% is achieved at Pi, = —12dBm.
The 0.868GHz rectenna produces a wide input power
range (~18dBm) of PCE 20% and above between -18
dBm and 10 dBm using 7002 as load. In comparison, the
0.915GHz rectenna produces an input power range of ~10
dBm for PCE 20% and above between P, —15dBm until
15dBm using 9002 as load.

Both Fig. 10 (a) and Fig. 10 (b) demonstrate that the
rectifier offers good rectifying performance and power
sensitivity for low input power at the specified load. This
indicates that the PCE varies with the change in Pjn.

For example, an input signal of —6dBm shall be more
appropriate for matching the rectifier with the antenna
operating at the 0.868GHz band due to its high-power
transmission [41]. The Pi, = —-6dBm can produce V, of a

R, (13)
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minimum of 300mV by using 700Q2 as load. The Pi, = -5
dBm can be used with 0.915GHz band rectenna and using
9000 as its load for getting a minimum of 300mV with
optimum PCE.

Legend
m 45
&) 40 = = = PCE uses 700
fy I\ Ohm as load
g 3 7N PCE uses 2000
g 30 P £ ~ Ohmas load
L‘% s . L -
k. ’ S e
E e\JZO ., 7’ ~o -
a4 15
o
z 10
Q
o s
E o0
=] -20-18 -16 -15-13 -6 -5 -3 0 5 10 15 20
Input power. Pin (dBm)
@
Legend
35 = = = PCE uses 900 Ohm as load
m
8 30 PCE uses 2000 Ohm as load
= LY
g 25 4 S -
k] ’ ~ o
o ” —
=1 ~
g 20 P ” -~
g 1s -
§ — P
= 10
S
“ 5
B
g 0
P -19 -17 -15-13.5-12 ©0 0.5 10 15 20
Input power (dBm)
(b)
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The selected Pi, of —-6dBm and 0.5dBm are used in Fig.
11 (a) and Fig. 11 (b). Both values represent the maximum
Pin that can be captured by the receiving antenna based on
the indoor range [20] and the type of antenna used [42].
Fig. 11 (a) and Fig. 11 (b) illustrate the graph of PCE vs
frequency for ISM 0.868GHz and 0.915GHz bands. Both
graphs demonstrate that both rectennas operate at the
designed frequencies. Thus, the scene proves that the
methodology and the theory used are correct.
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Fig. 11 (a) shows that the best PCE between 25% and
33% is obtained between 0.8GHz and up to 1GHz. The
PCE is a bit lower at about 20% within the same
frequency range while operating at 0.915GHz.

Fig. 12 shows a reflection coefficient (Si1) against
frequency. The figure demonstrates the characteristics of
S11 in both ISM bands. Both Pj, of -6dBm (at 0.868GHz)
and —7dBm (at 0.915GHz) are used. The input powers are
used because the values are the optimum values and
comply with both objectives of this study which are
getting the minimum V, for triggering the cold start of the
specified PMU and competitive PCE. Both conditions are
obtained at the specified ISM bands. It is observed in Fig.
12 that both resonant frequencies at 0.868GHz and 0.915
GHz are excited with good impedance matching. The
graph also indicates that the rectenna has the same pattern
of Si; at both ISM bands but a different peak value. It is
due to the rectenna using the same rectenna configuration
such as impedance matching, substrate, copper tracks,
and rectennas’ dimensions at both ISM bands. The
difference is at the transmitter which either uses ISM
0.868GHz or 0.915GHz bands or transmits both bands.

Theoretically, an efficient reception/transmission of
signal at any frequency band will require a large
impedance bandwidth with a good reflection coefficient
(S11) [32]. In this work, Fig. 12 shows a good impedance
matching (S11 < 10dB) between 0.815GHz to 0.93GHz at
both 0.868GHz and 0.915GHz bands during the co-
simulation. The result shows that both the ISM 0.868
GHz and 0.915GHz frequency bands can be covered by
the same rectenna. The first harmonic does happen at 9.8
GHz but has a much weaker Si; of —5dB. The first
harmonics will not interfere with the targeted frequency
bands for the rectenna at 0.868GHz and 0.915GHz bands.

Finally, based on Fig. 9, Fig. 10, Fig. 11, and Fig. 12,
the best sensitivity of Pi, for the rectenna operating at
both ISM bands are —6dBm (at 0.868GHz band) and —7
dBm (at 0.915GHz band). Table Il compares the
rectenna with the previous designs. The designed
rectenna at the 0.868GHz band has a better sensitivity
than that presented in [41], [43], [44], and [45] as well as
a comparable PCE compared to all the rectennas in Table
I1l. Most of the rectennas in Table Ill use impedance
matching such as 2 impedance matchings for 2 frequency
bands while a single impedance matching for a single
frequency band. Most of them use the quantity of
impedance matching according to their operating
frequency bands. In this work, the rectenna operates
using a single dual-band impedance matching and
operates at dual frequency bands. The condition happens
due to the right combination of the HSMS-280C and
single-stage voltage doubler topology as the rectifier
main block. The V, of the rectenna in Table Il is also
sufficient for triggering the specific PMU.

In this work, the dual-band rectifier, the dual-band
quasi-Yagi antenna, and the dual-band impedance
matching are combined for producing a rectenna. This
design is comparatively using fewer components
compared to most rectenna designs such as in [46] and
[47]. Thus, the effects of the nonlinear properties of the
Schottky diodes within the specified input power and
load range can be minimized.
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Fig. 12. Reflection coefficient (S1;) of the rectenna.

TABLE I11: COMPARISON WITH PREVIOUS RECTENNA PERFORMANCE

Freq Input | Single-tone, Max. output
Ref. (GHz) power peak eff. Load (Q) | DC voltage
(dBm) (%) (V)
[41]| 0.433 -5 56 4700 *NR
[43] 24 18 35 400 25
[44]| 0.9 &2.45 0 43 and 39 500 *NR
[48] 0.86 -7 37 **PMU 0.300
[49]| 0.700 and |-6.5and | 47 and 36 1900 0.700
14 -4.5
This| 0.868 and |-6 and -7| 32.1 and 18.8 | 700 and 900| 0.300 and
work|  0.915 0.280
*NR=Not reported
**PMU=Power management unit
VI. CONCLUSION

The novel rectenna using a dual-band modified quasi-
Yagi antenna integrated with dual-band impedance
matching and a dual-band rectifier has been designed
successfully in this work. The required V, (Fig. 9 (a) and
Fig. 9 (b)), a competitive PCE (by referring to Table I11),
and wide input power (as shown in Fig. 10 (a) and Fig. 10
(b)) have been obtained by using a specific load in this
study. The rectenna operating at 0.868GHz has the best
sensitivity at Pi, equals —6dBm which produces a
minimum V, of 0.3V with PCE of 32.1%. Meanwhile, the
rectenna operates at 0.915 GHz and has its best at Pi, at
—7dBm producing a minimum V, of 0.275V with a PCE
of 18.8%. Both results comply with the objectives of the
study for getting the minimum required V, and
competitive PCE at both ISM bands. The rectenna also
has a bandwidth of about 115MHz (13.2%). The 13.2% is
obtained by considering the derivation method in [50].
The 13.2% represents its bandwidth between 0.815GHz
to 0.93GHz which covers both ISM bands. The
bandwidth shall be just sufficient for covering both the
unlicensed ISM bands. It is to avoid the bandwidth from
interfering with other licensed bands. In addition, this
rectenna has the advantage of using the same rectifier,
impedance matching, and antenna as well as the same
substrates and copper dimensions for covering both ISM
bands compared to the previous literature as in Table I1I.
The above characteristics suit well for being used in an
indoor WPT application where the typical distance range
of a house or hall is between 2m and 10m [20]. This
study shows that the rectenna is flexible since it can
operate simultaneously in the specified ISM bands.
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The integration of the single-stage voltage doubler
using HSMS 280C as its main component with the single
impedance matching network has created a dual-band
rectifier with the required bandwidth. The HSMS 280C
properties which have been studied in [10] have verified
the advantage of using the diode at both ISM bands. The
HSMS 280C diode has the highest impedance bandwidth
compared to other diodes such as HSMS 282C, HSMS
285C, and HSMS 286C. The HSMS 280C has a wide
bandwidth compared to others since it has a
comparatively large junction capacitance (Cj) as well as
slow varying input impedance. The characteristics help in
achieving wide impedance bandwidth. The integrated
dual-band impedance matching with the rectifier has
created the second novelty of this study.

The use of the novel modified quasi-Yagi antenna has
contributed to creating a sufficient bandwidth for both
ISM unlicensed bands. The modified quasi-Yagi antenna
has the capability of ensuring the operating frequency is
between 0.815GHz to 0.930GHz. Thus, the rectenna is
suitable for powering the power management chip in an
indoor environment of a house or building at both
specified unlicensed bands.
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