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ABSTRACT: This work investigates low-power electromagnetic energy harvesting at 2.4 GHz and 5 GHz using an elementary rectangular
patch rectenna along with a step-up DC-DC boost converter. The receiving antenna is optimized to 50 {2 impedance by tuning parasitic
ground plane stubs in the resonating frequencies. The return loss and gain of the proposed antenna are —30.19dB, —31.02dB and
2.45 dBi, 4.84 dBi at 2.4 GHz and 5 GHz, respectively. A single-stage Greinacher voltage multiplier with a compact dual-band pi-model
matching circuit is proposed as a rectifier. The rectenna is manufactured on an FR4 substrate, and the measured performance is in good
agreement with the simulated results. The transformation efficiency of more than 40% is noticed in the wide input-power range from
—12dBm to 5dBm. The maximum efficiency of 50% and DC output voltage of 1.57 V at 0 dBm input power with 5.1 K optimized
load resistance is noticed when the RF source and rectenna are 46 cm apart. The proposed rectenna with a DC-DC boost converter can
drive the LED indicator and wall clock simultaneously. The prototype rectenna is suitable for energizing low-power sensor nodes in IOT

and WSN applications.

1. INTRODUCTION

n smart networks, wireless communication technologies co-
Ioperate to gather and analyze data from various sources like
sensors, devices, and citizen interactions to boost aspects of
life. Most sensors and internet of things (IoT) devices that re-
quire low input power are energized by batteries. The use of
batteries in hazardous environment imposes maintenance costs
and limited life cycles which interrupts the operation of sen-
sors in smart networks. Recent developments in wireless tech-
nologies make these smart networks self-sustainable and eco-
friendly using energy harvesting (EH) methods [1]. There are
numerous ambient energies like vibration, wind, geothermal,
tides, electromagnetic, and light. Solar energy is unlimitedly
available compared to electromagnetic (EM) energy but suf-
fers from unreachability in some locations. The wide spread
of EM energy in habitats and the increasing density of trans-
mitting sources like cellular base stations, Bluetooth devices,
Wi-Firouters, WLAN, WBAN, etc., makes the radio frequency
(RF) or EM energy ubiquitous and the best choice for EH.

Harvesting RF power requires a receiving antenna,
impedance matching circuit (IMC), and rectifier circuit. The
receiving antenna picks up the available ambient EM energy
in the surroundings and transfers it to the rectifier using IMC
to reduce the loss amid the antenna and rectifier. The rectifier
uses a nonlinear Schottky diode to transform the received input
AC power to a DC output power. The Schottky diodes are
preferred because of their very high speed, very low voltage

* Corresponding author: Ahmed Jamal Abdullah Al-Gburi (ahmedjamal@
ieee.org, engahmed jamall@yahoo.com).

doi:10.2528/PIERB24072102

75

drop, and high conversion efficiency capability compared to
CMOS. So, Schottky diode-based rectifiers are superior to
CMOS-based rectifiers at microwave frequencies [2]. The
overall transformation efficiency of the rectenna depends on
available RF energy density, matching network performance,
and rectifying components. The whole act of the EH system
is based on the power gathered by the receiving antenna at the
front end, to the transfer efficiency of the rectifier network. So,
the more the RF power is at the front end, the more the obtained
output power is. The selection of the proper frequency band
and gain of the receiving RF antenna increase the power
collected by the rectenna system. Multiband antennas are
preferred because of their capability to collect more RF power
than single-band antennas.

The architecture of the rectifiers with IMC is divided
into three categories based on receiving frequencies, single-
band [3—7], multi-band [8-14], and broad-band [15-17]. At
low input power, a single-band rectifier with IMC has more
power transfer efficiency but collects limited output DC power.
In counterpart, the broad-band rectifier collects energy from
the entire resonating frequency spectrum by sacrificing the
Q-factor of the IMC, which degrades the power transformation
efficiency of the rectenna. A trade-off between maximum
power transformation efficiency and the DC power output is
obtained by harvesting selective power from certain bands
using a multi-band rectifier.

Various multi-band rectenna constructions have been re-
ported by past researchers operating at Wi-Fi, GSM, WLAN,
and LTE frequencies due to the prevalence of wireless net-
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works. In [18], an aperture-coupled multilayer dual-band an-
tenna with a huge gain is proposed to harvest RF energy at
3.5 GHz and 5.8 GHz using a dual-band rectifier that achieves
44% and 29% conversion efficiencies in the corresponding op-
erating bands with an output voltage of 656.88 mV at 0 dBm
input power. High gain is obtained by optimizing rectangu-
lar cells etched on a patch using a genetic algorithm. In [19], a
harmonic suppression pi-shaped slot etched dual-band rectenna
is proposed to engage at 2.45 GHz and 5 GHz. To obtain high
transformation efficiencies of 68.83% and 49.90%, optimized
load resistances of 700 ohms and 1.1k ohms are used, and DC
voltages 0of 0.167 V and 0.236 V are obtained at 0 dBm RF low
power input. A tri-band rectangular patch with corrugated ta-
pered side edges is integrated with a Dickson voltage multi-
plier for RF-EH in the bands 2.4-2.5 GHz, 5-5.1 GHz, and 4—
4.15 GHz. The proposed rectenna obtained 298 mV output DC
power in the resonating bands [20]. Improving rectenna de-
sign to increase efficiency and power conversion involves opti-
mizing antenna geometries [21, 22], rectifier circuits [23], and
matching networks [24-26] to maximize energy conversion.
In [27], a dual-band rectenna is steered to engage at 3.5 GHz
and 5.8 GHz frequencies, and a rectangular dielectric resonator
along a slotted ground plane is used to obtain circular polar-
ization in the resonating bands. A single diode HSMS2860
rectifier topology with a transmission line and rectangular stub
matching network is used to obtain maximum power conver-
sion efficiencies (PCEs) of 54.53% and 41.26% with 1.31V
and 1.16 V output voltages at respective operating frequencies
observed for 5dBm input power. In [28], a dual-band com-
pact slot receiver is designed on an FR4 dielectric substrate to
harvest electromagnetic energy at S GHz and 7.8 GHz frequen-
cies. The RF harvester antenna has 4.7 dBi and 5.8 dBi real-
ized gains in both operating bands. A Villard voltage doubler
with SMS7630 and T-IMC is implemented for rectifying the re-
ceived RF signal. The maximum PCE of 49.3% with 0.67 V is
obtained at —10 dBm input power when both frequencies are
applied simultaneously with a fixed load of 1 K¢ throughout
the measurement. In [29], a circular monopole coplanar waveg-
uide (CPW) feed receiver with improved bandwidth from 0.9
to 3 GHz is acquired by etching 4 elliptical slots on the ra-
diating patch and 4 slots symmetrically etched on the ground
plane with a greater gain than 2.5 dBi in the entire bandwidth.
A simple voltage rectifier is implemented using an SMS7630
diode with parallel and series inductors along the transmission
line IMC to control the diode. The maximum PCEs of 45%
and 33% with 366 mV and 170 mV are observed at 1.98 MHz
and 1.88 MHz with —7 dBm and 3.56 uW/cm? when optimum
loads of 1.5 K2 and 0.9 K2 are connected in the indoor calibra-
tion setup with 1 m separation between RF source and rectenna.
A high-gain 2-layer disc radiator with a circular defected re-
flector arrangement is placed back at a length of \/8 to the disc
patch. The maximum gains of 8.3 dBi and 7.8 dBi are obtained
at 1.95 GHz and 2.45 GHz, respectively. The dual-band volt-
age doubler, consisting of an HSMS2850 diode and a 4-section
IMC, is designed to achieve and measure maximum PCEs of
63% and 69% at both the operating frequencies with 1 K2 load
and 14 dBm and 15.5 dBm input power range. All the calibra-
tions are observed when the RF source and rectenna are 40 cm
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apart [30]. In [31], an omnidirectional dual-band rectenna op-
erating at 2.45 GHz and 5.8 GHz is proposed with 65.1% and
38.4% PCEs and an optimum load of 1.2K(2. In the above-
stated literature, either antenna design or IMC design is com-
plex due to the stacking of multiband receivers which makes
rectenna bulky. So single dual-band IMC with rectifier and sin-
gle dual-band RF receiver are more suitable in [oT/WSN appli-
cations.

In this work, the electromagnetic energy harvesting at Wi-Fi
frequencies 2.4 GHz and 5.0 GHz is proposed. For this pur-
pose, a rectangular patch antenna along a parasitic ground stub
is designed for RF energy harvesting at Wi-Fi frequencies, and
an HSMS2852 Schottky diode Greinacher voltage multiplier
topology with Pi-section IMC is proposed for RF AC-DC trans-
formation. For the antenna S7; plot, parametric analysis of the
parasitic ground and partial ground plane, radiation pattern, and
current distribution have been presented, and power transfer ef-
ficiencies of the rectifier with and without Pi-section IMC have
been simulated and compared with the measured results to au-
thenticate the act of the rectenna.

2. PROPOSED RECTENNA CONSTRUCTION

2.1. Construction of the RF Receiving Antenna

A simple rectangular patch antenna with partial ground along
parasitic stubs (PGPSs) in the ground plane is simulated and
fabricated on dielectric FR4 material with ¢, = 4.3 and 0.025
loss tangent with the height of 1.6 mm and conductive copper
thickness of 0.05 mm on both sides of the dielectric material. A
50 2 microstrip feedline is used to drive the patch. The overall
length (S7) and width (Sy) of the antenna are 60 x 50 mm?.
The detailed geometry and fabricated prototype of the recom-
mended antenna are depicted in Figure 1, whereas the geomet-
rical dimensions of the prototype antenna are shown in Table 1.

TABLE 1. The rectangular patch with PGPS antenna optimized dimen-
sions.

Variables | Value (mm) | Variables | Value (mm)
St 60 G 14
Sw 50 Gw 50
Pr, 23 Tra 16.5
Pw 30 Tw1 8
Fr, 15 Tr2 15
Fw 2.8 Twa 30
G 1

The dimensions of the rectangular patch antenna are calcu-
lated using basic design equations [32]. The prototype antenna
evaluation steps are depicted in Figure 2. The recommended RF
receiving antenna model starts with the first phase, a microstrip
line feeding rectangular patch with the full ground (FG) plane.
In the second phase, the FG plane is changed to a partial ground
(PG) plane, and its height is optimized to obtain the impedance
matching at the lower resonating frequency of 2.4 GHz. In the
third phase, a rectangular parasitic stub T2 is placed above the
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FIGURE 1. Detailed construction and manufactured pictures of the rectangular patch antenna with PGPS.
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FIGURE 2. Evaluation steps of the simulated prototype receiving antenna.

radiating patch in the bottom plane to boost the bandwidth of
the prototype antenna. Finally, in the fourth phase, two rectan-
gular parasitic stubs T1 are placed on both sides of the radiating
patch in the bottom plane to obtain the second resonating fre-
quency of 5.0 GHz. All the dimensions in the four evaluation
steps are optimized to obtain the 50 {2 impedance matching at
both operating frequencies by using CST microwave studio.

A rectangular patch antenna can be realized with lumped ele-
ments as a parallel sequence of R, C,, and L,,. The PG plane is
realized as a parallel sequence of R, Cy, and L, and the para-
sitic rectangular stubs are also realized as a parallel sequence of
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Rys, Cps, and Ly,. At low frequencies, the rectangular equiva-
lent circuits and PG plane are in resonance with mutual capac-
itance C's. On the other hand, the partial ground plane along
with the parasitic rectangular stub equivalent circuit is at res-
onance with mutual coupling capacitance G¢ at a higher fre-
quency, and both these resonating circuits are coupled through
mutual capacitance G¢s at the output. The lumped model of
the receiver is realized based on the current distribution. The
equivalent lumped representation of the prototype receiver is
depicted in Figure 3, and advanced design system (ADS) tool
is used to simulate it. To validate the equivalent circuit of the
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FIGURE 3. The proportionate lumped network of the prototype RF receiver.
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FIGURE 4. S-parameter correlation of the prototype receiver and its
lumped network acquired from CST and ADS.

prospective receiver, it was modeled in ADS. The S1; of the
CST-simulated antenna is correlated with the ADS equivalent
circuit representation of the prototype receiver, and the com-
parison is displayed in Figure 4.

2.2. Design of the Rectifier with IMC

For electromagnetic/RF EH, the design of a rectifier model with
a suitable diode presents a prominent role in the transforma-
tion of RF AC-DC power. The characteristics required in the
diode for the rectifier must have low saturation current, forward
voltage, junction capacitance, low input power level operating
ability, and fast switching speed at high frequencies with opti-
mum input impedance and have wide input power range opera-
tion capability necessary. Agilent Avago Technology provides
HSMS-2852 Schottky diode which belongs to the HSMS-285x
series and has a low saturation current Ig = 3 A, low forward
voltage of 150 mV, low junction capacitance C'jo = 0.18 pF,
and a breakdown voltage of 3.8 V mostly matches the require-
ment for the prototype rectifier to work at wide-low input power
level.

The ADS tool with a co-simulation harmonic balance (HB)
controller was used to explore the parameters of the recom-
mended rectifier with IMC. During the entire simulation pro-
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cess of the rectifier, a 50 €2 internal impedance power source is
utilized instead of an RF receiver. The recommended rectifier
with IMC is shown in Figure 5.

A one-stage Greinacher voltage doublet is used as a recti-
fier because of its simple design, cost-effectiveness, and com-
pact solution for high voltage generation. The rectifier circuit
is composed of an RF pass capacitor C; = 100 pF, a shunt ca-
pacitor (RF short) C'y = 100 pF, and an HSMS-2852 Schottky
diode (package consists of two diodes connected in series) for
rectifying the incoming RF AC signal into usable output DC
signal with an optimal load resistance of 5.1 K2. To gain the
maximum power transmission amid the RF receiver and recti-
fier network, IMC is used to approximate the impedance of the
receiver with rectifier impedance. In this work, IMC is real-
ized as a pair of cascaded L-sections arranged in the Pi-section
model. The L-section components of the IMC are calculated
analytically by the following equations [33].

For high-frequency impedance matching, the component
values are obtained by

Xcowm Zo Ry
Xim = VR (Zo— Rr) — X1, 2

where Xc s and X s are the impedance matching reactance
of the capacitor and inductor, respectively; Z; is the source
impedance; and X, and Ry, are the imaginary and real parts
of the rectifier impedance at high frequency.

For low-frequency impedance matching, the component val-
ues are obtained by

1 _ i (Zo — RL)
Xivm 2o Ry %)
Xem = VR (Zy— R) — Xg, “4)

where X1 ; and Xy are the impedance matching reactance
of the inductor and capacitor, respectively; Z; is the source
impedance; X, and R}, are the imaginary and real parts of the
rectifier impedance at low frequency.
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FIGURE 5. The simulated rectifier circuit with Pi-section IMC.

For impedance matching at a lower frequency of 2.4 GHz, an
L-section IMC consisting of a series capacitor C'5 = 0.270 pF
and parallel inductor L; = 4.7nH is used to match the source
impedance of 50 2 with 9.81 — j113.57€2 rectifier impedance.
The other L-section IMC at a higher frequency 5 GHz consists
of a parallel capacitor Cy = 1.13pF, and series inductance
Ls = 5.63nH is used to approximate the source impedance
of 50 Q2 with 7.61 — j30.47 Q rectifier impedance. The modi-
fied Pi-section IMC is optimized with the Smith chart matching
utility tool in the ADS to obtain dual-band impedance matching
at 2.4 GHz and 5 GHz. The theoretical and simulated lumped
parameters of the modified Pi-section IMC are presented in Ta-
ble 2.

TABLE 2. The theoretical and simulated lumped parameters of the
modified Pi-section IMC.

Frequency (GHz) | Theoretical values | Simulated Values
24 C = 0.397 pF C = 0.270 pF
L =2.64nH L =4.73nH
5 C = 1.5pF C =1.13pF
L =2.94nH L =5.63nH

The RF power input is varied linearly from —30dBm to
20dBm, and the RF AC-DC transfer efficiency for the dual-
tone (F} = 2.4GHz and F»> = 5 GHz) power source is ana-
lyzed for optimum load resistance of 5.1 K2 to plot the PTE
and output DC-voltage of the rectifier with and without IMC.
To understand the dual-band performance of the designed recti-
fier with modified Pi-section IMC, the prototype of the rectifier
is manufactured on 1.6 mm thick FR4 dielectric material, and
the fabricated rectifier with IMC is shown in Figure 6.

2.3. Step-up DC-DC Boost Converter Module

The output of the rectenna is high when it is connected to a load
of a few tens of K2, but in real-time applications, the sensors
have a very low impedance which will degrade the efficiency of
the rectenna. A voltage delivered by the rectenna must be stable
to the functioning device voltage, and for this a step-up DC-DC
boost converter is used to supply stable voltage to the sensors.
An inductor-based step-up DC-DC boost converter with a low
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FIGURE 6. Pic of manufactured prototype rectifier with IMC.

start-up voltage of 0.8 V to generate a stable output voltage of
5V is designed and fabricated to drive LED indicators.

The step-up DC-DC boost converter consists of an input ca-
pacitor C; = 100 pF, inductor L; = 220 uH, an SS14 Schot-
tky diode, Ul 2108A IC, C; = C5 = 10 uF, and an output
capacitance Cy = 100 uF is used. The circuit diagram, fab-
ricated DC-DC boost converter, and functionality test of the
boost converter are dispicted in Figure 7. In the fabricated boost
converter, an LED indicator with a 1 K¢ resistor is connected
as load, and its functionality is verified by connecting to a reg-
ulated power supply (DC).

3. RESULTS AND DISCUSSION OF THE PROPOSED
RECTENNA

3.1. Results and Discussion of the RF Receiving Antenna

The proposed RF receiving antenna performance analysis is
carried out in the CST microwave studio. Figure 8 depicts the
return loss plot of the phase-by-phase evaluation of the recom-
mended receiver. In the first phase, the S1; plot shows that
the receiver resonates at 5.9 GHz with a narrow bandwidth of
350 MHz (6.02-5.67 GHz) with —31 dB. By replacing the full
ground (FG) plane with partial ground (PG) plane in the second
step to improve the bandwidth, it is observed that the resonat-
ing frequency is changed from 5.9 GHz to 2.4 GHz, and also the
bandwidth is increased to 1.63 GHz (3.08-2.17 GHz) with a re-
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FIGURE 8. Return loss plot of the simulated prototype antenna evalua-
tion phases.

turn loss of —26.54 dB. In the third step, by placing a rectangu-
lar parasitic stub2 in the bottom plane just above the patch, it is
noticed that the S7; is reduced from —26.54 dB to —17.85 dB,
but the bandwidth remains unchanged, and a small dip in the re-
turn loss at 5.3 GHz is obtained. In the fourth step, two resonat-
ing frequencies are observed at 2.32 GHz and 5 GHz with the
S11 values of —23.7dB with 760 MHz (2.04-2.8 GHz) band-
width and —25.84dB with 1.3 GHz (4.67-5.97 GHz) band-
width, respectively by placing a pair of rectangular parasitic
stubl in the ground plane on either side of the patch.

The parametric approach has been conducted to understand
the influence of discrete receiver variables on the impedance
matching and operation of the receiver. At first, the length Lg

80
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FIGURE 9. Return loss variations with parametric variations of PG plane
length Lg.

of the PG plane is changed to investigate the antenna perfor-
mance shown in Figure 9, by keeping the remaining parame-
ters constant, and corresponding return loss values are plotted.
It is observed that as the Lg decreased from 16 mm to 11 mm,
the return loss values were much less than —10 dB and reached
—25.8dB at 2.4 GHz when Lg = 14 mm and then increased
slowly along with left shift in the resonating frequency as Lg
further decreases. The proposed antenna resonates at the lower
frequency of 2.4 GHz with a satisfactory |.S71 | when the optimal
PG plane length Lg is 14 mm.

Next, by changing the length (77,1) and width (Tyy1) of the
parasitic stubl, its effect on the antenna performance is depicted
in Figure 10. When the width Ty is decreased from 10 mm
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FIGURE 11. Return loss variations with parametric variations of parasitic stub2 (a) width T2, (b) length Ty .

to 6 mm, dual-band characteristics are observed. As Ty is
decreased in step, the impedance matching improves amid the
stubl and radiating patch which results in the drop of return
loss well below —10dB, but as it is decreased further, the up-
per band and lower band move closer to one another. The op-
timum width of the parasitic stub Ty/y = 8 mm value is cho-
sen because of the dual-band resonance at the desired Wi-Fi
frequencies of 2.4 GHz and 5 GHz. When the length 77 is
increased from 15.5mm to 17.5 mm, the lower band remains
unchanged, but the upper band resonating frequency is fine-
tuned both in impedance bandwidth and |S;1|. The optimum
length 77,7 = 16.5mm is chosen because proper impedance
matching occurs amid the parasitic stubl and the patch with
return loss values —24.8dB and —25.1dB at 2.37 GHz and
5 GHz,respectively.

Finally, the effect of parametric variation in the parasitic
stub2 on the performance of the receiver is shown in Figure 11.
When the length 7775 of parasitic stub2 is varied, there is a con-
siderable change in the resonating frequency with degradation
in the return loss performance in both bands which are recorded
as Tro values are decreased from 17 mm to 13 mm. The opti-
mum performance at both the resonant frequencies is observed
when the 175 value is set to 15 mm. When the width Ty o of
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parasitic stub2 is increased from 28 mm to 32 mm, there is a
reasonable effect in the resonating frequency with degradation
in the return loss performance in the second resonating band.
The required behavior of the receiver is recorded for both the
resonating bands when Tyy 2 is 30 mm.

The prototype receiver is intended for EM-EH in which re-
ceiving antenna impedance plays a fundamental role in mod-
eling the IMC which acts as a bridge for energy transfer amid
the receiver and rectifier. After parametric analysis, the opti-
mum parameter values are chosen such that the proposed an-
tenna impedance at both the resonating frequencies is close to
50€2. The impedance real part and imaginary part of the an-
tenna are 50.0 — 50.1 Q2 and 49.98 — j0.6 2 at 2.4 GHz and
5 GHz, respectively, which is shown in Figure 12(a). The sim-
ulated antenna radiation efficiency and gain versus frequency
are displayed in Figure 12(b). At the resonating frequencies
2.4 GHz and 5 GHz, the radiation efficiency is 93% with a gain
of 2.45 dBi and 79% with a gain of 4.84 dBi, respectively.

The current distribution on the surface of the prototype re-
ceiver at the resonating frequencies is shown in Figure 13.
At 2.4 GHz and 5 GHz, the surface current of 64.7 A/m is ob-
served. It is seen that more surface current is focused amid
the parasitic stubl, PG plane, and radiating patch at the first
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FIGURE 13. Prototype antenna surface current distribution at (a) 2.4 GHz and (b) 5.0 GHz.

resonating frequency, and for the second resonating frequency
the maximum surface current is concentrated amid the parasitic
stubl, stub2, PG plane, and radiating patch. Therefore, from
the parametric analysis, the following is observed: as the width
Ty of parasitic stubl varies, surface current distribution also
changes which in turn changes the impedance matching and 51,
of the receiver at both the working frequencies. When length
T, is varied, the surface current will also change along the
length but not width, so the corresponding effect on impedance
bandwidth and return loss is seen in the second operating fre-
quency but not in the first operating frequency. As surface cur-
rent is distributed maximum on stub1 compared to stub2 for the
2.4 GHz when the width T}y is changed, there is a negligible
change in return loss at the lower band as more change is seen
at the upper band. Similarly, as T is varied the surface cur-
rent concentration changes for both operating frequencies, so
maximum variations are studied in return loss and impedance
bandwidth at both bands.

The measured 2D polar plots of the receiver for the E-
and H-plane radiation patterns in co-polar and cross-polar are
shown in Figure 14. At 2.4 GHz, the cross-polar is 40 dB less
than the co-polar magnitude in the E-plane, and in H-plane
the cross-polar is 82 dB less than the co-polar. It is noticed
that the omnidirectional radiation pattern is co-polar and bidi-
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rectional in cross-polar. Similarly, at 5 GHz the cross-polar is
10dB and 83 dB less than the co-polar in E- and H-planes,
respectively. An omnidirectional radiation pattern in co-polar
and cross-polar is observed. From the radiation pattern charac-
teristics, the prototype antenna radiates in all directions which
is required for energy harvesting.

To validate the act of the receiving antenna in terms of S
and impedance matching, it is measured by using Agilent tech-
nologies VNA E5071C ENA series. At first, the standard 1-
port short open load (SOL) is performed from 1 GHz to 7 GHz.
The calibration setup and correlation of simulated and evalu-
ated S1; outcomes of the prototype antenna are shown in Fig-
ure 15. From the measurement results it is recognized that the
S11 value is improved at 2.4 GHz which reaches —30.19 dB and
—31.02 dB at 5 GHz, but the impedance bandwidth is 405 MHz
(2.39-2.8 GHz) at 2.4 GHz and 290 MHz (4.92-5.21 GHz) at
5GHz in contrast with simulated results which is a little bit
reduced. An additional band of 400 MHz (5.41-5.81 GHz) is
observed in the calibration results with a center frequency of
5.62 GHz. The simulation and calibration results are in good
correlation with each other. Moreover, the fabricated prototype
antenna covers dual Wi-Fi bands of 2.4 GHz and 5 GHz. So the
prototype of receiving antenna is suitable for Wi-Fi RF-EH.
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FIGURE 14. Measured polar plot of E- and H-plane of the receiver at 2.4 GHz and 5 GHz.
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FIGURE 15. (a) Picture of the calibration system for the proposed RF receiving antenna. (b) S11 correlation plot of the calibration outcome with the
simulated result for the manufactured prototype receiver.

3.2. Proposed Rectifier Network Results and Discussion power input, and it is acquired by Equation (5).
In the rectenna construction, rectifier performance is based on Nac-pc = Factiverd o x 100 Q)
the RF AC-DC power transformation efficiency. In rectenna Pinput ac
construction, the rectifier’s performance is determined by the 2

. . . o (Vdeliue'r'ed DC)
RF-to-DC power conversion efficiency, which measures how Piivered D0 = —————— (6)
effectively the harvested RF AC power is transformed into us- Re
able DC power at the load. The power transformation effi- where Pielivered pc and Vielivereda po are the output DC
ciency (PTE) is the ratio of delivered load power to the rectifier power and voltage delivered to the load, respectively;
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FIGURE 17. Comparison of rectifier with and without IMC (a) PTE vs Power input, (b) Vout vs Power input.

Pinput ac is the rectifier input RF incident power; and R, is
the resistance load.

To obtain maximum PTE, all the harvested RF AC power
by the dual-band receiver must be transferred to the rectifier
input with minimum loss, and it is done by proposed modi-
fied Pi-section IMC. The rectifier impedance in the presence
and absence of the IMC is shown in Figure 16(a). The main
function of the IMC is to approximate the impedance of the
receiver with the impedance of the rectifier. For this purpose,
the impedances of the rectifier at both operating frequencies are
obtained in the absence of IMC, and they are 9.8 — j113.57 )
and 7.6 — j30.46 2 at 2.4 GHz and 5 GHz respectively obtained
from the impedance plot. These impedances of the rectifier are
matched to the 50 €2 receiver impedance by using modified Pi-
section IMC. After matching, the impedances of the rectifier are
50 + 0.6 © and 50 + j0.16 €2 observed at 2.4 GHz and 5 GHz,
respectively. To analyze the working of the projected rectenna
at a broad range of resistance load, the PTE at 2.4 and 5 GHz
frequencies with different resistance values over the range 1.1-
50 K€ is evaluated concerning P, variations and shown in Fig-
ure 16(b). It is observed that the PTE is less sensitive over
the range of 4.1-7.1 K2 load, and outside this range of resis-
tance values, the PTE decreases. A optimum load resistance of
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5.1K$ is considered which has maximum PTE over a broad
range of low input power. To study the behavior of the recti-
fier at both operating frequencies, the PTE of the rectifier and
output DC voltage are obtained by tuning the input-power level
over a wide range from —30 dBm to 20 dBm with an optimum
load resistance of 5.1 K2 in the presence and absence of the
IMC, shown in Figure 17.

From Figure 17(a), the efficiency of the rectifier without
IMC is above 50% from 4 dBm to 6 dBm with a maximum of
52.64% at 6 dBm, and in the presence of IMC, it is above 50%
from —10dBm to 5dBm with maximum 52.45% at —5dBm
input power. The rectifier efficiency is above 40% for a wide
range of low-input power, i.e., from —16 dBm to 7dBm. From
Figure 17(b), the rectifier output voltage is large in the pres-
ence of IMC, V,,; = 51mV, 124mV, 236 mV, 507 mV, and
1.0V compared with the absence of IMC, V,,; = 11mV,
40mV, 126 mV, 327mV, and 734 mV at low input power lev-
els P;,, = —25dBm, —20dBm, —15dBm, —10dBm, and
—5 dBm, respectively, and reaches approximately same values
as the input power rises. V,,,; and efficiency are 1.63 V and
52.22% in the presence of IMC and 1.5V and 43.65% in the
absence of IMC at 0 dBm input power level. The increase in the
efficiency at low input power levels and then fall at higher input
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FIGURE 19. Correlation of calibrated and simulated results. (a) PTE vs Pin. (b) Vout vs Pin.

levels isare due to the internal parameters of the diode HSMS-
2852 which makes it more apt for low power range. In both
the rectifiers matched and not-matched, the efficiencies rise as
a rise in the input power level up to reverse breakdown volt-
age of the diode is reached after rectifier efficiency degrades at
higher input power levels, and also saturation effect occurs at
specific higher input level then the rectifying capability of the
diode lost which result in efficiency fall.

4. CALIBRATION OF THE RECTENNA

The prototype RF receiving antenna and rectifier are fabricated
separately and integrated into the rectenna by connecting them
with a 50 2 male-to-female SMA connector during the assem-
bly process. The measurement setup to evaluate the behavior of
the manufactured prototype rectenna is carried out as per [34]
in the indoor ambiance, and it is shown in Figure 18.

The calibration setup consists of an RF source specifically
a NETGEAR (AC1200) WLAN router module, which simul-
taneously generates dual-band frequencies of 2.4 GHz and
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5GHz. The fabricated rectenna is connected to a multimeter
(voltmeter) to measure and calibrate the output DC voltage.
The rectenna is located in front of the RF source which
has built-in aspect to change RF signal power which makes
measurement easy. By varying RF source power, the output
voltage is measured at each instant. The separation between the
transmitting RFAC generator and the rectenna is considered as
46 cm to attain the maximum PTE. Using the Friis transmission
equation, the power received by the rectenna is obtained, and
it is given by the equation as follows.

)\ 2
Po— G PrGa (—) ™

47r

where G and G i are the gains of the transmitter and receiver;
A is the operating wavelength; Py is the power transmitted by
the RF source; and r is the gap between the receiving antenna
and the RF source.

The calibrated and simulated PTE and output DC voltage
comparison plot are shown in Figure 19. From Figure 19, it
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FIGURE 20. (a) The measurement setup for driving LED indicator and wall clock. (b) Back view of the wall clock.
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TABLE 3. Correlation of the prototype rectenna with earlier studies for RF energy harvesting.

References | Antenna Size (mm?) Rectifier Topology Frequency Diode Pin PTE Vout (V)
(GHz) (dBm) (%)

[12] 35 x37x 1.6 Delton voltage quadruple 2.45,3.5 HSMS 2852 0 60, 53 1.22,1.13
[18] 95 X 65 X 5 Single series diode 35,58 SMS 7630 0 44,29 656.88 m
[19] 80 x 80 x 5.07 Voltage doubler 245,5 HSMS 286B 0 68.83,49.9 | 0.167,0.236
[21] 50 x 50 x 0.76 Single series diode 07,14 SMS 7630 —6.5 74 0.7
[27] 60 x 50 x 6 Single series diode 35,58 HSMS 2860 5 56, 43 1.31,1.16
[31] 67.5 x 71.5 x 1.016 Voltage doubler 245,58 HSMS 2852 10.5 65.1,38.4 2.96,2.41

This work 60 x 50 x 1.6 Voltage doubler 24,5 HSMS 2852 0 50 1.57

is realized that the calibrated rectenna PTE is above 45% from
—12dBm to 5 dBm input power level with a maximum of 50%
at 0dBm. The measured PTE is less than simulated one be-
cause of the inappropriate soldering of the SMD elements in
the rectifier circuit and also the nonlinear nature at higher fre-
quencies of the rectifier elements. The maximum DC volt-
age and power of 3.4V and 2.26 mW are noticed at 20 dBm
and 1.57 V with 483 uW at 0 dBm input level when the recti-
fier engages simultaneously at frequencies 2.4 GHz and 5 GHz
with 5.1 K2 load. The prototype rectenna can power up dif-
ferent household low-power sensors like a small calculator-
2 uW, digital thermometer-20 uW, smoke detector-55 uW, and
wall clock-120 uW, and personal low-power sensors like a
wristwatch-10 uW, wearable-60 uW, mouse-10 uW, and Wi-Fi
flash memory-210 uW [35]. By comparing the measured and
simulated results it is realized that they are nearly correlated
to each other. The available rectenna designs by the previous
researchers are compared with the proposed rectenna model to
validate its performance, and the comparisons are summarized
in Table 3.

The rectenna output is used to drive the LED indicator and
wall clock as mentioned above, and the measurement setup is
shown in Figure 20. The receiving antenna is placed at a dis-
tance of 40 cm from the RF power source. At this distance, the
output of the rectenna is 1.57 V, and it is dropped to 1.19V due
to low input impedance of the boost converter. The output of
the rectenna is connected to the input of the DC-DC boost con-
verter which generates a stable 5 V output and is able to drive
LED indicator and wall clock simultaneously.
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5. CONCLUSION

In this study, an efficient dual-band rectenna with a wide in-
put power range for electromagnetic EH at Wi-Fi frequencies
2.4GHz and 5 GHz and a step-up DC-DC boost converter is
reported. A simple rectangular patch antenna with a PG plane
loaded with parasitic stubs helps in prevailing resonance at
2.4 GHz and 5 GHz frequencies with a gain of 2.45dBi and
4.84 dBi, respectively. The impedance of the recommended
antenna is attained at 50 Q) for both the operating frequencies
by tuning parameters of the ground plane with parasitic stubs1
and stub2. A compact single-stage Greinacher voltage dou-
bler rectifier with dual-band modified Pi-section IMC is de-
signed with HSMS-2852 Schottky diode to operate in the wide
low input power levels from —25dBm to 10 dBm. The mod-
ified Pi-section IMC is formed by cascading two L-section
IMCs to match the rectifier impedances 0of 9.8 — j113.57 Q2 and
7.6 — 730.46 ) with the antenna 50 €2 impedance to maximize
RF AC-DC PTE at low-input power levels. The projected rec-
tifier gained above 40% measured PTE for —12dBm to 5 dBm
with 50% at 0 dBm input power level when 2.4 GHz and 5 GHz
are applied simultaneously. The measured output voltage is
1.57V at 0 dBm with a load resistance of 5.1 K€2. The output
of the rectenna is connected to step-up DC-DC boost converter
which is used to power an LED indicator and a wall clock. Fu-
ture work includes the design of a wearable multiband rectenna
with compact size for WBAN applications and improving the
efficiency of the rectenna.
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