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Dual-Band Rectenna for RF Energy Harvesting in GSM 900 and GSM 1800 Bands for loT
Applications

V. GANESH*, H. MANGALAM

Abstract: This paper presents a dual-band rectenna designed for RF energy harvesting in GSM 900 and GSM 1800 frequency bands, targeting the sustainable powering of
low-power devices such as wireless sensor nodes, wearable electronics, and loT sensors. The antenna features a double-sided printed dipole, double-sided parallel strip
line, microstrip feed line, reflector, and parasitic dipole elements. The fabricated antenna covers the impedance bandwidth of both target frequency bands, with half-power
beam widths of 150° at 0.945 GHz and 230° at 1.84 GHz based on measured H-plane radiation patterns. A stacked two-branch rectifier circuit is developed to rectify signals
within the desired bands, incorporating Schottky diodes, matching networks, a power divider, and a DC-pass filter. Single-stub and double-stub matching networks optimized
with high-impedance transmission lines enhance the bandwidths for GSM 900 and GSM 1800 bands, respectively. The rectifier achieves a maximum efficiency of 44.8%
and 46.5% at -5 dBm for 920 MHz and 1766 MHz, respectively. The fabricated rectenna delivers a maximum DC output voltage of 673 mV at a 4.7 kQ load in outdoor
conditions, demonstrating its potential for powering low-power devices in sustainable loT and energy-harvesting applications.
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1 INTRODUCTION

Ambient RF energy harvesting technology has
recently gained popularity due to the increasing demand for
Internet of Things (IoT) devices and wearable
technologies. The frequent replacement of batteries poses
a significant challenge for many portable low power
electronic devices and contributes to environmental
pollution due to the disposal of used batteries. This has
created a demand for battery-free electronic devices, a need
addressed by Radio Frequency Energy Harvesting (RFEH)
technology which enables wireless powering of devices.
The key component of this technology is the rectenna,
which integrates an antenna and a rectifier to capture and
convert RF energy into DC power. The RF power density
is typically very low in an ambient environment.
Additionally, the Power Conversion Efficiency (PCE) of
the rectifier is influenced by the level of received RF
power. To maximize the harvested power, one effective
approach is the use of multi-band or wideband rectenna.

The key properties required for a receiving antenna in
RF energy harvesting are omnidirectional radiation pattern,
multiband or wideband operation, and the ability to capture
RF energy from random polarizations. Current state-of-
the-art antenna designs for energy harvesting include
multiband antennas, low-profile antennas, array antennas
polarization-sensitive antennas, and various fabrication
techniques [1, 2]. A simple half-wavelength dipole antenna
operating at 915 MHz is folded to reduce its size, and a slot
is introduced at the center of the antenna to create a second
resonance frequency at 2.45 GHz. The measured antenna
gains were 1.87 dBi at 915 MHz and 4.18 dBi at 2.45 GHz
[4]. A Yagi dipole antenna was designed on an FR4
substrate to capture GSM 1800 and Wi-Fi signals. The
antenna exhibits wideband characteristics, operating from
1.54 GHz to 3.22 GHz, with a gain ranging from 7.5 to 10.5
dBi [5]. A slotted bow-tie antenna with varying numbers of
slits was designed for energy harvesting of multiband
signals, offering a wider bandwidth, high gain, and a low
front-to-back ratio [8]. A 1x4 quasi-Yagi array was
designed for energy harvesting in the GSM-1800 and
UMTS-2100 bands, providing a gain range of 9.9 to 13.3

dBi at 1.85 GHz and 10.9 to 13.3 dBi at 2.15 GHz [9]. A
planar monopole antenna was designed to capture signals
in the 900 MHz frequency band. Instead of using a quarter-
wavelength design for the monopole antenna, the lengths
of both the antenna and the feeder were adjusted to ensure
that the antenna impedance is purely resistive and properly
matched to the rectifier [10]. In references [26-28],
compact microstrip antennas are discussed for wireless
applications at the ISM, Wi-Fi, and WLAN bands.

The antennas mentioned above were proposed for
energy harvesting, with key parameters including
omnidirectional radiation pattern, gain, bandwidth, size
and polarization. In this work, a dual-band antenna is
comprising a double-sided printed dipole antenna with a
parasitic dipole. The antenna's impedance bandwidth is
enhanced using a double-sided parallel strip line, and the
second band is achieved by placing a parasitic dipole close
to the driven dipole. The measured radiation properties of
the antenna are well-suited for ambient RF energy
harvesting in both bands.

The architecture of multi-band rectifier is single
branch multi-band rectifier circuit [9, 17, 19] and multiple
branches of single-band rectifier circuit in each branch [8].
The single branch multi-band rectifier topology is not
guaranteed to cover the entire band of operating
frequencies [20]. But, the multiple branch rectifier
topology enhances the rectification of entire band of
operation whereas the size of the rectifier is increased when
compared to the single branch multi-band rectifier [17, 20].
At low power level, series mounted diode provides more
rectification efficiency [22]. A single rectifier for each
frequency band enhances the PCE [8]. Compared to
wideband rectenna, interference due to other bands is
eliminated in the multi-band rectenna [16].

In [4], a dual-band compact rectifier was designed with
a single-stage matching network comprising three
inductors and a radial stub. The measured reflection
coefficient is greater than —5 dB at 0.915 GHz and above
—10 dB at 2.45 GHz. The reflection coefficient was
analyzed for a single input RF power level. The PCE
remains low for input power levels below —20 dBm. In [6],
a single-stage matching network was designed using
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inductors and CPW. The PCE was measured from —15
dBm to 0 dBm, with the rectifier's performance being
lower at 1.880 GHz compared to the 1.980 GHz frequency.
In [9], a single-stage, two-section T-shaped microstrip
transformer was used to achieve dual-band characteristics,
thereby enhancing the bandwidth. An acceptable PCE was
attained for ambient power levels below -5 dB in the GSM-
1800 and UMTS-2100 bands. This improved performance
was achieved with a size of 146 x 27 mm. In [17], a dual-
band rectifier was designed for the 3.5 GHz 5G band and
the 5.8 GHz Wi-Fi band for RFEH/MPT applications. A
half-wave line was used to resonate the second band. A
single-stage matching network was implemented with a
quarter-wave line and a stub. The circuit showed better
performance at 3.5 GHz compared to the second band, and
the rectifier's operating power range spans from —3 dBm to
14.5 dBm, which is outside the typical ambient power
levels. In [19], a single-stage stepped impedance matching
network was incorporated into an efficient dual-band
rectifier design for wireless energy harvesting. The
uniform impedance single stub was replaced with a stepped
impedance stub to enable dual-band operation at 0.915
GHz and 2.45 GHz. The design was evaluated with a fixed
load resistance of 1.5 K€, and the reflection coefficient
was measured at an RF power of 9 dBm. The PCE at an
input power level of —20 dBm was very low for both
frequencies. In [23], a dual-branch band pass filter was
designed to maximize power transmission from the
antenna to the rectifier, utilizing inductors and microstrip
lines. The PCE and output DC voltage were analyzed over
a range of input powers from —15 dBm to 15 dBm. The
reported PCE was very low for input RF power levels
below 0 dBm. In [24], a single-branch multi-stub
impedance matching network was designed for the GSM-
1800, UMTS-2100, and Wi-Fi bands. The design offers a
total of 20 degrees of freedom, with the rectifier sized at 41
x 81 mm. A good PCE was achieved at low RF power
levels ranging from —30 dBm to —10 dBm. To minimize
insertion loss, a very low-loss substrate, RT/Duroid 5880,
with a dielectric constant of 2.2 and a loss tangent of
0.0009, was used. In [25], a single-stage matching network
was designed using a cross-shaped match stub and a T-
shaped match stub to rectify the 2.45 GHz and 5.8 GHz
signals. At the second resonance of 5.8 GHz, the efficiency
is significantly lower compared to the first resonance at
2.45 GHz. The reflection coefficient was not analyzed, and
the results were presented for a fixed load of 2 KQ. The
challenges observed in these studies on dual-band rectifier
circuits emphasizes a trade-off between performance, size,
and operating range (frequency, input power levels, and
load resistance) as well as the variation in PCE across the
two frequency bands. The rectifier circuit designed in this
work, featuring a matching network, aims to address these
limitations, specifically for energy harvesting in the GSM
900 and GSM 1800 bands. This is achieved by
transforming the variable diode input impedance into a
nearly constant impedance using a high-impedance line of
appropriate electrical length, across varying ambient power
levels, operating frequencies, and load resistances ranging
from 3 KQ to 10 KQ.

2 ANTENNA

Compared to the microstrip patch antenna
configuration, the double-sided printed dipole antenna with
parasitic elements offers advantages such as increased
bandwidth, multi-frequency resonance, and reduced
substrate area requirements [12]. The bandwidth of the
double-sided printed dipole antenna is improved using the
Double-Sided Parallel Strip (DSPS) line. The DSPS line is
a balanced transmission line comprising two parallel strip
lines separated by a dielectric layer. The frequency-
independent out-of-phase characteristic of the DSPS line
makes it suitable for use in balanced circuits to enhance
performance [14]. The parasitic element is placed close to
the driven element to achieve the dual band operation [12].
Based on the double sided printed diploe antenna and
parasitic dipole reported by the previous researches [12,
13], in this work a dual band printed diploe antenna with
parasitic diploe is designed to harvest energy in the
GSM900 and GSM 1800 bands with wider beamwidth and
moderate gain.

2.1 Antenna Design

The layout of the antenna is shown in Fig. 1.
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Figure 1 Layout of the printed dipole antenna with parasitic dipole

The antenna is designed on a 0.76 mm thick Roggers
RT Duroid 3203 substrate with dielectric constant 3.02 and
loss tangent of 0.0016. One arm of the driven dipole, one
of'the lines of parallel strip line and a microstrip feeder line
are printed on one side of the substrate. The other side of
the substrate consists of the second arm of the driven dipole
printed in opposite direction, along with the other line of
parallel strip line, a truncated ground plane and a parasitic
dipole. The balanced antenna impedance is matched to 50
Q) unbalanced microstrip feeder line using a quarter wave
impedance transformer of DSPS line. The truncated
ground plane acts as a reflector [11-13]. The initial
dimensions of driven dipole and parasitic dipole are chosen
as half wavelength (A1,/2) at the center frequency, then the
final dimensions are optimized for the bandwidth of GSM
900 and 1800 bands using 3D EM simulator Ansys HFSS
software. The parametric study of design parameters d,
Wos, Las, Was and L, are carried out in the simulation and the
reflection coefficient values are shown as in Fig. 2. When
the parasitic element is placed so close to the dipole in the
space d, it increases the coupling but creates an impedance
mismatch. The better impedance matching is achieved for
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an optimum value of d at 2.5 mm as shown in Fig. 2a. The
width of the parasitic dipole (W) is related to the quality
factor of the resonance. The optimum value of Wy is
obtained at 8.5 mm as shown in Fig. 2b. The impedance
bandwidth of the antenna is achieved by the DSPS line
which is placed between the reflector and driven element.
The optimum length (Lgs) and width (W) are 50 mm and
1.6 mm respectively, as shown in Fig. 2c and 2d. The
length of the reflector (L;) also controls the impedance
bandwidth, with the optimal being 50 mm, as shown in Fig.
2e. The final optimized dimensions of the antenna are
presented in Tab. 1.
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Figure 2 Simulated reflection coefficient of the antenna with different design
parameters: (a) d; (b) Wes; (€) Las; (d) Wes; (€) tr

Table 1 Optimized antenna design parameters

Dimension
Parameter
mm
Length of the dipole of one arm (L4) 72
Width of the dipole (Wy) 4
Length of the parasitic strip (L) 64
Width of the parasite strip (W) 8.5
Spacing between driven element and parasitic strip (d) 25
Length of double sided printed line (L4s) 50
Width of double sided printed line (W) 1.6
Length of the microstrip feeder line (L) 30
Width of the microstrip feeder line (Wy) 1.9
Length of the reflector (L,) 50
Width of the reflector (W) 160

2.2 Performance of the Designed Antenna

To wvalidate the antenna design, the antenna was
fabricated, and photographs of the fabricated antenna are
shown in Fig. 3. The antenna parameters, the reflection
coefficient and radiation pattern, were measured using a
Network Analyzer and in an Anechoic Chamber, as
depicted in Figs. 4a and 4b, respectively.

a
(@ (b)

Figure 3 Photographs of the antenna. (a) Top view; (b) Bottom view

@ ' (®)
Figure 4 Measurement setup for measuring antenna parameters: (a
coefficient; (b) Radiation pattern

a) Reflection

The simulated and measured reflection coefficients
S11 in dB and peak gain are shown in Fig. 5. The measured
—10 dB impedance bandwidths are 132 MHz [872-1004
MHz] and 168 MHz [1712-1880 MHz] which covers the
GSM 900 and 1800 bands. The measured gain ranges from
3 dBi to 4.8 dBi in the GSM 900 band and from 2.5 dBi to
3.2 dBi in the GSM 1800 band. The measured maximum
gain of 4.8 dBi and 3.2 dBi is achieved at 956 MHz and
1796 MHz respectively. The simulated and measured E-
plane and H-plane patterns are shown in Fig. 6. From the
measurement of radiation pattern, it is observed that the
half-power beamwidth (HPBW) in H-plane is about 150°
and 230° at 0.945 GHz and 1.84 GHz respectively. The
cross polarization levels in both the E- plane and H plane
are low.
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Figure 5 Reflection coefficient and peak gain of the antenna

The reflector is positioned approximately a quarter
wavelength away from the driven element at the GSM 900
band, resulting in higher gain and a lesser beamwidth for
the GSM 900 band compared to the GSM 1800 band. The
measured results closely match the simulated results for the
designed antenna, and its observed radiation properties are
suitable for ambient RF energy harvesting in the GSM 900
and 1800 bands.
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Figure 6 Simulated and measured radiation pattern
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3 RECTIFIER

The rectifier is used to convert the received RF energy
into DC voltage and current. Typically, a RF rectifier
provides high rectification efficiency for a specific input
power, central frequency, and load impedance. However,
when operating outside these defined limits, the conversion
efficiency of the rectifier significantly decreases [24]. This
limitation is mainly due to impedance mismatch between
the antenna and the rectifier. Due to the non-linearity of the
diode, its input impedance changes with variations in input
power level, frequency, and load. Therefore, at low RF
power levels, designing an efficient matching network
becomes a crucial aspect of rectifier design. The objective
of this research is to design a rectifier with a matching
circuit to mitigate these limitations to some extent,
specifically for energy harvesting in the GSM 900 and
GSM 1800 bands.

3.1 Rectifier Design

The maximum power that the antenna can receive from
the ambient environment is very low, typically ranging
from —30 dBm to —5 dBm [21]. Based on the power levels,
three rectifier topologies are basically used namely: Series
mounted diode for low power levels (below 0 dBm, 50 %
PCE); Shunt mounted diode for medium power levels (0 to
20 dBm, 70%); and Bridge rectifier for higher power levels
(greater than 20 dBm), 78% [23]. The multiband single-
branch rectifier topology is unable to cover the intended
broad frequency range, whereas the multiband parallel-
branch rectifier stacked topology effectively covers the
required frequency band of interest. Hence, a stacked
topology with series configuration half wave rectifier for
two GSM bands is proposed comprising two diodes,
matching networks, T- junction power divider network and
a DC-pass filter. The schematic of the proposed rectifier is
shown in Fig. 7. The LSSP and Harmonic balance analysis
setup in Advanced Design System (ADS) software is used
to analyse the results of schematic and layout level
simulation. A Schottky diode, Avago HSMS 2850 (Series
resistance Ry = 25 Q, Threshold voltage Vi = 150 mV,
Junction capacitance Cj, = 0.18 pF, Breakdown voltage =
3.8 V) is selected for rectifying low power RF signals, as it
was specially designed and optimized for small signal

applications. The diode input impedance (Z;) values are
determined for the circuit consisting of the rectifier, DC-
pass filter, and load resistor at the lower, upper, and mid
frequencies of the two bands, under maximum power
transfer conditions, by complex conjugating the load
impedance in the schematic. This work focuses on energy
harvesting from the GSM 900 and 1800 bands in the
ambient environment. So an initial input power level of
—15 dBm is used for determining the diode's input
impedance value.

Zyy =500 Z,=110Q Z,=121Q .
0,=51° 0, =69° 0,=60° HSMS 2850 Diode

Fyy=1840 MHz F, = 1840 MHz F, = 1840 MHz

—{Tw—1{T15 —{ 123 Zn
=110 |4 | Z,=930
0, =65 ) = 0,=16°
F, = 1840 MHz F,=1840 MHz
TJ' DC — Pass Filter
{1}~ | ‘
2, =500 _ !
1 0,=595°
F,y = 945 MHz Z3 2150 Z,-1210
0,=2.5° = = 0,=5.7° ‘ S
F,=9%45MH: | Fy= 945 MHz
L & Z,,=140
(7] u By =47°
- L — Fiz = 945 MHz
2, =500 Z,=440  Z,=121Q 2
L 0,=20° 8:=76°  pSMS 2850 Diode

F,=945MHz F, =945 MHz F,=945MHz

Figure 7 Schematic of the proposed rectifeir circuit

The transmission line-based matching network design
principle is illustrated in Fig. 8. In this design, the lower
branch of the impedance Zg; is matched using a single stub
technique with transmission lines TL1 and TL2 for the
GSM 900 downlink frequency. High-impedance
transmission lines TL1 and TL2 are employed to improve
the bandwidth. The impedance at the output of TL2 is
transformed closer to the characteristic impedance (Zo)
using a T-junction power divider, which further broadens
the impedance bandwidth. The power divider network
comprises short high-impedance line TL7, a low-
impedance open-circuit line TL8, and 50 Q lines TL9,
TL10, and TL11. The susceptance in the upper branch for
the GSM 900 band is cancelled by adjusting the
dimensions of TL7, TL8, TL9, and TL10. The impedance
at various points in the circuit is shown in Fig. 9a when
both branches operate simultaneously at 0.945 GHz. In the
upper branch, a double-stub matching technique is used for
the GSM 1800 downlink frequency. The impedance of the
upper branch, Zg, is brought within the » =1 circle on the
Smith chart using transmission lines TL3 and TL4. The
impedance is then further transformed to the g = 1 circle
with a section of transmission line TL5. An open-circuited
line, TL6, is employed to cancel the susceptance generated
at the output of TLS. Finally, the susceptance in the lower
branch for the GSM 1800 band is cancelled by adjusting
the dimensions of TL7, TL8, TL9, and TL10. When both
branches operate simultaneously at 1.84 GHz, the
impedance at different locations in the circuit is shown in
Fig. 8b. The short circuited lines TL2 and TL4 also provide
DC ground for the rectifier. The high-impedance lines TL1
along with their electrical length, transform the variable
diode input impedance into a nearly constant impedance
for power levels ranging from —30 dBm to 0 dBm at the
downlink frequencies of GSM 900 band, with a 4.7 kQ
load resistor. Similarly the high impedance line TL3 is also
transform diode input impedance into a nearly constant
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impedance at GSM 1800 down link frequencies. The
impedance variation at the output section of TL1 and TL3
remains minimal for load values between 3 kQ and 7.5 kQ,
within the same power range of —30 dBm to 0 dBm for the
GSM 900 and 1800 downlink frequencies. The
characteristics of TL1 and TL3 enhance the rectifier's
operating range, thereby increasing the output dc power.

TL7 TL8

TL9

(a) (b)
Figure 8 Design principles of matching network: (a) 0.945 GHz; (b) 1.840 GHz

The DC-pass filter is implemented using a low-
impedance microstrip open-circuited line to eliminate
harmonics and improve the ripple factor. The DC-pass
filter is designed using a conventional open-circuit
transmission line, eliminating the need for a radial stub.
This design approach reduces the area required for the DC-
pass filter in the layout implementation.

3.2 Performance of the Proposed Rectifier Design

The layout level simulation is carried out for the
proposed rectifier design shown in the schematic of Fig. 8.
The Roggers RT Duroid 3203 with a dielectric constant
3.02 and thickness 0.76 mm is used as substrate for the
layout. The RT/Duroid 3203 substrate ensures stable
performance in extreme conditions (—55°C to +125°C)
with minimal moisture absorption, enhancing long-term
reliability and reducing performance degradation. The
length and width of the microstrip lines are calculated
using line calculator tool in ADS software. The layout of
the proposed dual-band rectifier, shown in Fig. 9, features
dimensions optimized through tuning and parametric
variation using ADS software.

L12=2§

L10=13.4
Wi10=1.9

L5=28.5 Diode W12=10
3=117.
W5=1.1 12=17.

L11=30 Wi=0.3

Wii=1.9

M

28.5, We=0.3 L4=4, Wi=0.6

L6=

10 L2=34 L1=452
W2=0.3 Wi1=0.3

0=

L=130

-

Figure 9 Layout of the proposed dual-band rectifier (all units in mm)

The input impedance of the proposed rectifier at
different power levels, with a fixed load resistor of
4.7 KQ, is shown in Fig. 10 based on layout-level
simulations. A reasonable impedance match with
frequency shift is observed as the power level varies from
—25 dBm to —5 dBm. Among the different power levels, the
impedance values are perfectly matched at —15 dBm for

both bands, while at other power levels, the matching is
close but accompanied by slight frequency shifts.

To validate the proposed design, fabrication is carried
out and photograph of the fabricated rectifier board during
the measurement process is shown in Fig. 11. The power
conversion efficiency is calculated by

Ve

n= X100 (1)

L+ in

Ry is load resistance, Pi, is input RF power and V1 is
output dc voltage of the load.

50§

2.2 GHz
——-25dBm
~="-15 dBm
———-5dBm

10§

0.945 GHz 4 g40GHz

30;
Figure 10 Input impedance of the dual band rectifier at different power levels for
load resistor 4.7 KQ

b i TR b
Figure 11 Photograph of the rectifier board under measurement

The simulated and measured reflection coefficients
(S11) in dB and PCE as a function of frequency are shown
in Figs. 12 and 13, respectively. Due to fabrication errors,
a frequency shift is observed in both the S;; and PCE
measurement results for both bands. The measured
maximum conversion efficiencies of 44.8% and 46.5% are
achieved at 920 MHz and 1766 MHz, respectively, for a
power level of =5 dBm. As shown in Tab. 2, the proposed
rectifier circuit with the matching network, designed using
the transmission line approach, has a bandwidth of 24-28
MHz for the GSM 900 band and 54-58 MHz for the GSM
1800 band with a 4.7 KQ load. This results in an enhanced
operating bandwidth for the rectifier, enabling
maximization of the load DC power by rectifying each
single tone in the intended band of harvested ambient
signals. Tab. 2 also shows that the operating power level of
the rectifier is improved, allowing for the maximization of
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the load DC power by rectifying different power levels
within the intended band.
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Figure 12 Reflection versus frequency of the rectifier: (a) simulated;
(b) measured

70

—=—-30dBm
60 60 —e— 25 dBm
~ - —+— 20 dBm
§ 50 5 50 —v—-15dBm 1
z 40 z 40 —+—-10dBm N
2 £ y —<— -5dBm A
5 30 g3 Ih—— owm [\l
Exn Exn f Y
= = b } \‘.
TRA ¥
10 10 /1_‘.1‘,,\ BN
0 s e . [ = Y
08 10 12 14 L6 L§ 2.0 22 08 10 12 14 16 18 20 22
Frequency (GHz) Frequency (GHz)
(@) (b)
Figure 13 Efficiency versus frequency of the rectifier: (a) simulated; (b)
measured
5"—-—011«1 50 =s=10TKT
o= 1.0 KQ
40 4—22KQ
;: —v—33KQ =
S fe—47k0 &
3,30_'_mm ek
S 100Kt ]
2 o
g 20 ‘g
£ £
10 =
0
=30 -24 -18 -12 -6 1]

930 -24 -18 -12 -6 0
Input RF Power (dBm)

(a) (b)
Figure 14 Measured efficiency versus input power: (a) 0.915 GHz; (b) 1.75 GHz
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Figure 15 Photograph of experimental set-up for powering the sensor using the
proposed rectifier

Table 2 Measured PCE and bandwidth of the proposed rectifier for the different

power levels
0, 0,
Pin Freq. (MHz) §1C1E< /_1/:) Freq. (MHz) SPI(lj]i/—fO
dBm |S11<-10dB d_B S11<-10dB d_B
GSM 900 GSM 900 GSM 1800 GSM 1800
-30 892-916 4.4-5.6 1686-1738 4.6-5.5
25 893-916 11.1-144 1690-1743 11.3-13.2
20 900-928 21.3-24.8 1719-1774 21.2-24.8
-15 902-930 31.5-34.7 1724-1782 32.3-359
-10 905-931 39.4-42.1 1732-1789 40.3-43.7
=5 907-931 43.1-44.8 1740-1794 43.6-46.5
0 914-928 38.0-40.2 1750-1796 35.1-41.3

The measured PCE at different power levels and loads
is shown in Figs. 14a and 14b for operation at 0.915 GHz
and 1.75 GHz frequencies, respectively. At lower power

levels, the PCE decreases due to the diode's threshold
voltage, while at higher power levels (above —5 dBm), the
PCE drops due to power loss in the series resistance. From
Fig. 14, it is also observed that a reasonable PCE is
achieved with load values ranging from 1 KQ to 10 KQ,
due to the performance of the designed matching circuit for
both frequencies. The 4.7 KQ load is identified as the
optimal load for different power levels which is suitable for
various IoT low power devices. Figure 15 shows a
photograph of the experimental setup used to power the
sensor with the proposed rectifier. The Humidity,
Temperature and Clock (HTC) sensor is powered by the
fabricated rectifier circuit, with the RF input fed by the
signal generator.

4 RECTENNA MEASUREMENT IN AN OUTDOOR
AMBIENT ENVIRONMENT

The performance of the fabricated rectenna tested
under a roof in an outdoor ambient environment is shown
in Fig. 16. The distance from the nearest cell tower to the
rectenna on the roof is 35 meters. For a 4.7 KQ load, the
output DC voltage ranged from 0.3 V to 0.67 V,
corresponding to DC power levels of 19 pW to 96 pW in
the ambient environment under the roof. In the open-circuit
condition, on roof the output DC voltage ranged from 0.9
Vt0 1.697 V . On the ground, under open-circuit condition,
the output DC voltage varied between 0.7 V and 1.6 V.
When the output voltage reached approximately 1.5 V, the
HTC sensor is switched ON. Hence the proposed rectenna
has potential to harvest RF energy and can overcome the
challenge of battery recharging and replacement in
wireless sensor nodes.

Figure 16 Photograph of rectenna measurement in an outdoor environment on
a roof

3 DISCUSSION OF RESULTS

The performance of the proposed rectifier design is
compared with the previous researches in the Tab. 3. It is
noticeable that the proposed rectifier design produces an
acceptable PCE and size in comparison with the other
related researches. As far as the efficiency is concerned, the
proposed design achieves a PCE greater than 20% at —20
dBm, greater than 30% at —15 dBm, and greater than 40%
at —10 dBm for both bands, which is comparable to the
references [9] and [24] whereas in other related researches
it is less. In general, the size of the dual-branch rectifier
will be larger than that of the single-branch rectifier
topology in order to improve the operating frequency and
ambient RF power levels which in turn increases the output
DC power. In this proposed design of dual branch rectifier,
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the size is increased which is comparable with the size of
the single branch rectifier designs specified in the
references [9], [24], and [25]. This shows that the size of
the proposed dual branch rectifier is designed with
minimum area. The maximum PCE achieved for a dual-
tone input is 50% in references [9] and [24], whereas the
proposed work reaches 85% in simulation due to the dual
branch network. Hence it is proved that the proposed
rectifier circuit effectively rectifies both bands of
frequencies at ambient power levels, making it suitable for
RF energy harvesting applications.

Table 3 Performance comparison of the rectifier against related works.

. RF | PCE (%) for Pin .
Ref.No. Tl?:c::li(‘:er Diode Freq. (dBm) Sr:lzl:lz
pology (GHz) [ 20]-15]-10] -5
Single svs 0915 15 [23 33 @ [ o
[4] branch 1 2630 | 245 |10 |18 |25 |35 | 21
series
Single sMs | 1880 |NA 18126 |32
[6] branch NA
; 7630 | 1.980 |NA |32 |43 |49
series
o srl:fii HSMS - 1.84 33 |42 |46 |46 146 x
: 2852 | 2.14 |28 [42 |51 |55 | 27
series
(i8] srlzfé; HSMS - 3.5 1 |8 |23 |44 20 x
: 2860 58 |1 |2 (84|27 25
series
o srl:fcl; BATIS. 0915 [5 [20 [35[50 [,
: 03W | 245 |5 [20]35]50 | 19
series
Dual SMS 35 |NA[10[20 |25
(23] | branch iy se Inal10 {2025 | VA
series
Single 1.85 |25 |35 |43
[24] branch sté\g(s) 2.15 |28 |38 [47 |[NA 4glx
series 2.48 19 [30 |38
) Sﬁﬁfii HSMs . 245 | 8 (2335 [47 [ o
: 2852 58 |2 |3 |10]14] 34
series
This bDualh HsMs . 0915 [24 [35 [4r (a3 1 o
work sfr‘:gs 2850 | 1.750 |24 |35 (43 |46 | 20

Table 4 Performance comparison of the antenna against related works

Ref. [RF Bands | Gain Beam Impedance Size
No. GHz dBi width bandwidth mm?
0.915 1.87 NA
NS 418 NA NA 60 60
[5] 1'28:2‘1 7.5-10.5 NA 1.54-322GHz | NA
GSM 840
GSM High
(8] 1860 Gagin NA NA 150 x 150
3G-2100
Wi-Fi
170°
GSM 1800 | 9.9-13.3
[9] HPBW) | 552 GHz D80 x 140
UMTS [ 0o aa| 110°
2100 7727 | (HPBW)
[10] | 0.900 5.15 _Omni- NA D00 x 150
directional
. 150°
v{gi GSM900 | 348 | (o [872:1004 Mz -
GSM1800 | 253 230° 1712 -1880
<7< | (HPBW) MHz

The performance of the proposed antenna design is
compared with related researches in the Tab. 4. In this
work, the second band is achieved by placing a half-
wavelength dipole near the primary dipole, with the
spacing between the driven and parasitic dipoles optimized

for maximum coupling. This approach makes it easier to
achieve the second band compared to the methods in [4]
and [8]. Additionally, the antenna's volume is 160 x 115 x
0.76 mm?®, making integration with external circuits and
placement easier than in [4]. The proposed design features
broaden HPBW in H-Plane for both the bands, with the
second band’s HPBW being twice that of the second band
in reference [9]. A parasitic element in a dipole
configuration is added with a minimized size compared to
the design in reference [10]. From Tab. 4, it is evident that
the proposed antenna achieves acceptable bandwidth,
beamwidth and gain in both the bands, with compact size
compared to other related researches, which proves that it
is suitable for RF energy harvesting applications.

5 CONCLUSION

This study presents a compact, dual-band rectenna
designed for RF energy harvesting, targeting GSM 900 and
1800 bands. The antenna, featuring a printed dipole with a
parasitic dipole, achieves bandwidths of 132 MHz and 168
MHz, with measured gains between 2.5 dBi and 4.8 dBi.
The rectifier circuit, utilizing transmission lines, diodes,
and load resistors, demonstrates a peak power conversion
efficiency (PCE) of 24.8% at —20 dBm and 44.8% at —5
dBm for a 4.7 kQ load. The rectifier's performance is
analyzed across varying power levels and load resistances,
showing efficient power conversion within 25 MHz (GSM
900) and 50 MHz (GSM 1800) bandwidths, ranging from
—30 dBm to —5 dBm. The transmission line-based matching
network optimizes PCE, while conventional stubs
minimize circuit area. In outdoor tests, the rectenna
generates over 1.5 V, successfully powering an HTC
sensor. This highlights its potential to energize low-power
devices without batteries, especially with an integrated
power management system. Future improvements may
include a multiband rectenna using double-sided printed
dipoles and a stacked multiband rectifier to enhance PCE
and expand operational bands. Each IoT device can
autonomously harvest energy through its rectenna module,
while energy storage and power management enhance the
reliability and scalability of large-scale, sustainable IoT
networks.
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