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Abstract. This paper proposes a novel rectenna design for 
the compact RF energy harvesting system operating at 
900 MHz. The rectenna design is based on a probe fed 
split-ring resonator on an elliptical slotted ground plane 
and an RF-DC rectifying circuit in the form of Villard 
voltage doubler circuit. The energy harvesting antenna is 
numerically modeled and fabricated on a 1.524 mm thick 
Rogers RO4003C substrate with a compact overall size of 
81.25 mm  87.5 mm (λ0/4.1  λ0/3.8). The measured re-
flection coefficient indicates the proposed energy harvest-
ing antenna to operate at 890 MHz with 51.3 MHz band-
width covering GSM 900 band. As an RF-DC rectifying 
electronic circuit, a one stage voltage doubler circuit 
based on zero bias Schottky barrier diode in conjunction 
with the inductive impedance matching and λ/4 impedance 
transformer circuits has been designed. The DC voltage of 
nonlinear RF rectifier circuit is obtained as 1.7 V at the 
output load for –11 dBm input power level. The measured 
and simulated results confirm the proposed rectenna sys-
tem to have a technical potential for the operation of low 
power and low voltage electronic devices.  

Keywords 
RF energy harvesting, rectenna, microstrip antenna, 
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1. Introduction 
In recent years, there has been a rapid growth in many 

wireless communication applications such as wireless sen-
sor networks and IoT [1]. Since these wireless applications 
consist of a large number of low power, low voltage oper-
ating sensors, ubiquitous and continuous supply of energy 
is essential for their reliable operation [2]. As the power 
demand increases, the need for the alternative energy 
sources has become important. In this regard, energy har-
vesting from the ambient environmental energy sources 

and corresponding power conversion to the usable DC 
voltage levels is the key solution [3]. With the technologi-
cal and scientific improvements, RF energy harvesting 
technique becomes more efficient. In the modern environ-
ment, there are multiple external ambient RF energy 
sources at different operating frequencies radiating RF 
power in all directions. These sources are TV and radio 
broadcast stations, mobile phone base stations, cellular 
phones, and wireless Local Area Network (LAN) trans-
ceivers. RF energy harvesting system targets the continu-
ous gathering of RF energy from the external ambient 
sources for the purpose of providing sufficient DC power 
to the low power electronic equipment.  

In RF energy harvesting technique, the radio signals 
with the frequency range from 300 GHz to as low as 3 kHz 
are used as the RF input source to be rectified into the 
permissible DC voltage level [2]. Therefore, the diverse 
frequency spectrum opportunity for the RF energy har-
vesting is existing to energize the low power devices with-
out the regular need of replacing batteries [4]. In addition, 
there is an active research potential in the investigation of 
the multiple alternative ways to scavenge energy from the 
environment and convert into the DC electrical energy to 
energize the low power devices [5].  

The basic RF energy harvesting system block diagram 
is shown in Fig. 1. RF energy harvesting system includes 
the receiving antenna, matching network and rectifying 
circuit. The environmentally freely available RF energy is 
conveniently captured by the receiving antenna and con-
verted into the permissible DC power level by the voltage 
rectifier circuitry. In this system, the receiving antenna is 
utilized for gathering RF signals from the environment in 
every location in space. Antenna physical dimensions, high 
directive gain, and good radiation pattern are the main aims 
of the antenna design. Another important part of the system 
is the matching network. The crucial task of matching 
network is to reduce the reflection and transmission losses 
from the receiving antenna to the RF rectifier electronic 
circuit and  increase the output  voltage of the rectifier  circuit 
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Fig. 1.  RF energy harvesting system block diagram. 

[6]. The input impedance of the RF rectifier electronic 
circuit is different from the antenna input impedance 
(50 Ω), thus the impedance matching is therefore required 
to transfer the maximum available power to the load. The 
last important part of the system is the RF rectifier elec-
tronic circuit. Rectifier circuit has to be capable of con-
verting an input RF signal into a considerable DC voltage 
level. The different topologies of the rectifier circuits have 
been discussed in the literature for RF energy harvesting 
systems such as Greinacher rectifier, Villard voltage recti-
fier and Dickson rectifier [7–9]. 

In 2014, the study presented by Lu et al. has provided 
an overview of RF energy harvesting networks including 
system architecture, RF energy harvesting techniques, and 
existing applications [2]. A high gain printed dual-band 
meandered dipole antenna has been proposed for RF en-
ergy harvesting applications in the GSM-1800 and WiFi 
bands by Sarma et al., in 2016 [10]. The antenna has been 
designed to achieve maximum gain in dual band. In 2016, 
the research work on design, analysis, and optimization of 
RF energy harvesting system for WLAN source operating 
at 2.4 GHz and 5.8 GHz has been presented by Munir et al. 
[7]. The researchers have achieved to provide 1.3 mW 
power across 10 kΩ load, which could be enough to ener-
gize the low power devices for the received RF power of 
5 dBm. In 2017, a wideband slot rectenna has been de-
signed for the wireless power transmission operating at the 
WLAN 2.45 GHz band, by Chang et al. [11]. The simu-
lated maximum system efficiency of 73.7% has been 
achieved. In [12], Zakaria et al. presented energy harvest-
ing system based on 3dBi helical monopole antenna oper-
ating at 902 MHz in ISM band with output DC voltage of 
200 mV and 1.08 V for the RF input power level of –22.5 
and –11 dBm, respectively. Different energy harvesting 
antenna designs operating at higher frequencies [13–17] 
and alternative compact antenna design techniques, which 
can be utilized in the energy harvesting system are investi-
gated in [18] in addition to the electrically small antennas 
based on split-ring resonators formed artificial magnetic 
material unit cells in [19–21]. 

In this paper, a compact rectenna design is proposed 
for the energy harvesting applications in 900 MHz band. 
The receiving antenna section of the proposed rectenna is 
modeled on 1.524 mm thick Rogers RO4003C substrate for 
the numerical computations and verified by the experi-
mental results. The input impedances of the proposed an-
tenna and rectifying circuit are matched using the series 
inductor and quarter wavelength matching networks. Vil-
lard voltage doubler rectifier circuit has been used for RF 
to DC conversion. The proposed antenna geometry and 
rectifying circuit design principle are explained in Sec. 2. 
The numerical computation and experimental results are 
presented in Sec. 3. The concluding remarks are conducted 
in Sec. 4. 

2. Rectenna Configuration 
The design and analysis of RF energy harvesting 

system for GSM-900 frequency band as a whole complete 
model are explained in this section with the design details 
of energy harvesting antenna, AC-DC rectifier RF 
electronic circuit, and impedance matching network. 

2.1 Energy Harvesting Antenna 

The top and bottom layers of the energy harvesting 
antenna model are shown in Fig. 2 along with the fabri-
cated antenna prototype using Rogers RO4003C substrate. 
The proposed antenna is modeled and RF performance 
parameters are numerically calculated in FIT based com-
mercial 3D numerical computation program CST Studio 
Suite [22]. The substrate material is selected to be 
1.524 mm thick Rogers RO4003C substrate with the die-
lectric constant of 3.38 and loss tangent of 0.0027. The 
physical size of the energy harvesting antenna is L1  L2 
(81.25  87.5 mm). The top side of the proposed antenna 
geometry is structured in the form of split ring resonator 
(SRR) which is directly fed through the probe feeding 
technique from the bottom side of the substrate. The bot-
tom side of the proposed antenna geometry is however in 
the form of a slotted ring with the elliptical metallic section 
in the inner and outer sides. In the antenna design principle, 

 
Fig. 2.a.  Proposed energy harvesting antenna model with 

design parameters: (a) top and (b) bottom views. (The 
relevant dimensions are (in mm); R1=18, R2=20, 
R3=22, R4=24, D1=2.5, D2=2, L1=81.25, L2=87.5, 
L3=23, L4=8.2, L5=30.1, L6=34.375, L7=12.5, 
M1=43.75, M2=40.625, Rg1=32.5, Rg2=27.5, Rg3=5, 
Rg4=6.5, ● is feeding point) 

 
Fig. 2.b.  The fabricated prototype of the proposed energy 

harvesting antenna.  
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the geometric parameters of directly fed SRR are optimized 
for the SRR formed radiator to be excited in the second 
higher order mode with the electrical near field coupling to 
the resonant elliptical slot in the ground plane. The geomet-
ric parameters of inner and outer rings of the top side of the 
proposed antenna in addition to those of the elliptically 
slotted ground plane are parametrically studied and opti-
mized in order to have the resonance frequency at 900 MHz. 

2.2 Rectifying Circuit 

The rectifying circuit has an important systematic 
effect on the energy harvesting system’s performance due 
to the primary objective of highly efficient conversion of 
RF power into DC power. The targeted rectifying circuit 
has to be designed with the operational capability of possi-
bly high conversion efficiency in addition to the unidirec-
tional current flow and low RF transmission loss. A one 
stage voltage doubler circuit based on zero bias Schottky 
detector diode, SMS 7630 Skyworks, in conjunction with 
inductive impedance matching and λ/4 impedance trans-
former circuits has been designed with the numerical 
model in Ansoft Designer [23]. The numerical model is 
shown in Fig. 3. 

The lumped circuit element values are listed in 
Tab. 1. In Fig. 3, the RF terminal voltage at the energy 
harvesting antenna input is designated as Vsig. Because of 
the nonlinear RF analog circuit feature of the RF-DC recti-
fier circuit, the DC output voltage is highly dependent on 
the input RF power level, operating frequency, and DC 
load. The RF-DC voltage doubler circuit is designed to be 
matched to the antenna input impedance of 50 Ω for 1 µW 
(–30 dBm) input power level for 50 kΩ DC load with the 
reflection coefficient of –30 dB. However, the maximum 
RF-DC conversion efficiency of 75% has been obtained at 
–11 dBm input power level for the RF-DC rectifier circuit. 
The Spice component design parameters of zero bias 
Schottky detector diode, SMS 7630 [24] are used in the 
nonlinear circuit simulation and listed in Tab. 2. The DC 
load resistance is quite similar to the input resistance of the 
commercial temperature sensor, KY-028 Digital Temper-
ature Sensor [25]. 

 

Fig. 3.  Configuration of the proposed rectifying circuit:  
(a) Input RF power, (b) matching circuit, (c) Villard 
doubler circuit with DC load (temperature sensor). 

 

Z line L line L1 C1 C2 R load 

77.45 Ω 44.5 mm 150 nH 1.5 nF 5.6 nF 50 kΩ 

Tab. 1.  Design parameters of proposed rectifying circuit with 
DC load. 

 

Is (A) 5x10-6 XTI 2 

Rs (Ω) 20 Fc 0.5 

N 1.05 Bv (V) 2 

TT (sec) 10-11 IBV (A) 10-4 

Cj0 (pF) 0.14 Vj (V) 0.34 

M 0.4 EG (eV) 0.69 

Tab. 2.  SMS 7630 spice component parameters [21]. 

3. Numerical and Experimental 
Results  

The proposed antenna design has been modeled in 3D 
commercial high frequency simulator CST Studio Suite 
and fabricated using Rogers RO4003C substrate for the 
performance measurement. The fabricated prototype of the 
optimized numerical model is measured with (Signal 
Hound USB-SA124B Spectrum Analyzer and USB-
TG124A Tracking Generator). The numerical and experi-
mental results of reflection coefficient (S11) are shown in 
Fig. 4. The numerically computed resonance frequency is 
900 MHz with the return loss of 21 dB and 10-dB band-
width of 34.6 MHz. The resonance frequency of the fabri-
cated prototype is 890 MHz with the return loss of 21 dB 
and 10-dB bandwidth of 51.3 MHz.  

Numerical computations are done for the optimization 
of the proposed energy harvesting antenna to have the 
resonance frequency at 900 MHz. As deduced from the 
parametric studies, two of the most significant parameters 
affecting the resonance frequency and operation bandwidth 
are Rg1 and Rg2 of the slotted elliptical ring in the ground 
plane. The input reflection coefficient results indicating the 
effect of Rg1 and Rg2 parameter changes on the resonance 
frequency and the operation bandwidths of the proposed 
antenna design are presented in Fig. 5. 

As deduced from Fig. 5, the increasing perimeter of 
the slotted elliptical ring in the ground plane results not 
only the resonance frequency to be lower but also to pre-
vent the second resonance frequency to emerge in the op-
eration band due to the near field coupling to the radiating 
SRR. Therefore, both radiating elements have to be para-
metrically studied to set the antenna resonance frequency 
to 900 MHz. 

 
Fig. 4.  The input reflection coefficient (S11) of the proposed 

energy harvesting antenna (simulation and 
measurement results). 
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(a) 

(b) 

Fig. 5.  The input reflection coefficient (S11) of the proposed 
energy harvesting antenna with the different variables; 
(a) Effect of Rg1 (Rg2 = 27.5 mm), and (b) effect of 
Rg2 (Rg1 = 32.5 mm). 

 
(a) (b) 

Fig. 6.  The surface current distribution of the proposed energy 
harvesting antenna; (a) top and (b) bottom views. 

The surface current distribution at the resonance fre-
quency of 900 MHz is shown in Fig. 6. The resonance 
current distribution indicates the operation principle of the 
antenna, which is in the form of λ resonance characteristic 
feature of capacitively coupled split-ring resonators on the 
upper surface of the antenna and slotted ground plane on 
the lower antenna surface in the form of electrical coupling 
in between.  

The 3D radiation pattern of the proposed antenna is 
shown in Fig. 7. The halfpower beamwidth (HPBW) of the 
radiated field is more than 90 degrees (94.8 degrees) in 
azimuth plane with the peak gain of 3.42 dBi at 900 MHz. 

The antenna radiation efficiency is 96.3% with the 
directivity of 3.61 dBi. The alternative energy harvesting 
antenna designs in the literature are listed in Tab. 3 to point 
out the comparative better radiation performance of the 
proposed antenna design. 

The RF terminal performance of the proposed antenna 
is numerically studied to determine how much input power 
can be gathered in the receiving mode as shown in the 
experimental setup model in Fig. 8. 

In order to model the experimental setup, antenna 
feeding port is replaced by the lumped element as the port 
termination. The ambient radiating field is modeled as the 
plane wave excitation in a far field region with the separa-
tion distance of 500 mm from the antenna. In Fig. 9, the 
terminal voltage and current values on the antenna lumped 
port are shown for the input power level of –11 dBm. 

At the resonance frequency of 900 MHz, the terminal 
voltage of 88.4 mV and current of 1.77 mA are obtained 
which  indicates  the  approximately  –11 dBm  power to be 

 
Fig. 7. The 3D radiation pattern of the proposed energy 

harvesting antenna at the resonance frequency of 
900 MHz. 

 
Fig. 8.  Antenna measurement setup.  

 

 

Fig. 9.  Terminal voltage and current values on the antenna 
input port. 
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Physical Dimensions 

[mm] 
Directivity 

Radiation Efficiency    
(Total Efficiency) 

Center Frequency 
(Bandwidth) 

Gain 
Operating 

Frequency Band 

Ref [26] 
120  55              

0.5 (thickness) 
1.8 dBi 84% 

915 MHz               
(300 MHz) (30.3%) 

2.05 dBi 850–1150 MHz 

Ref [27] 
128  109.6            

0.8 (thickness) 
2.5 dBi 60.75% 

848 MHz              
(21 MHz) (1.9%) 

2.29 dBi 839–860 MHz 

Ref [12] 
3 dBi Commercial 

Antenna 
Unspecified Unspecified 

878 MHz               
(47 MHz) (4%) 

3 dBi 856–903 MHz 

Ref [28] 
120  50              

1.6 (thickness) 
Unspecified Unspecified 

915 MHz              
(124 MHz) (13.6%) 

1.97 dBi 853–977 MHz 

This work 
81.25  87.5         

1.524 (thickness) 
3.60 dBi 96.3% (94.5%) 

900 MHz               
(34.6 MHz) (3.4%) 

3.35 dBi 886.3–920.9 MHz 

Tab. 3.  Proposed energy harvesting antenna performance with the alternative antenna designs in literature. 

 

obtained by the energy harvesting antenna in the receiving 
mode. It is also important to figure out how much the inci-
dent RF power is being transferred into the RF load termi-
nation of the proposed antenna for the determination of the 
amount of RF power to be converted into DC power at DC 
load in the energy harvesting system. This figure of merit, 
RF power capturing efficiency (ηcap), can be calculated as 
the ratio of RF power at the output load termination to the 
incident power received by the antenna [29].  

 out
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P
    (1) 

Pout is the total time-average power developed across the 
antenna termination load and calculated as  

 terminal terminal
load

.
.

2
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Pinc is the total time-average power incident on the antenna 
and calculated as 

 
2
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E A
P
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where Einc  is the electric field amplitude of incident plane 
wave, Aeff  is the effective area of the receiving antenna, Z0 
is the free space wave impedance. 

The RF power capturing efficiency of the proposed 
antenna is computed as 35.86%. ηcap can be improved by 
the use of periodic arrangement of unit cells in the form of 
metamaterial RF absorbers with the metal backing at the 
lower substrate side instead of slotted elliptical ring.  

The RF-DC rectification performance of the RF 
energy harvesting module has been pointed out with the 
numerical computations in the commercial RF electronic 
circuit design software, Ansoft Designer. The RF-DC con-
version efficiency and input impedance matching of the 
RF-DC rectifier circuit in Fig. 3 are shown in Fig. 10. As 
shown in Fig. 9(b), even though the input impedance of the 
RF-DC rectifier circuit is matched to the antenna input 
impedance of 50 Ω in 900 MHz band for –30 dBm input 
power level, the best RF-DC conversion efficiency is 
observed with the maximum value of 75% for the input 

power level of –11 dBm as shown in Fig. 10(a). Therefore, 
the output DC voltage level depending on the DC load 
resistance is determined at the optimum input power level 
of –11 dBm where the maximum RF-DC conversion effi-
ciency has been obtained. As shown in Fig. 11, the output 
DC voltage is increased to higher value with the larger load 
resistance for the same input power level. However, as 
a result of input impedance mismatch of the RF-DC recti-
fier circuit and power distribution in the generated higher 
order harmonics in the Schottky barrier diodes for different 
load resistances, the output voltage is not increased pro-
portionally to the square root of load resistance for the 
same input power. As shown in Fig. 11, the output voltage 
level is higher than 1 V for the input power level more than 
–15 dBm (30 µW). 

DC voltage level can be increased sufficiently to 
operate any low power and low voltage electronic devices 
with the use of antenna arrays. To figure out the time domain 

 
(a) 

 
(b) 

Fig. 10.  RF-DC conversion efficiency and reflection coefficient 
(S11) of RF-DC rectifier at the resonance frequency. 
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(a)  

  
(b) 

Fig. 11.  DC output voltage level depending on different DC 
load resistance and RF input power level at the 
resonance frequency. 

 
Fig. 12.  RF input and DC output voltage values of the 

proposed rectifying circuit for –11 dBm input power 
level. 

rectification feature of RF-DC rectifier circuit, the input RF 
signal and output DC voltage for –11 dBm input power are 
shown in Fig. 12. The RF signal amplitude and DC output 
voltage value are 28 mV and 1.7 V, respectively.  

4. Conclusion 
In this paper, a rectenna design consisting of a probe 

fed SRR on the elliptical slotted ground plane in conjunc-
tion with RF-DC rectifying unit is proposed and numeri-
cally investigated for the energy harvesting applications at 
900 MHz. The nonlinear modeling and systematic optimi-
zation of the proposed rectenna have been performed as 
a whole complete system. The numerical and experimental 
results indicate the proposed rectenna to generate 1.7 V DC 
output voltage at the center frequency of 900 MHz for  
–11 dBm input power. Therefore, the technical potential of 
the proposed rectenna system has been numerically and 
experimentally confirmed for the operation of any low 

power electronic devices with the improved capture effi-
ciency in antenna arrays. 
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