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Abstract—  RF energy harvesting has drawn much interest recently for providing a possibility of powering low energy 
devices but it has so far, been limited in its application by lots of factors. One of the major factors has been the ability to 
design a system that can operate at a high enough efficiency to harvest ambient RF energy. Impedance matching is required 
to provide maximum power transfer between RF energy source and its load. In this work analytical modeling and simulation 
of the antenna operating at 2.45GHz and the rectifier unit is carried out to improve impedance matching and provide 
maximum power transfer. The performance of the rectenna system has been optimized using simulation softwares. The RF-
DC conversion efficiency of about 37% was achieved. 
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I. INTRODUCTION 
 
Multiple sources of different Radio frequency (RF) 
energy (such as WI-FI, cellular networks and 
broadcast masts, Bluetooth etc) are radiating power in 
all directions in a rich scattering environment. RF 
energy density will continue to increase year on year, 
expanding the possibilities of deploying devices 
powered by ambient RF energy harvesting. 
RF energy harvesting has drawn much interest 
recently for providing a possibility of powering low 
energy devices such as remote sensing devices etc. It 
can reduce the installation and maintenance costs of 
having to change batteries integrated within 
numerous low power devices. By providing an 
“always on” source of energy for these devices, 
ambient RF energy harvesting can reduce the 
dependency on battery swapping or plug in charging. 
Radio frequency (RF) energy harvesting requires 
sufficient levels of ambient RF energy density to be 
effective. In contrast to many other energy sources, 
RF signals are purposely generated and regulated. 
Due to the development of new radio technologies, 
the radio spectrum is becoming heavily populated: 
television, radio, cellular, GPS, Wi-Fi, satellite and 
radar, among many others. Each of these frequency 
bands has an associated standard, which stipulates 
how it is used and the amount of RF authorized 
power to be transmitted. Depending on the location 
the RF power, energy densities can vary from 0.01 
µW/cm2 to 100 µW/cm2, and in some cases, where a 
dedicated RF transmitter is available, the RF power 
density can reach 300 µW/cm2  [1]. 
 
The major component used to convert this RF energy 
into utilizable DC power is a rectifying antenna, also 
termed as rectenna. Among various entities of 
rectenna, antenna is one of the major elements which 
is responsible for collecting the incoming RF signals 
of various frequencies. The source of incoming RF 
energy can be WLAN (2.4 GHz, 5.8 GHz), WiMax, 

RFID (microwave band: 2.45, 5.8, 24.125 GHz) and 
so forth with various frequency ranges. 
In the last few years, several antenna designs of 
rectenna that meet various objectives have been 
proposed for use in RF energy harvesting. Among 
various antennas, microstrip patch antennas are 
widely used because of their low profile, light weight, 
and planar structure. Conventional patch antennas are 
rectangular or circular in shape, but variations in their 
basic design are made for different purposes [2]. 
Ambient energy harvesting has so far, been limited 
by lots of factors. One of the main limiting factors 
has been the ability to design a rectenna system that 
can operate at a high enough efficiency to harvest the 
ambient RF energy from the very low power densities 
that are present in most cities. This work explores a 
method to design and simulate microstrip patch 
antenna and a rectifier unit to improve efficiency and 
provide maximum power transfer to supply low 
energy devices.  

 
II. ANTENNA DESIGN  
 
2.1. Antenna Parameters 
A rectangular microstrip patch antenna was designed 
and optimized using the antenna design software CST 
studio suite. The frequency of the proposed antenna is 
in the range 2.4 to 2.5GHz with the center frequency 
of about 2,45GHz.        
The antenna design required to look into the 
permittivity or dielectric constant of the substrate, 
width, length of the patch antenna and the ground 
plane. The effect of variation  in  substrate  thickness  
and  its permittivity on a microstrip patch antenna was 
studied [3]. The permittivity of the substrate plays a 
major role in the overall performance of the antenna. 
It affects the width, the characteristic impedance, the 
length and therefore the resonant frequency that 
resulting to reduce the transmission efficiency [4]. 
The key property of FR-4 relates to the flame 
retardant qualities of the material. The important 
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specifications chosen in simulation for this design are 
the thickness of substrate 1.6 mm, the thickness of 
copper 0.035 mm, the relative permittivity 3.8 and the 
loss tangent 0.08. The antenna size is characterized 
by its length, width and height (L, W, h) and is fed by 
pi matching network, feed line and is followed by a 
partial ground plane as shown in figure 1.  

 

 
Fig.1. Rectangular microstrip Patch Antenna 

 
2.2. CST Simulation 
On the CST MICROWAVE STUDIO SUITE 
platform, a CAD model of the patch antenna was 
built based on the appropriate dimensions from the 
values obtained above (using MATLAB software). 
Appropriate settings for frequency range, ports, 
boundary and symmetry conditions etc. were made. 
The transient solver was used to calculate the antenna 
properties. 

 
2.3. Impedance Matching  
In the RF energy harvesting system, a power 
harvesting circuit is employed for converting part of 
collected RF power to DC power supply voltage. A 
matching network is usually applied between the 
antenna and the power harvesting circuit to ensure 
maximum power transfer. 
 

 
Fig. 2: RF-DC Energy Harvester 

 
To improve the power transfer efficiency by 
matching the rectifier to the antenna, many factors 
must be taken into consideration, i.e. incident power 
density Pin, load condition ILoad, nonlinear effect of 
the voltage rectifiers, antenna design technology, etc. 
Due to the non-linear effect, the input impedance of 
the voltage rectifier is not constant but depends on 
both the incident RF power level and the output load 
[5]. 

( , )in in loadZ f P I                                      (1) 
 
To design a matching network for maximum power 
transfer, a deeper investigation of the rectifier input 
impedance must be done. Barnett et al. [5] developed 
a mathematical expression for the input impedance of 

the rectifier built of schottky diode as a function of 
the load current consumption. 
          
III. RECTENNA DESIGN 
 
3.1. Power Conversion Efficiency 
One of the performance parameters of the rectifier 
design is the power conversion efficiency, which is 
defined as the output DC power over the RF power at 
the input of the rectifier. A large part of the power is 
consumed by the rectifier. Generally, the power 
conversion efficiency depends on many design 
parameters: load condition, input power level, 
number of stages, etc. [6]. The RF-DC conversion 
efficiency is directly proportional to the DC power 
(PDC), divide by the RF input power: 

DC
c

in re

P
P P

 
                                               (2) 

 
where, Pin is the incident RF power at the antenna, 
and Pre is the reflected RF power due to the 
impedance mismatch. The power transfer efficiency, 
which is also an important performance index of the 
rectenna design, is defined as the power transferred to 
the rectifier over the incident power received by the 
antenna: 

in re
t
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                                                   (3) 

The overall efficiency is defined as the output DC 
power PDC over the RF power at the input of the 
rectifier [17]: 
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o
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P
P

 
                                                    (4)  

 
3.2. Rectifier Configurations 
Different implementations of diodes have been 
investigated for RF harvesting. Schottky diodes were 
originally used due to their inherently low turn on 
voltage, low conduction resistance and low junction 
capacitance [7]. Since diodes in the voltage multiplier 
must have a switching time smaller than the period of 
the input signal, Schottky diodes are preferred 
because they are typically faster than normal diodes. 
Furthermore, higher saturation current can be 
obtained using Schottky diode which in turn is shown 
to result in higher conversion efficiency [8]. 
The number of rectifier stages has a major influence 
on the output voltage of the energy harvesting circuit. 
Each stage here is a modified voltage multiplier, 
arranged in series. The output voltage is directly 
proportional to the number of stages used in the 
energy harvesting circuit. However, practical 
constraints force a limit on the number of permissible 
stages, and in turn, the output voltage. Here, the 
voltage gain decreases as number of stages increases 
due to parasitic effect of the constituent capacitors of 
each stage, and finally it becomes negligible. 
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Fig. 3: N-Stage Voltage Doubler Circuit 

 
Figure 3 shows an N-stage voltage doubler   circuit 
connected in cascade. Each stage uses the DC voltage 
output of the preceding stage as a base voltage, in 
such a way, the DC voltage of each stage is a multiple 
of the number of stages. The DC output of an N-stage 
voltage: 

2 ( )dc RF thV N V V                                           (5) 
 
In order to optimize the rectenna system for 
maximum power transfer, the patch antenna must be 
matched to the rectifier input impedance [9]. For this 
design, HSMS-2852 Schottky diode having a turn on 
voltage of 150mV, measured at 0.1mA  suitable for 
low power density (LPD) was used for rectification. 
The antenna is designed to capture the energy from 
the ambient WI-FI signal with input power of -
10dBm, operating at 2.45GHz. A resistive load of 
1KΩ was selected for the simulation. 
 
IV. RESULTS AND DISCUSSION 
      
4.1. S-Parameter Simulation 
The return loss indicates how much of the incident 
power is reflected by the antenna due to mismatch. 
An ideal antenna when perfectly matched will radiate 
the entire energy without any reflection. If the return 
loss is infinite, the antenna is said to be perfectly 
matched to the TL. S11 is the negative of return loss 
expressed in decibels.  
Fig. 4 shows the simulated return loss of the patch 
antenna. It can be seen the resonant frequency of 2.45 
can achieve a return loss of lower than -35dB.  The 
return loss of an antenna signifies how well the 
antenna is matched to the 50-Ω transmission line. Fig. 
5 shows a plot of the input impedance against the 
operating frequency.  
 

 
Fig.4: Return loss of Patch Antenna 

 
Fig.5: Input Impedance against Frequency 

 
4.2. Voltage Standing Wave Ratio 
The VSWR is an important antenna performance 
parameter which is used to measure the efficiency of 
the transmission line. As a rule of thumb, a VSWR 
between 1 and 2 is considered sufficient. Fig. 6 shows 
a plot for the VSWR of the proposed antenna. It 
indicates a value of about 1.195 at the specified 
resonant frequency. 
 

 
Fig. 6: Voltage standing Wave Ratio 

  
4.3. Bandwidth 
Bandwidth indicates the frequency response of an 
antenna. It signifies how well the antenna is matched 
to the 50-Ω transmission line over the entire band of 
interest. The simulated result is shown in Fig. 7 The 
bandwidth at the resonating frequency 2.45GHz is 
25.5MHz with the corresponding value of return 
loss as -10.007 dB. 
 

 
Fig. 7: Bandwidth of the proposed antenna 

 
The Radiation pattern indicates the directional 
property of radiation, that is, which directions have 
more radiation and which have less. This information 
helps to orient the antenna properly in an application 
Fig. 8 shows the radiation pattern of the patch 
antenna. 
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Fig. 8: Radiation Pattern of the Antenna 

 
4.4. Simulation Results for the RF-DC harvester 
Simulation results for the designed RF-DC harvester 
indicates that for the RF input power of -10dBm at 
2,45GHz, a maximum output DC voltage of about 
2.48V at 37µW is achieved. Fig. 9 shows a plot of the 
DC output voltage against the incident RF input 
voltage while fig. 10 shows a plot of conversion 
efficiency against the RF input power. 
 

 
Fig. 9: DC output Voltage against RF input power 

 

 
Fig. 10: Conversion Efficiency against RF Input power 

 
CONCLUSIONS 
 
The properties and performance of the RF-DC 
harvester have been successfully predicted and 
optimized with the help of antenna software CST 
studio suite. This antenna shows a low VSWR at 
2.45GHz. The highest RF-DC conversion efficiency 
of about 37% for an input RF power of -10dBm was 
achieved. The results show that an optimization 

routine can effectively be applied to the design of an 
efficient impedance matching system. To maximize 
the overall power efficiency, the concept of a tunable 
matching network is recommended for further work. 
 
 
REFERENCES 
 

[1] Y. Kawahara, K. Tsukada, and T. Asami, “Feasibility     
and       potential application of power scavenging from 
environmental RF signals,” in Proceedings of the IEEE 
International Symposium on Antennas and Propagation 
and USNC/URSI National Radio Science Meeting, 
(APSURSI '09), Charleston, SC, USA, June 2009. 

[2] G. A. Vera, A. Georgiadis, A. Collado, and S. Via, 
“Design of  a 2.45 GHz rectenna for electromagnetic (EM) 
energy scavenging,” in Proceedings of the IEEE Radio and 
Wireless Symposium, (RWW '10), pp. 61–64, January 
2010. View at Publisher · View at Google Scholar · View 
at Scopus. 

[3] N. Singh, D. P. Yadav, S. Singh, and R. K. Sarin, 
“Compact corner truncated triangular patch antenna for 
WiMax application,” in Proceedings of the 10th 
Mediterranean Microwave Symposium, (MMS '10), pp. 
163–165, Guzelyurt, Cyprus, August 2010. View at 
Publisher · View at Google Scholar · View at Scopus 

[4] H. Raza, J. Yang, and A. Hussain, “Measurement of 
radiation efficiency of multiport antennas with feeding 
network corrections, ” IEEE Antennas Wireless Propag. 
Lett., vol. 11, pp. 89-92, Jan. 2012 

[5] R. E. Barnett,  J. Liu, and S. Lazar. A RF to DC Voltage 
Conversion Model for Multi-Stage Rectifiers in UHF 
RFID Transponders. IEEE Journal of Solid-State Circuits, 
44(2):354–370, Feb. 2009. 

[6] Zhu, N., K. Chang, M. Tuo, P. Jin, H. Xin, and R. W.   
Ziolkowski,\Design of a high-efficiency rectenna for 1.575 
GHz wireless low power transmission," Department of 
Electrical and Computer Engineering, University of 
Arizona, Tucson, Arizona, USA, 2011. 

[7] D. Bouchouicha, F. Dupont, M. Latrach, L.Ventura, 
”Ambient RF Energy Harvesting”, ICREPQ10, IEEE 
International Conference on Renewable Energies and 
Power Quality, pp. 486–495, March 2010. 

[8] S. Kitazawa, H. Ban, and K. Kobayashi, “Energy 
harvesting from ambient RF sources,” in IEEE MTT-S Int. 
Microw. Symp. Workshop, 2012, pp. 39–42, Series on 
Innovative Wireless Power Transmission: Technol., Syst., 
Appl 

[9] B.R. Franciscatto, V. Freitas, J. Duchamp, C. Defay, Tan 
Phu Vuong, "High efficiency rectifier circuit at 2.45 GHz 
for low-input-power RF energy harvesting," in Microwave 
Conference (EuMC), 2013 European , vol., no., pp.507-
510, 6-10 Oct. 2013. 

[10] J. You et al., “A polymer tandem solar cell with 10.6% 
power conversion efficiency.” Nature Communications 4, 
Article number:1446, 2013. 

[11] X. Shao, B. Li, N. Shahshahan, N. Goldsman, T. S. Salter, 
G. M. Metze, \A Planar Dual-Band Antenna Design for RF 
Energy Harvesting Applications," International 
Semiconductor Device Research Symposium (ISDRS), 
Dec. 2011. 

[12] T. Salter, K. Choi, M. Peckerar, G. Metze, N. Goldsman, 
\RF Energy Scav-enging System Utilising Switched 
Capacitor DC-DC Converter," Electronics Letters, vol. 45, 
no. 7, March 2009. 

 
 

 
 


