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 Energy harvesting is a rapidly growing area in many scientific and engineering related 
fields due to the need for finding solutions to the world’s power issues. This paper 

focuses on matching and rectifying circuit in order to obtain the optimum parameters 

for the overall energy harvesting system. In this case, the use of rectifier which is 

integrated with matching circuit is crucial for the efficient RF-to-DC power conversion. 

Due to limitation of the stub matching circuits with a single stage rectifier that produce 

low efficiency of around 18% - 37%, multi-stages rectifiers are developed to produce 
higher efficiency for the RF-to-DC power conversion. However, this will add 

complexity to the circuit and require more power to activate the diodes at each stage. 

The purpose of this paper is to concise overview of existing matching and rectifying 
circuits that can give advantage for researcher in the field of electromagnetic energy 

scavenging. This conclude with the performance characterization of a single and double 

stage rectifiers. 
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INTRODUCTION 

 

 Passively powered devices are becoming increasingly important for a wide range of sensing applications. 

Also known as remotely powered devices, passively powered devices do not require any internal power source 

while extracting their power from propagating radio waves, sunlight, mechanical vibration, thermal gradients, 

convection flows or other forms of harvestable energy. One of the most popular power extraction methods for 

passively powered devices is to harvest power from propagating radio frequency (RF) signals (K. Finkenzeller 

et. al., 2003). RF powered devices are  often used in  applications such as structural monitoring where the RF  

powered devices are embedded into a structure making battery replacement impossible without destroying the 

structure. Some applications employing RF powered devices require deployment of these devices in very large 

numbers thus, making individual node battery replacement impractical. 

 The concept of harvesting DC power from RF signals is obtained from a combination of a receiving 

antenna and integrated to a rectifying circuit that efficiently converts RF energy to DC signals. Thus, the RF 

energy harvesting is made up of a microwave antenna, a matching circuit with low pass filter, rectifying circuit, 

the next stage of low pass filter for DC path and a resistive load. Depending on applications, a storage device 

could be introduced in order to efficiently utilize the DC power to charge the battery. The RF signals received 

by the antenna will be transformed into DC signals by a diode based rectifying circuit. In order to obtain an 

optimum power transfer, a lowpass filter between the antenna and rectifier will be used. The filter is used in this 

stage for achieving impedance matching between the antenna and the rectifier. After the rectifying circuit, a DC 

lowpass filter will be used to smoothen the output DC voltage and current by attenuating the high frequencies 

harmonics present in the RF signals or generated by the highly nonlinear rectifying process. 

 

Overall concept of RF Energy Harvesting: 

 There are several types of RF sources such as from TV, radio, satellite communication, wireless internet 

and base station. The frequency bands for this type of source are different depends on its usage. For example 

base stations are using GSM 850, 900 or 1800. Wireless internet frequency spectrum is 2.4 GHz. C, Ku or Ka 

band is primarily used for satellite communications which range about 11.2 – 14.5 GHz, 12 – 18 GHz and 26.5 

– 40 GHz respectively. 
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Fig. 1: Basic block diagram of RF energy harvesting system (Hamid Jabbar, 2010). 

 

 Rectifying circuits are used in  RF energy harvesting to rectify the AC current induced in the antenna by 

microwaves. The  nonlinear components of  rectifying circuits, such  as  diodes,  generate harmonics  of  the 

fundamental frequency. These unwanted harmonics cause harmonic radiation and electromagnetic interference 

with  nearby circuits  and  antennas  and  reduce  efficiency.  Therefore, microwave  components such  as  an 

impedance matching lowpass filter must be added between the antenna and the diode to suppress these 

harmonics that improves system performance and prevent harmonic interference. 

 The matching circuit not only improves the transfer power from an antenna to a diode, but also prevents 

harmonic signals generated by the rectification process from reaching the antenna. 

 

Recent trend of designing rectifying circuit: 

 In this paper, a few designs with different technological and specifications method has been studied. The 

summary of the studies as shown in Table 1. Based on the concept that rectifiers are designed, it can be analyzed 

that most researchers use schottky diodes with different design, methods and technology in the making of 

rectifying circuit. 

 Several studies on rectifying circuits have been investigated. For example in Triet Le and Karti Mayaram 

(2008), the authors produced passive rectifier circuits in a 0.25 m CMOS technology using floating gate 

transistors as rectifying diodes. The 36-stage rectifier can rectify input voltages as low as 50mV with a voltage 

gain of 6.4 and operates with received power as low as 5.5 µW( 22.6 dBm) and a maximum measured efficiency 

of 60%. The low load current achieved at high voltage range make it suitable to be implemented in passively 

powered sensor networks. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) (b) 

 

Fig. 2: (a) Rectifier with N gain stages in cascade (b) Effect of number of rectifier stages on output DC voltage 

(Triet Le, 2008). 
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Table 1: Rectifying Circuit Designs of Several Researchers. 

No. Year Scholar(s) / researcher(s) Focus of study References 

1 2005 H. Yan, J. G. Macias 
Montero, A. Akhnoukh, L. 

C. N. de Vreede and J.N. 

Burghartz 

Testing circuits are implemented in a 
Silicon-on-Glass technology and simulation results 

show that a DC 

voltage of 0.8 V can be achieved at -20dBm input 
energy level at 

868.3 MHz ISM band. 

K. Buisman et. al., 2005 

2 2008 Triet Le and Karti Mayaram Passive rectifier circuits are designed in a 0.25 m 
CMOS technology using floating gate transistors as 

rectifying diodes 

S. Mandal and R. 
Sarpeshkar, 2007 

3 2009 Raymond E. Barnett Three diode doublers and three multistage rectifiers 

were fabricated in a 130 nm CMOS process with 
custom no-mask added Schottky diodes 

J. Yi, W.H. Ki, and C. Y. 

Tsui, 2007 

4 2009 Tolgay Ungan and Xavier 

Le Polozec 

An impedance transformation with high quality factor 

(Q) in front of a Schottky-Diode using a quartz 
resonator at 24 MHz is presented 

Triet Le and Karti 

Mayaram 2008 

5 2009 Boubekeur Merabet Importance and the influence of diode 

parameters on rectenna behavior 

P. Fiorini et. al., 2008 

6 2009 Bokang Patrick Motjolopane A review of rectenna performance and revealed 16-
element equiangular spiral rectenna model can provide 

a long-term source of energy 

Zbitou et. al, 2006 

7 

 

2009 Torkiat Taithongchai 4 stage voltage multiplier circuit with resistive load Cesare Alippi, and 

Cristian Galperti, 2008 

8 2010 Christian Peters A two stage concept is used including a first passive 

stage and an active diode as second stage by using 

CMOS technology. 

D. Maurath and F. 

Michel, 2008 

9 2010 Mohd Sofwan and Hanim 

Salleh 

Proposed design are using microcontroller and 

supercapacitor 

A. Tabesh and L. G. 

Frechette, 2010 

10 2010 Kh S Karimov, M Saleem, 

and S Shafique 

The built-in organic semiconductor Ag/NiPc/Au 

rectifier of the rectenna was fabricated by thermal 
evaporation. 

Shah M and Sayyad M, 

2008 

11 2010 Rohan Dayal A direct AC-DC converter for 

electromagnetic microgenerators comprises of 
MOSFET for low voltage  

Edward Sazonov and 

Haodong Li, 2009 

12 2011 Jason Lee Self-powered rectifier in CMOS process using 

standard components and poly–poly capacitors for 

single and four-stage rectifiers 

C. Peters and J. 

Handwerker, 2011  

13 2011 Ajay Sivaramakrishnan Modified form of existing schottky diode based 

voltage doubler circuit 

T. Ungan et. al., 2009 

14 2011 Mohi El-deen Ahmad Rectenna design that uses fractal antennas operating at 

FM range. 

M.Loreto Mateu Saez, 

2004 

15 2011 Domenico Pavone The rectifying device is the Shottky Barrier Diode 

(SBD). 

A. Georgiadis et. al., 

2010 

16 2012 Taris Thierry AC to DC converter is based on a Cockcroft-Walton 

Voltage Doubler   

A.S. Boaventura et. al., 

2011 

17 2012 Naimul Hasan and Santu 

Kumar Giri 

Design of a voltage doubler with matching circuit 

using Schottky diode  HSMS-2850 

D.Bouchouicha and 

F.Dupont 

18 2012 

 

Yuwei Zhou, Bruno 

Froppier, and Tchanguiz 
Razban 

The rectifying circuit with single Schottky diode 

HSMS-2860 at 2.45 GHz is proposed 

H. Takhedmit et. al. 

2010 

19 2012 Prusayon Nintanavongsa Energy harvesting circuit composed of a seven-stage 

and ten-stage design of a modified voltage multiplier 
with Schottky diode 

D. Bouchouicha et. al., 

2010 

20 2014 Simon Hemour Electrical and physical behaviors 

and limitations of the Schottky-based low-power RF–
DC rectifiers 

K. Wu, D. Choudhury, 

and H. Matsumoto, 2013 

 

 Raymond E. Barnett (2009) designed a three diode doublers and three multistage rectifiers were fabricated 

in a 130 nm CMOS process with custom no-mask added Schottky diodes. This design was inspired from the 

work of J. Yi, W. H. Ki and C. Y. Tsui, (2007). The advantage of this rectifier if compared with the rectifier 

presented by J. Yi,W.-H. Ki, and C. Y. Tsui, (2007) was its improving the RF to DC power conversion 

efficiency in UHF RFID, in the requirement of current rejection and DC output voltage. 8%, 1253 mV. 

 In Tolgay Ungan and Xavier Le Polozec (2009) used an impedance transformation with high quality factor 

(Q) in front of a Schottky-Diode using a quartz resonator at 24 MHz. This design was inspired by the method of 

Triet Le and Karti Mayaram (2008) which used as mentioned above. In order to get the maximize sensitivity, 

the design has been improved. The measurement results show an efficiency of more than 22 % and a sensitivity 

of -30 dBm (1µW) for DC output voltage of 1 V. 

 Naimul Hasan and Santu Kumar Giri (2012) proposed a design of a voltage doubler with matching circuit 

using Schottky diode  HSMS-2850. This idea was influenced by D.Bouchouicha and F.Dupont. By using 20 kΩ 

load and -10 dBm input power , the simulated DC output voltage is obtained as 0.747V and when the simulation 
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remain open circuit, the DC output voltage is 1.053V respectively. It is discovered that Vout depends on the 

design parameters like value of inductors and capacitors. The number of stage and size of the schottky diode 

effected the value of DC output voltage. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) (b) 

Fig. 3: (a) Doubler rectifier (b) Comparison of proposed model with spice simulation and output voltage , VDC 

(Barnett, 2009). 

 

 

 
 

(a) (b) 

Fig. 4: (a) Equivalent circuit of RF energy harvesting system with crytal resonator and two diodes (b) Measured 

overall efficiency at different input power levels (Tolgay, 2009). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) (b) 

Fig. 5: (a) Layout of the two stage voltage doubler in ADS using impedance matching (b) Simulated value of Pin 

vs Vout when load is 20 kΩ (Naimul, 2012). 
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 The rectifying circuit with single Schottky diode HSMS-2860 at 2.45 GHz were presented in Yuwei Zhou, 

Bruno Froppier, and Tchanguiz Razban (2012). In this design , the input power is about -20 dBm over a load 

resistance of 10 kΩ. The authors also gained the output DC voltages of 36.2 mV with 1.3 % efficiency by using 

circuit simulation. The results show compact structure of the rectifier, size reduction by 78 %, low cost, simple 

profile and harmonic-rejecting. This paper also presented that there are several elements that need to be consider 

in designing the rectifier circuit such as type of the diode, choice of the load, efficiency, design and method that 

will be use. 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) (b) 

Fig. 6: (a) Rectifier prototype of single series diode (b) measured output DC voltage versus the incident power 

(Yuwei Zhou, 2012). 

 

 From the analysis that has been done, it can be summarized that the measurement results efficiency of the 

design is ranging around 22% - 60%. On the other hand, the output voltage that has been detected is ranging 

around 36.2 mV – 2V which is still considered very low. The crucial factor that need to be considered including 

the designation of each researcher such as by using CMOS technology, quartz resonator and single Schottky 

diode HSMS-2860. This study will continue with a novel design of matching circuit with high Q-factor 

resonators such as Substrate Integrated Waveguide (SIW) and integrating with optimized rectifying circuit. 

 

Matching and rectifying circuit: 

 In this research, a novel design of matching circuit with high-Q resonator is proposed in order to improve 

the efficiency of the RF-to-DC power conversion at the input voltage to the rectifier. This can be implemented 

by forming a resonator with high loaded Q-factor, between the impedances of the receiving antenna and rectifier 

circuit. Hence, it will passively amplifies the incoming RF signal and ensure the maximum possible power is 

transferred to the rectifier for the high efficiency of the RF-to-DC power conversion. 

 The concept of energy harvesting system is shown in Figure 2, which consists of the matching network, RF-

DC conversion and load circuits. The maximum power delivery from antenna to the voltage multiplier is ensures 

by the matching circuit. The voltage multiplier will convert the RF power into DC power. Smooth power 

delivery to the load is conducted by the energy storage, and it is also useful when external energy is unavailable. 

 
Fig. 7: RF energy harvesting system (Prusayon, 2012). 

 

 There are two ways of matching techniques that generally used such as single open-circuit or shorted-circuit 

length of transmission line as in Figure 2 below. It can be either series or parallel with the stub. These two 

transmission lines parameters, the width W and the length L need to be calculated properly in order to get the 

optimize matching network performance.  
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(a) (b) 

 

Fig. 8:Schematics of single-stub impedance transformers (a) shunt-series and (b) series-shunt configuration 

(Kuo, 2013). 

 

 Rectifying circuits are used in  RF energy harvesting to rectify the AC current induced in the antenna by 

microwaves. The  nonlinear components of  rectifying circuits, such  as  diodes,  generate harmonics  of  the 

fundamental frequency. These unwanted harmonics cause harmonic radiation and electromagnetic interference 

with  nearby circuits  and  antennas  and  reduce  efficiency.  Therefore, microwave  components such  as  an 

impedance matching lowpass filter must be added between the antenna and the diode to suppress these 

harmonics that improves system performance and prevent harmonic interference. 

 Figure below shows a basic single rectifying circuit which consist of power supply, capacitor, diode and 

load. Pin, Pt, Pr, PDC are output power from power resources, actual power inside the diode, reflected power at 

diode input, DC output power, respectively.  

 

 

 

 

 

 

 

 

 

 

Fig. 9: Basic structure of rectifier. 

 

 By calculating the RF-DC efficiency of overall system (𝜂𝑜), the performance of rectifier system can be 

determined, 

 

𝜂𝑜 =
𝑃𝐷𝐶

𝑃𝑖𝑛
× 100  

 

The actual efficiency of the rectifying circuit (𝜂𝑎 ), is defined by, 

 

𝜂𝑜 =
𝑃𝐷𝐶

𝑃𝑖𝑛 − 𝑃𝑟
× 100 =

𝑃𝐷𝐶
𝑃𝑡

× 100 

 

 Voltage multipliers basically are used to generate bias voltages of a few volts or more volts for purposes 

such as battery charging. Figure 4, Figure 5 and Figure 6 show the double stage of voltage multiplier circuits. 

The Villard, Dickson and Cockcroft Walton voltage multiplier circuits were chosen as the circuit design because 

its produce two times of the input signal voltage towards ground at a single output and to form a voltage 

multiplier it can be cascaded with an arbitrary output voltage and its simple design. 

 The type of diode has a major influence on the performnace of the rectifying circuit for energy harvesting. 

In this paper, two different diodes had been employed from Avago Technologies, HSMS-286B and HSMS-

2820. It is desirable to have diodes with higher forward current with higher saturation current which is 

beneficial to drive the load. 

 One of the major influence on the output voltage of the energy harvesting circuit is the number of rectifier 

stages. In this design, a single stage and double stage circuit are introduced. Both type of stages are using both 

HSMS-286B and HSMS-2820 diodes. One of the crucial requirements for the energy harvesting circuit is to 

select the best load impedance where we will measure the output voltage from it. By using Agilent ADS, the 
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effect of the load impedance can be simulate with input RF power of -40 to 40 dBm and the load value of 220 – 

1M Ω respectively. 

 
Fig. 10: Double stage Villard voltage multiplier circuit.  

 

 
Fig. 11: Double stage Dickson voltage multiplier circuit.  

 

 
Fig. 12: Double stage Cockcroft Walton voltage multiplier circuit.  

 

 Table 2 shows results of efficiency, output voltage and input power of several researchers. It can be 

anaylzed that the efficiency is range around 0.6 % until 70 % and the average values are 22% until 60 %. There 

is still a room for improvement in order to achieve better efficiency RF – DC conversion. This can be done by 

introducing high-Q resonator for matching circuit such as Substrate Integrated Waveguide (SIW) and  Quasi-

lumped capacitors and  inductors. 
 

Table 2: Results of Efficiency, Output Voltage And Input Power of Several Researchers. 

No. Scholar(s) / researcher(s) Vout (V) Efficiency, Ƞ (%) Input power 

1 Triet Le and Karti Mayaram, 2008 50 mV 60 5.5 µW (-22.6 dBm) 

2 Tolgay Ungan and Xavier Le Polozec, 2009 1 V 22 1 µW (-30 dBm) 

3 Bokang Patrick Motjolopane, 2009 0.16 V 3.24% 250 µW 

4 D. Bouchouicha, 2010 NA 0.6 % 12.5 pW 

5 Prusayon Nintanavongsa, 2012 3 V 70 1 µW (-6 dBm) 

6 Yuwei Zhou, Bruno Froppier, and Tchanguiz 
Razban, 2012 

36.2 mV 23 % -20 dBm 

 

Conclusion: 

 Rectifier being a vital portion in RF energy harvesting system, the modification on its design can yield a 



187     Maizatul Alice Meor Said et al, 2014 

Australian Journal of Basic and Applied Sciences, 8(10) July 2014, Pages: 180-188 

better efficiency, size miniaturization, reduce of complexity and low cost while maintaining good performance. 

Various forms of rectifier designs are analyzed with the explanation of the modification made in the design. The 

study will continue with a novel design of matching circuit with high Q-factor resonators such as Substrate 

Integrated Waveguide (SIW) and  Quasi-lumped capacitors and  inductors. This  novel matching circuit will 

produce higher efficiency of the RF-DC conversion. Hopefully this work will be helpful for researchers who are 

interested in improving rectifier design to obtain better RF energy harvesting performance. 
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