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Abstract 
In this paper, we utilized villared rectifier technique to harvest wireless energy 
to overcome previously used RF-WEH rectenna. Our design focuses mainly 
on a multiple-stage Villard voltage multiplier model to rectify the output vol-
tage of the rectenna and transferred it to a dc load. As a starting point, opti-
mization and parameter analysis offer a novel and small antenna for the 2.45 
GHz ISM band that precisely matched. Moreover, the fabricated prototype 
has measured and simulated results have confirmed the antenna’s accuracy in 
the reflection coefficient. Second, a highly efficient antenna may effectively 
harvest the electrical energy by combining with the two-stage voltage multip-
lier circuit presented at the ISM band. Furthermore, the proposed rectenna 
has the optimum performance compared to state of art rectennas in terms of 
efficiency, power range, and impedance bandwidth showing pronounced 
achievement and increasing the DC output power significantly. The proto-
type is fabricated and experimentally tested to confirm the concept. Mea-
surement results show that the proposed rectenna can be used for RF energy 
harvesting applications. 
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1. Introduction 

Recently, the interest in wireless energy harvesting has been rapidly increasing. 
The concept of wireless energy transfer came for the first time with the advent of 
electromagnetism [1]. During the past few decades, significant research has been 
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carried out to harvest energy by converting various energies-types to electrical 
power [2]. There are a lot of technological processes already in use, which take 
power from different sources including thermal, vibration tidal, wind source and 
solar. The present WEH systems mainly work on wind and solar energy sources 
such as wind turbines and solar panels [3] [4]. However, the WEH, as men-
tioned earlier systems work in strict circumstances and therefore, the perfor-
mance of such systems greatly depends on environmental changes such as time 
and climate. 

However, owing to the fast growth of the wireless power industry, there is a 
significant research interest in energy harvesting from electromagnetic fields [5]. 
With the rapid growth and advancement of WiFi-enabled Devices, TV-based 
entertainment, and mobile cellular networks, the power density.  

Electromagnetic fields are increasing dramatically, capable of empowering RF 
powered applications [6]. Although the RF sources often show very low power 
density values, which can be applied only to some low power applications [7]. 
EM-based power densities are stable statistically regardless of variation in envi-
ronmental conditions. Therefore, RF-based energy harvesting systems can oper-
ate well in most cases [8] [9]. Advancement toward new technology waves that 
will include smart homes and smart cities, particularly for the internet of things, 
will make the dream true as most of these applications are of low power con-
sumption.  

One of the fundamental requirements of a WEH system is to transfer electric-
al power efficiently. The basic component of an efficient WEH system is an an-
tenna connected to a rectifier collectively known as rectenna [10]. A rectenna 
has the capability of receiving and detecting microwave power signals (EM 
energy) and converting them into direct current (DC) voltage at the load [11]. 
General block diagram for a rectenna with its related circuit for power manage-
ment is shown in Figure 1. Initially, rectennas were developed for microwave 
power transmission-based high-power applications with long distances between 
transmitter and receiver. The typical received power of such a system ranges 
from tens of milliwatts to several kilowatts. 

In contrast to these systems, the power density of EM fields is comparably 
very low, usually less than 10 nW/cm2. Therefore, for RF-WEH based applica-
tions, the traditional rectenna designs will not work efficiently. To enhance the  
 

 
Figure 1. General block diagram for a rectenna with its related circuit for power man-
agement. 
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system’s efficiency in such low power density environments, rectenna designs 
with good power conversion efficiency are required. Significant research work 
has been carried out on designing rectennas for RF-WEH [12]. However, there 
are still some limitations with most rectenna designs. First of all, most of the 
previous rectenna designs are of narrow bandwidth. Secondly, they need high 
incident power to get high RF to DC conversion efficiency. The third one is that 
the output is not enough for consumer applications in most rectenna designs.  

Moreover, the proposed 2.4 GHz rectenna is compared in terms of gain, fre-
quency, antenna efficiency impedance bandwidth, antenna dimensions and RF-DC 
conversion efficiency is shown in Table 1. The proposed rectenna showed sa-
lient features over these references such as high efficiency with good impedance 
bandwidth even for such small in size and antenna efficiency. Therefore, our 
proposed rectenna was found efficient compared to other published results in 
overall performance. 

2. Operation Theory 

1) Design and optimization of 2.45 GHz antenna system 
The proposed antenna geometry and layout can be seen in Figure 2. It is no-

ticeable that the proposed antenna is designed by modifying a basic rectangular 
patch antenna. 

The radiating patch has H shaped with two j-shaped structures on both sides 
of the patch that significantly contribute to optimum performance. The 50 Ω 
impedance of the proposed radiating structure is adjusted by the positing of 
feed, slots in the patch, and ground slot. The overall dimension of the designed 
antenna is 40 mm × 40 mm × 0.6 mm. The proposed patch antenna is optimized 
using the parasitic patch in the ground plane and slots in the radiating patch to 
obtain impedance match resonance better radiation performance, which also 
help in the miniaturization of the antenna. The optimized parameters of the an-
tenna are displayed in Table 2. 
 

 

Figure 2. Geometry and layout of the antenna (a) Front view of the patch (b) Back view 
of the ground. 
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Table 1. The detailed comparison of the proposed rectenna with state-of-the-art rectenna 
operating at 2.45 GHz. 

Reference 
Frequency 

(MHz) 
Dimensions 

(mm2) 
Gain 
(dBi) 

l-BW 
(MHz) 

Antenna 
Efficiency 

(%) 

RF_DC 
Conversion 

Efficiency (%) 

[12] 2400 47 × 47 1.1 400 70 - 

[13] 2450 135 × 128 9.8 900 72.5 38 

[14] 2450 70 × 70 4.31 700 70 55 

[15] 1800 45 × 45 3.9 110 - 61 

[16] 2450 48 × 48 3.5 350 95 70 

This work 2450 40 × 40 3.39 261 98.9 86 

 
Table 2. Detail parameters of the designed H shaped antenna. 

Parameter Value Parameter Value Parameter Value 

W 40 I5 17 w4 2 

L 40 I6 22 wc1 9.5 

I1 5 I7 9.5 wp 17.98 

I2 21 w1 10 wp1 1.5 

I3 20 w2 10   

I4 12.5 w3 11   

 
The proposed patch antenna was optimized in four steps, as illustrated in 

Figure 3. 
Different slots in the radiating structure and parasitic element in the ground 

plane to modified a basic rectangular patch. The optimum performance and op-
timization of the antenna are obtained by parasitic elements in the ground and 
different slits in the radiating patch. Figure 4 shows a comparison of the reflec-
tion coefficient involves in the designing steps of the proposed antenna. The de-
signed antenna’s reflection coefficient is significantly improved step by step. In 
the first step, the proposed antenna operated in two weak resonance moods at 
2.9 and 2.97 GHz with S11 < −4. Furthermore, by adding symmetric slots in the 
radiating patch, that patch becomes H-shape, a single weak resonance mood is 
obtained at 2.3 GHz with S11 < −1.1. In the third step, two symmetric strips are 
added to the radiating patch and one parasitic slot element is added in the 
ground. First resonance mood is shifted from lower to higher frequency while 
the other is shifted from higher to lower and two moods are obtained at 2.1 and 
2.55 GHz. By increasing the diameter in the ground slots and adding symmetric 
strips in the radiator, the suggested antenna was successfully operated at the de-
sired ISM band. 

Moreover, the designed antenna is perfectly matched with 50 Ω impedance 
and operated at a single frequency with a reflection coefficient of −20 dB. The  
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Figure 3. Miniaturization and designing steps of the proposed antenna. 
 

 

Figure 4. Reflection coefficient comparison for the proposed antenna designing steps. 
 
designed antenna offers an optimum bandwidth of 9% at 2.43 GHz. It is worth 
mentioning that it is perfectly simulated in the ISM band, as shown in Figure 5. 

The simulation results show that the antenna is radiated in the omnidirec-
tional patterns and the H and E planes are shown in Figure 6. The proposed an-
tenna performed a gain of 4 dB at a frequency of 2.43 GHz, as depicted in Figure 
6. 

As shown in Figure 7, the most current flow is in the one direction from the 
left side to the right of the patch and follows a monopole mode. Due to the 
strong coupling effect of the ground plane with a parasitic plane, the current also 
flows on the parasitic plane’s edge and follows the same monopole modes. 

2) Design and optimization of the proposed rectifier topology 
The main crucial part of the rectenna is the rectifying circuit, which can de-

cide how good the conversion efficiency (RF-to-DC) will be for operating the 
battery-free devices or charging the batteries [17]. We choose the HSMS 2850 
from Skyworks for the proposed rectifier circuit based on the efficient performance.  
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Figure 5. Reflection coefficient of the designed antenna. 
 

 

Figure 6. Polar plot of the designed antenna at 2.4 GHz. 
 

   
(a)                             (b) 

Figure 7. Surface current distribution of the proposed antenna. 
 
We have performed various rectifier simulations, such as a basic half-wave rec-
tifying circuit with a series diode, a voltage doubler, and the proposed Villard 
multiplier shown in Figure 8. The objective of this optimization was to compare 
the performance of these rectifiers with regards to an output voltage and 
RF-to-DC conversion efficiency. The subsequent equations were applied for the 
RF-to-DC conversion efficiency calculation. 

2
DC

DC
L

v
Power

R
                          (1) 
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Figure 8. Proposed Villard multiplier circuit for the RF-to-DC conversion. 
 

- 100DC
RF DC

RF

Power
P

η = ×                      (2) 

RL shows the load resistance of the rectifier at the output end, while the PRF 
shows the available power of the rectifier at the input end [18]. Another purpose 
of the optimization was to enhance the conversion efficiency (η). Thus, to 
achieve this, we kept rectifier capacitors, load resistance, and impedance match-
ing networks as the optimization variables in the harmonic balance optimiza-
tion. 

After optimizing the proposed circuit, the S-parameters were extracted in 
Figure 9, and the components values for proposed villard multiplier circuit are 
presented in Table 3. As it can be observed that the proposed rectifier is well 
matched at the ISM band with S11 less than −37 dB. The simulated −6 dB im-
pedance bandwidth is 180 MHz (2.34 - 2.52 GHz), while a −10 dB impedance 
bandwidth is 100 MHz (2.38 - 2.48 GHz). Figure 9(b) shows the RF-to-DC 
conversion efficiency and output voltage against the input power range of −20 
dBm to 20 dBm. The efficiency increases from −20 to 10 dBm of input power 
with a RL load of 90 kΩ. However, the output voltage was increased from 0.5 to 
6.5 volts in the given range of input power. By comparing these results with the 
single-stage doubler’s results, the proposed voltage multiplier efficiency and 
output voltage were increased 35% and 2.7 volts, respectively.  

It is interesting to show the optimum load for the proposed design because the 
state of the art rectifiers have a strong dependency on the load values owing to  

https://doi.org/10.4236/jpee.2022.103002


W. Ali et al. 
 

 

DOI: 10.4236/jpee.2022.103002 29 Journal of Power and Energy Engineering 
 

   
(a)                                   (b) 

Figure 9. Performance comparison of the proposed optimized Villard multiplier circuit. 
(a) The reflection coefficient of the Villard multiplier circuit. (b) The Villard multiplier 
circuit’s conversion efficiency and output power at 90 kΩ loads. 
 
Table 3. Values for the components employed in the proposed voltage multiplying circuit 
of Figure 8. 

Parameter value Parameter value Parameter value 

C1 4.2 pF C2 150 pF C3 20 pF 

C4 90 pF C5 15 pF L1 4.5 nH 

RL 10 - 90 kΩ     

 
the variation in the input impedance, thus degrading the efficiency of the rectifi-
er [19] [20]. Therefore, we simulated the variable load sweep from 10 kΩ to 100 
kΩ against the input power range of −20 dBm - 20 dBm. Figure 10 shows the 
conversion efficiency with the variable load. It can be observed that the highest 
efficiency was observed from 10 kΩ to 100 kΩ loads. At 10 kΩ, the efficiency was 
75%, while at 20 kΩ, it was 80%. However, from 30 kΩ to 100 kΩ, the efficiency 
was found greater than 85%, which is the important behaviour of our proposed 
voltage multiplier against the state of the art rectifiers operating at 2.4 GHz band 
[20] [21]. 

The layout of the proposed circuit with its dimensions with front view and 
isometric view is shown in Figure 11(a) and Figure 11(b). The layout was based 
on the Rogers RT duroid 6010 with a standard available thickness of 0.635 mm 
and a dielectric constant (εr) of 10.2 and a tangent loss (tanδ) of 0.0035. The di-
mension of this layout is 20 mm × 21.5 mm, which is very small compared to 
other paper works; thus, it can easily be integrated with the antenna without 
changing its performance. 

3. Measurements 

The antenna and rectifier were analyzed and fabricated with a milling machine 
technique. The etching method removes unwanted metals from the metallic 
layer so that the intended patterns for the antenna and rectifier are obtained. 
The choice of proper dielectric material is a significant part of rectenna design. 
The proposed rectenna was printed on the Rogers RT/duroid 6010 material  
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Figure 10. The conversion efficiency of the proposed optimized Villard multiplier circuit 
with variable load resistance against the low input power values. 
 

  
(a)                               (b) 

Figure 11. The layout of the proposed circuit with its dimensions. (a) Front view. (b) 
Isometric view. 
 
substrate having a dielectric constant of 10.2, a thickness of 0.635 mm, and a 
tang loss of 0.0035. This material helped us reduce the antenna size due to its 
high dielectric const. The fabricated antenna’s radiating patch and ground plane 
are shown in Figure 12(a) and Figure 12(b), respectively. The size of the pro-
posed fabricated antenna is 40 mm × 40 mm × 0.635 mm. The fabricated proto-
type of the proposed voltage multiplier circuit is shown in Figure 13. The size of 
the fabricated prototype of the proposed voltage multiplier circuit is 25 mm × 25 
mm × 0.635 mm. Moreover, a 50 Ω SMA connector was attached to the antenna 
and a voltage multiplier circuit for measuring their performance, such as the 
reflection coefficient, the conversion efficiency, and output voltage. 

The reflection coefficient of the rectenna was measured using the network 
analyzer shown in Figure 14(a). The proposed antenna was connected to one of 
the ports of VNA. The measured results regarding S-parameters from the VNA 
are extracted and compared with the simulated results in Figure 14(b). 

The setup shown in Figure 15 was adopted to measure the output voltage of a 
rectifier circuit. The comprised of a signal generator, which generates 2.4 GHz 
signal and connected with the rectifier circuit. The voltage across the 82 kΩ re-
sistance was measured using the oscilloscope. 
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(a)                            (b) 

Figure 12. Photos of the proposed fabricated antenna on Rogers RT/duroid 6010 substrates. 
 

 

Figure 13. Photos of the proposed fabricated rectifier on Rogers RT/duroid 6010 sub-
strates with components. 
 

  
(a)                               (b) 

Figure 14. (a) S11 measuring network analyzer with S11 on the screen for the proposed 
antenna; (b) Comparison of the simulated and measured reflection coefficients. 
 

 

Figure 15. Measurement setup utilized for the measurement of the multiplier perfor-
mance. 
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Figure 16. Comparison between measured and simulated output voltage of the proposed 
multiplier circuit. 
 

The measured and simulated voltage are shown in Figure 16 against the input 
power that was varied from −20 to 20 dBm. As can be seen, a voltage of 6.7 V 
was observed at the input power of 20 dBm. This value is very close to the simu-
lated output voltage. Additionally, an excellent agreement was found at all the 
input power between the measured and simulated output voltages. 

4. Conclusion 

We have proposed a novel shape antenna which is optimized and fabricated with 
the two-stage villard rectifier. Our method relies on the novelty of the model of 
our antenna and rectifier in which the size of rectifier is 40 × 40 mm and for an-
tenna we choose 20 × 21.5 mm size. Rogers RT duroid 6010 material is being 
used for both rectifier and antenna fabrication with 0.635 mm thickness. Rectifi-
er impedance matching optimized by using smith chart tools in ADS and HBS 
analysis has been conducted and shown. Experimental results are quite near to 
schematic results of antenna and rectifier. 

Conflicts of Interest 

The authors declare no conflicts of interest regarding the publication of this pa-
per. 

References 
[1] Tesla, N. (1904) The Transmission of Electrical Energy without Wires. Electrical 

World and Engineer, 1, 21-24. 

[2] Luo, Y., Pu, L., Wang, G. and Zhao, Y. (2019) RF Energy Harvesting Wireless Commu-
nications: RF Environment, Device Hardware and Practical Issues. Sensors, 19, Ar-
ticle No. 3010. https://doi.org/10.3390/s19133010  

[3] Li, S., Yuan, J. and Lipson, H. (2011) Ambient Wind Energy Harvesting Using 
Cross-Flow Fluttering. Journal of Applied Physics, 109, Article ID: 026104.  
https://doi.org/10.1063/1.3525045  

[4] Khullar, V., Tyagi, H., Phelan, P.E., Otanicar, T.P., Singh, H. and Taylor, R.A. 
(2012) Solar Energy Harvesting Using a Nanofluids-Based Concentrating Solar 
Collector. Journal of Nanotechnology in Engineering and Medicine, 3, Article ID: 

https://doi.org/10.4236/jpee.2022.103002
https://doi.org/10.3390/s19133010
https://doi.org/10.1063/1.3525045


W. Ali et al. 
 

 

DOI: 10.4236/jpee.2022.103002 33 Journal of Power and Energy Engineering 
 

031003. https://doi.org/10.1115/1.4007387  

[5] Ramahi, O.M., Almoneef, T.S., AlShareef, M. and Boybay, M.S. (2012) Metamaterial 
Particles for Electromagnetic Energy Harvesting. Applied Physics Letters, 101, Ar-
ticle ID: 173903. https://doi.org/10.1063/1.4764054  

[6] Fadhlullah, S.Y. and Widad, I. (2015) Solar Energy Harvesting Design Framework 
for 3.3 V Small and Low-Powered Devices in a Wireless Sensor Network. 2015 1st 
International Conference on Telematics and Future Generation Networks (TAFGEN), 
Kuala Lumpur, 26-28 May 2015, 89-94.  
https://doi.org/10.1109/TAFGEN.2015.7289583  

[7] Bito, J., Hester, J.G., Tentzeris, M.M. and Ambient, R.F. (2015) Energy Harvesting 
from a Two-Way Talk Radio for Flexible Wearable Wireless Sensor Devices Utiliz-
ing Inkjet Printing Technologies. IEEE Transactions on Microwave Theory and 
Techniques, 63, 4533-4543. https://doi.org/10.1109/TMTT.2015.2495289  

[8] Nintanavongsa, P., Muncuk, U., Lewis, D.R. and Chowdhury, K.R. (2012) Design 
Optimization and Implementation for RF Energy Harvesting Circuits. IEEE Journal 
on Emerging and Selected Topics in Circuits and Systems, 2, 24-33.  
https://doi.org/10.1109/JETCAS.2012.2187106  

[9] Yadav, R.K., Sushrut, D. and Yadava, R.L. (2011) Rectennas Design Development 
and Applications. International Journal of Engineering Science and Technology 
(IJEST), 3, 7823-7841. 

[10] Brown, W.C. (1984) The History of Power Transmission by Radio Waves. IEEE 
Transactions on Microwave Theory and Techniques, 32, 1230-1242.  
https://doi.org/10.1109/TMTT.1984.1132833  

[11] Song, C. (2017) Broadband Rectifying-Antennas for Ambient RF Energy Harvesting 
and Wireless Power Transfer. Dissertation, University of Liverpool, Liverpool. 

[12] Dibner, B. (1962) Oersted and the Discovery of Electromagnetism. Blaisdell, New 
York. 

[13] Sun, H., Guo, Y., He, M. and Zhong, Z. (2013) A Dual-Band Rectenna Using 
Broadband Yagi Antenna Array for Ambient RF Power Harvesting. IEEE Antennas 
and Wireless Propagation Letters, 12, 918-921.  
https://doi.org/10.1109/LAWP.2013.2272873  

[14] Pedram, K., Nourinia, J., Ghobadi, C., Pouyanfar, N. and Karamirad, M. (2020) 
Compact and Miniaturized Metamaterial-Based Microstrip Fractal Antenna with 
Reconfigurable Qualification. AEU-International Journal of Electronics and Com-
munications, 114, Article ID: 152959. https://doi.org/10.1016/j.aeue.2019.152959  

[15] Mouapi, A., Hakem, N. and Kandil, N. (2017) High-Efficiency Rectifier for RF 
Energy Harvesting in the GSM Band. 2017 IEEE International Symposium on An-
tennas and Propagation & USNC/URSI National Radio Science Meeting, San Diego, 
9-14 July 2017, 1617-1618.  
https://doi.org/10.1109/APUSNCURSINRSM.2017.8072851  

[16] Huang, Y., Shinohara, N. and Mitani, T. (2013) A Constant Efficiency of the Recti-
fying Circuit in an Extremely wide Load Range. IEEE Transactions on Microwave 
Theory and Techniques, 62, 986-993. https://doi.org/10.1109/TMTT.2013.2287676  

[17] Hemour, S., Zhao, Y., Lorenz, C.H.P., Houssameddine, D., Gui, Y., Hu, C.-M., et al. 
(2014) Towards Low-Power High-Efficiency RF and Microwave Energy Harvesting. 
IEEE Transactions on Microwave Theory and Techniques, 62, 965-976.  
https://doi.org/10.1109/TMTT.2014.2305134  

[18] Yo, T.-C., Lee, C.-M. and Luo, C. (2008) Compact Circularly Polarized Rectenna 
with Unbalanced Circular Slots. IEEE Transactions on Antennas and Propagation, 

https://doi.org/10.4236/jpee.2022.103002
https://doi.org/10.1115/1.4007387
https://doi.org/10.1063/1.4764054
https://doi.org/10.1109/TAFGEN.2015.7289583
https://doi.org/10.1109/TMTT.2015.2495289
https://doi.org/10.1109/JETCAS.2012.2187106
https://doi.org/10.1109/TMTT.1984.1132833
https://doi.org/10.1109/LAWP.2013.2272873
https://doi.org/10.1016/j.aeue.2019.152959
https://doi.org/10.1109/APUSNCURSINRSM.2017.8072851
https://doi.org/10.1109/TMTT.2013.2287676
https://doi.org/10.1109/TMTT.2014.2305134


W. Ali et al. 
 

 

DOI: 10.4236/jpee.2022.103002 34 Journal of Power and Energy Engineering 
 

56, 882-886. https://doi.org/10.1109/TAP.2008.916956  

[19] Song, C., Huang, Y., Zhou, J., Zhang, J., Yuan, S. and Carter, P. (2015) A High- 
Efficiency Broadband Rectenna for Ambient Wireless Energy Harvesting. IEEE 
Transactions on Antennas and Propagation, 63, 3486-3495.  
https://doi.org/10.1109/TAP.2015.2431719  

[20] Masotti, D., Costanzo, A., Francia, P., Filippi, M. and Romani, A. (2014) A Load- 
Modulated Rectifier for RF Micropower Harvesting with Start-Up Strategies. IEEE 
Transactions on Microwave Theory and Techniques, 62, 994-1004.  
https://doi.org/10.1109/TMTT.2014.2304703  

[21] Rotenberg, S.A., Podilchak, S.K., Re, P.D.H., Mateo-Segura, C., Goussetis, G. and 
Lee, J. (2020) Efficient Rectifier for Wireless Power Transmission Systems. IEEE 
Transactions on Microwave Theory and Techniques, 68, 1921-1932.  
https://doi.org/10.1109/TMTT.2020.2968055  

 

https://doi.org/10.4236/jpee.2022.103002
https://doi.org/10.1109/TAP.2008.916956
https://doi.org/10.1109/TAP.2015.2431719
https://doi.org/10.1109/TMTT.2014.2304703
https://doi.org/10.1109/TMTT.2020.2968055

	Wireless Energy Harvesting Using Rectenna Integrated with Voltage Multiplier Circuit at 2.4 GHz Operating Frequency
	Abstract
	Keywords
	1. Introduction
	2. Operation Theory
	3. Measurements
	4. Conclusion
	Conflicts of Interest
	References

