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Abstract—This work proposes a design of rectenna for Wi-Fi energy harvesting application at
2.42GHz. The proposed antenna includes a modified rectangular patch and two circular radiating
elements with partial ground, and adopts a total area of 80×80mm2. With the partial ground structure,
the proposed antenna shows a better reflection coefficient (S11) at 2.42GHz. The proposed antenna is a
modified conventional patch antenna that shows its improved suitability for Wi-Fi energy harvesting at
the targeted band. For rectenna, an impedance matching circuit based on microstrip transmission lines,
radial stubs, and enhanced Greinacher voltage doubler rectifier circuits are designed. The rectifier circuit
occupies a total area of 25×25mm2. The antenna part of the rectenna exhibits quite good S11 < −10 dB
and 3.94 dB peak gain. To validate the design experimentally, a prototype of the proposed rectenna is
also fabricated. The measured result indicates that at the resonant frequency the rectenna achieves the
peak efficiency of 78.53%, and the output voltage is 4.7V at 0 dBm input power.

1. INTRODUCTION

Nowadays, radio frequency energy harvesting is a favorable technology to power up wireless IoT devices.
These IoT devices require low power to operate the electronic appliance. Radio frequency energy
harvesting is the concept to capture the RF signals from the available RF sources in an environment [1].
Energy harvester harvests the RF power and converts it into DC power by using a rectifier circuit
which is completely known as “Rectenna”. A rectenna consists of a receiving antenna with the rectifier
configuration to harvest the DC power. The concept of RF energy harvester is the potential to lower
the cost of the system by reducing/replacing the need of batteries [2], and it has the unique feature to
harvest the RF power from the environment which is freely and easily available. The RF sources are
independent of the nature pattern such as weather conditions and building structures. The number of
RF sources is increasing day by day and easily connected with IoT devices [3] and RFEH is capable to
energize these IoT devices.

A receiving antenna receives the signal from the available RF sources and completes the process of
rectenna with the help of rectifier topology. Different types of receiving antennas have been designed
and analyzed by the existing researchers such as dipole [4, 5], circularly polarized [6–8], and dual-band
antennas [9–14]. The selection of the targeted frequency band is also an important concern in RF energy
harvesting. To avoid bulky devices and complex installation, the ISM band consideration is the best
choice relating to antenna size, performance, and targeted bands. Apart from the ISM band rectenna,
multiband and wideband rectenna is also an option, but it has bulky devices and lossy performance [15–
21]. Different antennas have been designed at 2.45GHz in [22–28]. In the existing literature [29–34],
the ISM band is considered for RF energy harvesting. The performance of the rectenna is quite good
in terms of gain, output DC power, and power conversion efficiency (PCE). In [32], the authors have
presented a rectenna which has a negative gain, but the PCE is improved at 2 dBm input power, and
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in [33] the gain is very low, and PCE is reported 20% at −20 dBm input power. Rectennas are designed
in [34, 35] at 2.45GHz, and the gains are 5.6 dBi, 4.4 dBi, and PCEs are reported 68% at 5 dBm input
power and 50% at −20 dBm input power, respectively.

In this work, a 2.42GHz rectenna is designed and analyzed. The rectenna performance is improved
in two parts. First, a high gain antenna is designed in which the antenna efficiently receives the RF
signal from the source. Second, a rectifier circuit is designed for the rectenna, and transmission lines are
used here to match the impedance between the antenna and rectifier. The performance of the rectenna
is optimized at low input power. Hence, the rectenna shows the novel structure and sufficiently harvests
the RF power at low input power. The primary objective of the work is reported accordingly:

• A distinctive, reliable, and energy-efficient energy harvester is designed (shown in Figure 1),
investigated, and validated.

Figure 1. Block diagram of the proposed rectenna.

• The proposed RF energy harvester harvests the RF power from the Wi-Fi at 2.42GHz band.

• A horizontal T-shape impedance matching network (IMN) is designed and simulated, which consists
of a number of transmission lines to design IMN along with a Greinacher voltage doubler topology.

• Using transmission lines in lieu of lumped components reduces system complexity and chances of
error during PCB manufacturing.

• The novelty lies in that the work is the unique structure of the antenna and easy implementation
of the rectifier circuit. It reduces complexity during PCB fabrication and validation.

• The proposed harvester is compared with the reported literature [29–34], and best to the authors’
knowledge it enhanced the rectifier conversion efficiency and also introduced the simple geometry.
This is the main objective of the proposed work.

• The proposed work is motivated by existing literature reviews to address the bottleneck in designing
new energy harvesters and the implementation of harvesters in the real life application..

The work is structured as follows. Section 2 demonstrates the system architecture, layout, and working
principle of the proposed energy harvester. Section 3 discusses the performance analysis of the fabricated
rectenna and compares the proposed work with the existing works. Section 4 summarizes the work.

2. PROPOSED RECTENNA DESIGN

In the rectenna design, the purpose of antenna receives the electromagnetic wave, and the rectifier
converts the EM waves into DC power to energize the low power sensor applications. To fulfill the
requirement of Rectenna at 2.42GHz, the antenna and rectifier topology have been designed and
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analyzed by using the CST and ADS tools, respectively. The proposed rectenna circuit is easily
integrable with other electronics devices in targeted band applications. Schottky diodes are preferred
to use due to their low voltage drop and speedy response. It consumes less amount of power to conduct
the response of RF to DC conversion.

2.1. Antenna Structure

To fulfill the requirement of rectenna design, the very first step is to design an antenna. The proposed
antenna is simply considered a microstrip patch antenna. It has multiple radiating slots to fulfill the
targeted band requirements at 2.42GHz. Apart from this, the partial ground structure is used with a
50Ω transmission feed. The reason behind selecting partial ground is to reduce the system cost and
complexity. It is a printed antenna using an epoxy FR-4 substrate with a dielectric constant of 4.3±5%.
A dual-side printed substrate sheet is used, where the front side represents the radiating patch, and the
bottom side represents the ground. The proposed antenna is designed with multiple radiating slots as
shown in Figure 2(a). The radiating slots are simply rectangular and circular. The rectangular slot is
indexed with two circular radiating patches to obtain the result at the targeted band. The performance
parameter of the antenna is shown in Table 1. It shows the optimized parameter used in the design of
the proposed rectenna. Each parameter of the rectifier is optimized by the ADS software tune function,
and it enhances the performance of the proposed energy harvester.

The outer rectangle slot is responsible for the lower band at 1.2GHz and the inner slot at 2.42GHz.
Though the aim here is to design an antenna at 2.42GHz, the outer slot is included in the proposed

(a) (b)

Figure 2. (a) Proposed rectenna geometry. (b) Current distribution at 2.42GHz.

Table 1. Optimized parameter of the proposed rectenna.

Antenna Parameter (mm) Rectifier Parameter (mm)

A 40 I 12 L1 10.55 L5 2

B 40 J 8 W1 3 W5 1

C 80 K 80 L2 2.45 C1 3.3 pF

D 80 L 1 W2 7.93 C2 1 pF

E 10 M 3 L3 4 D HSMS 2813

F 2 N 6 W3 4 RL 1 kΩ

G 20 O 5 L4 5 Stub Angle 105◦

H 4 P 25 W4 3
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design. It increases the gain of the proposed antenna and improves the matching with the desired
frequency band. Two circular slots on the radiating patch are added after the initialization of rectangle
slots. To demonstrate the behavior of the antenna at 2.42GHz, the surface current on the antenna
is demonstrated in Figure 2(b). The surface current is concentrated mostly on the edge of radiating
patch and ground layer. The surface current distribution indicates the performance of the proposed
antenna. The proposed radiating patch is responsible for the antenna operating at the targeted band
application. The obtained gain and reflection coefficient at this band are 3.94 dBi and S11 < −10 dB,
respectively. However, the work aims to design an antenna that operates efficiently at 2.42GHz. The
proposed antenna suitably works with the proposed Impedance Matching Network (IMN) circuit by
using a single voltage doubler topology. It satisfactorily harvests the RF power at the targeted band
and is easily integrable with the proposed rectifier topology.

2.2. Rectifier Topology

A rectifier is a device used to convert RF to DC at the receiving end of the system. Figure 2(a) shows
the rectifier circuit configuration to harvest the RF power and convert it to back DC power. The
rectifier circuit consists of a single-stage voltage multiplier. The reason behind selecting the topology
is its easy implementation, complexity reduction, and high efficiency with efficient DC output voltage.
The rectifying circuit was optimized using the Keysight Advanced Design System (ADS) software. The
rectifier comprises a voltage doubler, a source capacitor C1 3.3 pF, capacitor C2 1 pF, and load resistance
RL is 4.7 kΩ. Load resister is used to extract the DC power at the receiving end of the device. The load
resistance is chosen as a representation of a pressure sensor [33] which is the target application to have
in mind for the proposed rectenna. For better compatibility and maximum power transfer between
the antenna and rectifier, an impedance matching network is necessary. A simple series microstrip
transmission line is used in place of lumped components to reduce the mismatches during fabrication
and measurements. An impedance matching network (IMN) is designed in the rectifier circuit, and
it follows the voltage doubler circuit. The maximum received power (Pr) is calculated according to
Equation (1) [36].

Pr = S ·Aeff (1)

where S represents the power density with an effective aperture area Aeff of an antenna, and effective
aperture area is defined in terms of wavelength by Equation (2).

Aeff =
λ2

4π
(2)

Thus, the gain is directly related to received RF power. If the gain is maximum, then maximum RF
power is received from the antenna. However, the antenna gain is always controlled by the antenna size.
In the next to IMN, single-stage Greinacher voltage doubler topology is introduced where Spice model
of a nonlinear diode (HSMS-2813) is used during the rectenna designing. To remove the fundamental
frequency signal and harmonics generated by the nonlinear behavior of diodes, a DC pass filter is
preferred to use. A radial stub is used as a DC pass filter in the rectifier configuration, and it prevents
the reflection of microwave power. A load resistor is placed at the end of the device to extract the
DC power from the rectenna. To obtain the best performance over the power range from −10 dBm to
20 dBm, the simulation and optimization process of the complete rectifier circuit have been analyzed in
ADS, and the conversion efficiency response of the harvester is observed.

3. RESULT AND DISCUSSION

To validate the performance of the proposed rectenna setup, experimental results are discussed in this
section. The performances of the rectenna in terms of the reflection coefficient, radiation pattern, gain,
DC output voltage, and power conversion efficiency are demonstrated here. The proposed antenna is
simulated in the CST software, and the reflection coefficient S11, 2-D radiation pattern, and gain of the
targeted band are observed. Figure 3 presents the return loss characteristics. Simulated and measured
return losses are quite matched at 2.42GHz. The measured result of S11 indicates a slight improvement
at the targeted band. This shows better compatibility with the experimental approach. Figures 4
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Figure 3. Reflection coefficient of the proposed antenna.

Figure 4. 2D radiation pattern H plane (Y Z plane Φ = 90◦), E plane (XZ plane Φ = 0◦) of an
antenna.

Figure 5. Realized gain of the proposed antenna.

and 5 present the radiation patterns of the E-plane and H-plane, and gain of the proposed antenna is
realized. The 3.93 dB gain is observed which is good enough for radiating and receiving RF energy from
the available Wi-Fi source.
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(a) (b)

Figure 6. (a) Prototype of complete rectenna. (b) Measurement setup for the proposed rectenna
system.

Figure 7. S11 of the proposed rectifier.

An RF energy harvesting circuit is designed and tested by connecting the proposed antenna and
rectifier circuit through a connector (SMA-Adapter, TY-TMJS-9PCO, and B08V8Z85P3) as shown in
Figure 6(a). The proposed rectenna performance is evaluated by the measurement setup as shown in
Figure 6(b). Two antennas are used: one for transmission of RF signal (Horn Antenna) and the second
one for receiving the RF to DC power with the integration of the rectifier circuit. This setup converts
and harvests the RF power comfortably with the targeted band. The Agilent vector network analyzer
is used as a power source. Step by step process is shown in the following manner:

• During the first step, the received power is measured at a far-field distance of d = 2 meters by
connecting the proposed antenna to the spectrum analyzer.

• In the second step, the spectrum analyzer is removed, the rectenna placed at the location of the
antenna, and then DC voltage is measured. The DC voltage and efficiency measured across 4.7 kΩ
are shown in Figure 6(b).

• Through varying the RF input power and fixed operating frequency, the DC voltage is measured
via voltage meter as shown in Figure 6(b). The simulated (S) and measured (M) output voltages
are received between −10 dBm and 20 dBm, which are 4.7V(S) and 4.7V(M) at 2.42GHz.

As shown in Figure 7, the reflection coefficient of the rectifier configuration shows a quality match with
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the antenna reflection coefficient as in Figure 3. The observed response at 2.42GHz, the DC output
voltage, and conversion efficiency are 4.7V, 78.53% at 0 dBm input power with 4.7 kΩ load resistance.
The RF input power is considered here between −10 dBm and 20 dBm. The power conversion efficiency
is calculated accordingly

ηPCE =
Pdc

PEF
=

V 2
dc

PRFRL
(3)

However, the power conversion efficiency (PCE) is the ratio of output dc power to the total input power.
It represents the harvester’s reliability and durability. Figure 8(a) shows the calculated response of the
power conversion efficiency at different input powers. The RF input power varies from −10 dBm to
20 dBm, and the PCE of 78.53% is achieved at 0 dBm input power. As observed from Figure 8(a), the
RF input power is increased from −5 dBm to 5 dBm, and the rest of the power conversion efficiency is
slightly decreased accordingly. Hence, the proposed rectifier receives higher conversion efficiency at low
input RF power. Figure 8(b) shows the power conversion efficiency plot concerning the load resistor
variation to select the efficient value of the load resistor. The observed response demonstrates the
variation of load resistor from 1.7 kΩ to 5.7 kΩ, and the value of load resistor of 4.7 kΩ is chosen for
efficient energy harvester which exhibits a higher response of PCE.

Table 2 illustrates the comparative result analysis of the proposed work against the existing work.
It shows significant improvement among the existing designs, and it is one of the notable circuits that

(a) (b)

Figure 8. (a) RF to DC efficiency plot. (b) Load resister variation plot.

Table 2. Comparative analysis of proposed rectenna with other existing rectenna.

Ref.
Frequency

(GHz)
Gain

Load

Resistor

Output

Power (DC)
PCE

[29] 2.4 2.3 dBi 4.7 kΩ NS NS

[30] 2.45 NS 3.8 kΩ 1.3V 20% @ 0dBm

[31] 2.45 3 dBi 2 kΩ NS 72% @ 0dBm

[32] 2.45 −0.19 dBi 3.3 kΩ 1.811V ≈ 62% @ 2dBm

[33] 2.45 0.8 dBi 4.7 kΩ 97mV 20% @ −20 dBm

[34] 2.45 5.6 dBi 5 kΩ 3.24V 68% @ 0dBm

Proposed Work 2.42 3.94 dBi 4.7 kΩ 4.7V 78.53% @ 0dBm

*NS — Not Specified, PCE — Power Conversion Efficiency
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exhibit relatively higher conversion efficiency at the 0 dBm input power level. The proposed energy
harvester demonstrates quite satisfactory performance to receive higher conversion efficiency by the
energy harvester at a low input RF power level. The resistive load is considered 4.7 kΩ which is
sufficient to work with different low-power electronic appliances. Hence, the complete rectifier circuit is
easily applicable to harvest the DC power at very low input power.

4. CONCLUSIONS

The major contribution in this work includes a novel antenna design implementation with notable gain,
and the design of the rectifying circuit is quite simple with high power conversion efficiency. The
obtained DC voltage from the rectenna is suitable to energize the low power applications. Experimental
results are in a reasonable agreement with the simulated ones. At the 0 dBm RF input power, the
measured maximum RF to DC efficiency and DC output voltage are 78.53% and 4.7V, respectively,
with a load resistance of 4.7 kΩ. In addition to its good performance along with the notable gain,
higher power conversion efficiency, and novel structure, the proposed rectenna offers several mechanical
advantages, such as simple geometry, light weight, easy fabrication, and implementation, which make
the rectenna a promising candidate for future RF energy harvesting in low-power electronic devices.
Extended research in the future will be considered on different substrate materials for antenna design
and compact antenna size also for other operating bands.

REFERENCES

1. Bizon, N., N. M. Tabatabaei, F. Blaabjerg, and E. Kurt, Energy Harvesting and Energy Efficiency:
Technology, Methods, and Applications, Springer International Publishing, 2017.

2. Castorina, G., L. Di Donato, A. F. Morabito, T. Isernia, and G. Sorbello, “Analysis and design of
a concrete embedded antenna for wireless monitoring applications [Antenna applications corner],”
IEEE Antennas and Propagation Magazine, Vol. 58, No. 6, 76–93, Dec. 2016.

3. Adam, I., M. Fareq Abd Malek, M. Najib Mohd Yasin, and H. A. Rahim, “Double band microwave
rectifier for energy harvesting,” Microw. Opt. Technol. Lett., Vol. 58, 922–927, 2016.

4. McSpadden, J. O., L. Fan, and K. Chang, “Design and experiments of a high-conversion-efficiency
5.8-GHz rectenna,” IEEE Transactions on Microwave Theory and Techniques, Vol. 46, No. 12,
2053–2060, Dec. 1998.

5. Tu, W., S. Hsu, and K. Chang, “Compact 5.8-GHz rectenna using stepped-impedance dipole
antenna,” IEEE Antennas and Wireless Propagation Letters, Vol. 6, 282–284, 2007.

6. Suh, Y.-H., C. Wang, and K. Chang, “Circular polarized truncated-corner square patch microstrip
rectenna for wireless power transmission,” Electron. Lett., Vol. 36, No. 7, 600–602, Mar. 2000.

7. Yo, T.-C., C.-M. Lee, C.-M. Hsu, and C.-H. Luo, “Compact circularly polarized rectenna with
unbalanced circular slots,” IEEE Transactions on Antennas and Propagation, Vol. 56, No. 3, 882–
886, Mar. 2008.

8. Harouni, Z., L. Cirio, L. Osman, A. Gharsallah, S. Member, and O. Picon, “A dual circularly
polarized 2.45-GHz rectenna for wireless power transmission,” IEEE Antennas and Wireless
Propagation Letters, Vol. 10, 306–309, 2011.

9. Suh, Y.-H. and K. Chang, “A high-efficiency dual-frequency rectenna for 2.45 and 5.8-GHz wireless
power transmission,” IEEE Transactions on Microwave Theory and Techniques, Vol. 50, No. 7,
1784–1789, Jul. 2002.

10. Heikkinen, J. and M. Kivikoski, “A novel dual-frequency circularly polarized rectenna,” IEEE
Antennas and Wireless Propagation Letters, Vol. 2, 330–333, 2003.

11. Ren, Y.-J., M. F. Farooqui, and K. Chang, “A compact dual-frequency rectifying antenna with
high-orders harmonic-rejection,” IEEE Transactions on Antennas and Propagation, Vol. 55, No. 7,
2110–2113, Jul. 2007.

12. Xie, F., G. Yang, and W. Geyi, “Optimal design of an antenna array for energy harvesting,” IEEE
Antennas and Wireless Propagation Letters, Vol. 12, 155–158, 2013.



Progress In Electromagnetics Research C, Vol. 117, 2021 97

13. Chou, J. H., D. B. Lin, T. W. Hsiao, and H. T. Chou, “A compact shorted patch rectenna design
with harmonic rejection properties for the applications of wireless power transmission,” Microw.
Opt. Technol. Lett., Vol. 58, 2250–2257, 2016.

14. Chamanian, S., H. Ulusan, A. Koyuncuoglu, A. Muhtaroglu, and H. Kulah, “An adaptable interface
circuit with multi-stage energy extraction for low power piezoelectric energy harvesting MEMS,”
IEEE Trans. Power Electron, Vol. 34, 2739–2747, 2019.

15. Zhang, J. W., Y. Huang, and P. Cao, “An investigation of wideband rectennas for wireless energy
harvesting,” Wireless Eng. Technol., Vol. 5, 107–116, 2014.

16. Almoneef, T. S., F. Erkmen, M. A. Alotaibi, and O. M. Ramahi, “A new approach to microwave
rectennas using tightly coupled antennas,” IEEE Transactions on Antennas and Propagation, Vol.
66, No. 4, 1714–1724, Apr. 2018, doi: 10.1109/TAP.2018.2806398.

17. Almoneef, T. S., “Design of a rectenna array without a matching network,” IEEE Access, Vol. 8,
109071–109079, 2020, doi: 10.1109/ACCESS.2020.3001903.

18. Aldhaeebi, M. A. and T. S. Almoneef, “Highly efficient planar metasurface rectenna,” IEEE Access,
Vol. 8, 214019–214029, 2020, doi: 10.1109/ACCESS.2020.3041403.

19. Bait-Suwailam, M. M., T. S. Almoneef, and S. M. Saeed, “Flexible metamaterial electromagnetic
harvester using modified split-ring resonator,” Progress In Electromagnetics Research M, Vol. 95,
135–144, 2020.

20. Alaukally, M. N. N., T. A. Elwi, and D. C. Atilla, “Miniaturized flexible metamaterial antenna of
circularly polarized high gain-bandwidth product for radio frequency energy harvesting,” Int. J.
Commun. Syst., Vol. e5024, 2021, doi:10.1002/dac.5024.

21. Abdulmjeed, A., T. A. Elwi, and S. Kurnaz, “Metamaterial Vivaldi printed circuit antenna based
solar panel for self-powered wireless systems,” Progress In Electromagnetics Research M, Vol. 102,
181–192, 2021.

22. Hua, M. J., P. Wang, Y. Zheng, and S. L.Yuan, “Compact tri-band CPW-fed antenna for
WLAN/WiMAX applications,” Electron Lett., Vol. 49, 1118–1119, 2013.

23. Sun, X. L., L. Liu, S. W. Cheung, and T. I. Yuk, “Dual-band antenna with compact radiator for
2.4/5.2/5.8GHz WLAN applications,” IEEE Transactions on Antennas and Propagation, Vol. 60,
5924–5931, 2012, https://doi.org/10.1109/TAP.2012.2211322.

24. Awais, Q., Y. Jin, H. T. Chattha, M. Jamil, H. Qiang, and B. A. Khawaja, “A compact rectenna
system with high conversion efficiency for wireless energy harvesting,” IEEE Access, Vol. 6, 35857–
35866, 2018, https://doi.org/10.1109/ACCESS.2018.2848907.

25. Zhang, L., B. Chen, Y. C. Jiao, and Z. B. Weng, “Compact triple-band monopole antenna with two
strips for WLAN/WiMAX applications,” Microw. Opt. Technol. Lett., Vol. 54, 2650–2653, 2012.

26. Kang, L., H. Wang, X. H. Wang, and X. Shi, “Compact ACS-fed monopole antenna
with rectangular SRRs for tri-band operation,” Electron. Lett., Vol. 50, 1112–1114, 2014,
https://doi.org/10.1049/el.2014.1771.

27. Chen, L., Y.-F. Liu, and X.-L. Ma, “Compact ACS-fed circular-arc-shaped stepped monopole
antenna for tri-band WLAN/WIMAX applications,” Progress In Electromagnetics Research C,
Vol. 51, 131–137, 2014.

28. Kumar, A., P. Naidu, V. Kumar, and A. K. Ramasamy, “Design & development of compact
uniplanar semi-hexagonal ACS-fed multi-band antenna for portable system application,” Progress
In Electromagnetics Research M, Vol. 60, 157–167, 2017.

29. Agrawal, S., M. S. Parihar, and P. N. Kondekar, “A quad-band antenna for multi-band
radio frequency energy harvesting circuit,” AEU — International Journal of Electronics and
Communications, Vol. 85, 99–107, 2018, ISSN 1434-8411.

30. Tafekirt, H., J. Pelegri-Sebastia, A. Bouajaj, and B. M. Reda, “A sensitive triple-band
rectifier for energy harvesting applications,” IEEE Access, Vol. 8, 73659–73664, 2020, doi:
10.1109/ACCESS.2020.2986797.



98 Pandey, Shankhwar, and Singh

31. Mansour, M. M. and H. Kanaya, “Efficiency-enhancement of 2.45-GHz energy harvesting circuit
using integrated CPW-MS structure at low RF input power,” IEICE Transactions on Electronics,
Vol. E102C, No. 5, 399–407, 2019.
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