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Abstract: The concept of Rectifying Antenna (RA) is not a new one. It is capable of rectifying Radio
Frequency (RF) and Microwave back Direct Current (DC), having a wide range of applications in radar
development, wireless energy harvesting and many more. Thus, it received the attention of researchers all around
the world. From the last few years, the researchers are trying to improve the power conversion efficiency and to
reduce the design complexity of the rectifying antenna. This paper mainly deals with the electrical components
required in the construction of a Rectifying Antenna. This paper also focuses on a detailed study of antennas and
rectifiers.
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1. Introduction

With the growth of human population and their demands in day-to-day life, the demand of energy have also
gone high and this will continuously increase in the upcoming decades. At present day, the maximum
amount of energy is harvested from non-renewable sources like coal, which causes a huge amount of pollution by
emitting greenhouse gases like Carbon Di-Oxide, Carbon Mono-Oxide etc. Recently several countries have started
focusing on renewable energy sources like Hydro-Electric power, nuclear power, Hydrogen energy, Wind energy
and Solar energy. But these sources are not capable enough to meet the power demands of the growing population.
So, researchers all around the world focused on energy harvesting technologies from microwave/radio frequency
like wireless power transmission. From then several research works have been performed on the concept of
wireless power transmission. The technique of power transmission from Geo-Stationary Orbit (GTO) gains the
maximum attention as it causes no such pollution as that of other energy sources does. Such as the efficiency of
windmills reduce if the speed of wind increases above a certain limit. Whereas the biproducts/wastes from the
nuclear power plants are radioactive in nature and are harmful to humans. At this moment wireless power
transmission is the most efficient and reliable source of energy harvesting. But this requires the efficient
conversion of DC from the radio waves. This technology requires some of the key components, they are
microwave generator, microwave transmitter and the rectifying circuit in the ground station to convert the wave
back to DC. This paper focuses on the components of the Rectifying Antenna and how its development started.
Sidewise this paper also focuses on the challenges on the path of rectenna development.

A Rectifying Antenna also known as Rectenna, is circuit that can convert radio waves into DC. On its simplest
form it has two main components, which are: an antenna and a rectifying circuit. The efficiency of all the
individual elements associated with the circuit contributes to the overall efficiency of the system or in other words
it can also be said that the more the antenna captures the radio waves, the more is the efficiency of rectification
and the more is the overall efficiency of the system. All these are discussed in the below sections and subsections.
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In general, the efficiency of a rectifying antenna is defined as the ratio between the output from the circuit to
that of the input to the circuit, and mathematically it can be denoted as:

Py

7I=Pi

Here, P, is the output power delivered from the rectifying antenna, P;, is the input power to the antenna and
1 denotes the efficiency.

The paper is organized in such a manner that the Section 2 is dedicated to the background of the study,
Section 3 includes the study of parts of the rectifying antenna, Section 4 contains the application of rectifying
antenna, Section 5 contains the Overall Summery. And last but not least Section 6 is dedicated to the conclusion.

2. Background of Study

The concept of rectifying antenna design came around the late 20th century aiming to be wireless power
transmission. But the concept of wireless power transmission was there since 1888. Later in the year 1899 Nicola
Tesla made significant development on wireless power transmission. He did successfully transmit power from
one place to another, but no arrangements were made to focus the transferred power.

After several years of Tesla’s experiment NASA showed interest towards wireless power transmission around
the 1960’s. From then the development of rectifying antenna started and it’s going till date

3. Methodology

As mentioned earlier, rectifying antenna in its simple form has two main components only. But if we look in
detail it has five components. They are shown in Figure. 1.

Components Of Rectifying Antenna

Radio Frequency

Antenna Input filter

Matching Network Rectifying Circuit Storage

Figure-1 The above chart shows the different parts of a Rectifying Antenna

All these five parts working efficiently contribute to the overall efficiency of the rectifying antenna system.
Each of these components are described in detail in the below sub-sections

3.1 Antenna

The design of the antenna is the most crucial, for the efficient operation of the whole rectenna system. The
more the antenna captures radio frequency the more the rectification to DC. So, for this reason an antenna must
have a wide functioning frequency range, multi-directional radiation pattern, low profile, compact dimensions,
high gain and many more. According to their work the antennas are divided into three main parts, they are
discussed below:

3.1.1 S-B Antenna

SB antennas, also known as Single Band antenna, are used in operation where there is a narrow single
frequency band. There are several parameters upon which the performance of a SB antenna depends, CP (Circular
Polarization) is one such parameter and this is used to achieve a stabilized power output. As a stable output
increases the overall efficiency of the rectifying antenna. Whereas a CP antenna is unable to detect the CP wave
that is reversed. To overcome this problem a concept of duel polarized antenna was proposed. As it was able to
detect any type of polarized wave from the surrounding environment. This concept of duel port was implemented
where two ports named H-port and V-port were used to detect the polarized signals and a two-port rectification
circuit was used to maintain the efficiency of the system.
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Apart from CP, another vital parameter of an antenna is its gain. The higher gain of the antenna allows the
maximum amount of Radio Frequency to be captured from the surrounding environment, and this parameter is
totally dependent on the overall aperture size of the antenna. Also, an antenna with a good gain will be able to
detect waves from multiple directions, hence the efficiency of the system will be increased. It was further shown
that the gain of the antenna can be improvised by using a reflecting plane at the back of the antenna.

3.1.2 B-B Antennas

B-B antennas, also known as Broad-Band antennas, are designed to operate in broad frequency ranges. These
antennas can collect a wide range of frequencies from multiple directions. Several literature papers have been
studied regarding the same. It has been proposed that establishing gradual flaring at each bend of the B-B bent
triangular antenna strengthen the antenna bandwidth impedance [1]. A Paper showed that bandwidth of the
antenna can be enhanced by introducing annular slots and rectangular slots on the radiating plane [2]. A monopole
antenna (CPW) was also studied [3], it suggested that symmetrical slots on each side of the feed line improve the
bandwidth of the antenna. In another paper, it implemented a Coplanar Waveguide fed microstrip slotted patch
antenna to obtain the characteristics of a broadband [4]. In addition, it is also shown that a consequent rotation
helps in achieving a Circular Polarization (CP) with a patch antenna array [5]. Further Fractal Antenna along with
Coplanar Waveguide feeding was studied [6].

The above discussed B-B antennas operate over a wide and broad range of frequency, but it was found difficult
in matching the impedance in between the circuits of rectifier and the antenna. The ill-assorted impedance reduces
the efficiency of Radio Frequency to DC conversion.

3.1.3 M-B Antennas

M-B antennas stand for multi-band antennas, they are also known as dual band antennas. These antennas cover
many frequency ranges making then ideal for implementation in rectifying antennas, and they are capable of more
Radio Frequency from the surrounding environment. Several publications have been studied on M-B antennas.
Another paper showed that the performance efficiency of ~ S-B antennas is much less than that of the M-B
antennas [7]. The functioning of slot-loaded antenna in two frequencies are shown [8]. A concept monopole, two
arms antennas were proposed [9]. The lower frequency band was generated by the long arm and the higher
frequency band was generated by the shorthand.

In the case of a M-B antenna the receiving power increases as the gain characteristics increase. Several other
techniques like A-C (Aperture Coupled) [10] and differential [11] feeding technologies, antenna array [12][13]
and air gap technologies [14]. These above-mentioned technologies are generally suffering from huge antenna
size and its complex design. An antenna with a smaller size could to useful in this state. The circular polarizing
property of a M-B antenna helps to receive more stable power. In [15] a dual polarized antenna has been proposed.

The above-mentioned dual band antennas operate in several frequencies and capture electromagnetic energy
from all the bands. So, they receive more power, and an accurate matching of impedance is relatively better than
that of B-B antennas.

3.2 Configuration of Rectifier

The rectifier is one of the vital parts of the rectifying antenna system which converts the captured microwave back
to DC. A proper designing of a rectifier element will eventually increase the efficiency of power rectification.
Semiconductor devices like diode play a vital role in rectification circuits as they have a large V,,. (breakdown
voltage), lower Rs (series resistance), lower Vth (threshold voltage) and low C; (junction capacitance).

Usually, a diode having a turn on voltage low and having a higher breakdown voltage are generally chosen for
rectifier design. Though, practically this is difficult to obtain a diode with both the characteristics. Along with
this, the reverse saturation (IS) current is also an important parameter. When the value of reverse saturation current
increases the value of the diode parallel resistance decreases [16]. The value of reverse saturation current is
dependent on the width of the diode. So, if the diode barrier height is low then the forward voltage drop reduces
and the concentration of reverse leakage current increases near the junction barrier. And hence the voltage to turn
on the diode becomes low. It has also been noted that a diode with better conversion efficiency has more saturation
current. Normal diodes are not used for radio frequencies. Normally the Schottky diodes are used for rectification
circuits.
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On studying various literature on Schottky diodes for rectifying antenna applications, it has been noted that
HSMS28xx and SMS7630 diodes are most frequently used. Generally, the SMS7630 diode is used for designing
of rectifiers, where the input radio frequency signal is less than -40 dBm [8][13][17]. The breakdown voltage of
HSMS28xx varies between the range of 3.8 Volt to 15 Volt, making them suitable for low as well as high radio
frequency input [14][18][19]. A study of reverse saturation current (I;), Threshold voltage (V;;) and Breakdown
voltage (V) are shown in Table 1.

Model Name | Model Number Vin Vpr I

SMS 7630 [8][13] 0.09 Volt | 2.0 Volt | 5.0 pA
2852 [15] 0.15 Volt | 3.8 Volt | 3.0 pA
2850 [20] 0.15 Volt | 3.8 Volt | 3.0 pA

HSMS 2820 [21][22] | 0.15 Volt | 15.0 Volt | 0.02 pA
286B [14] 0.69 Volt | 7.0 Volt | 0.05 pA

Based on their configurations, the rectifiers can be classified into two major groups, they are H-W (Half-Wave)
rectifier and F-W (Full-Wave) rectifier. These two types of rectifiers are explained in the subsections below:

3.2.1 H-W rectifier

The H-W rectifier can rectify a single cycle of the microwave and further these rectifiers are divided into two
more types depending upon the connection of diode to that of the load. They are Series connected H-W rectifiers,
and the Shunt connected H-W rectifier. As there is a single diode in a H-W rectifier so the consumption of power
is less and thus they are ideal for applications in low power. The implementation of a H-W rectifier for microwave
to DC conversion has been studied [23]. A Wilkinson power divider enhanced the performance of the rectifier
using two H-W rectifiers [24]. Another design of an H-W rectifier was proposed using a MA4E1317 diode, the
power conversion efficiency came out to be 81% with 30mW/cm2 input power density [25].

We all know that the H-W rectifier is capable of rectifying only the positive half cycle of the microwave. But
its efficiency can be improved by injecting the reflected power back to the H-W rectifier. By this way it’s power
conversion efficiency can be increased by 50% [26][27]. Due to the operation of a single diode, the H-W rectifier
structure consumes less power and thus the power handling capability of the rectifier is also very low. To
overcome these limitations the F-W rectifier was made.
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Figure-2 Shows the basic configuration of a H-W rectifier in shunt and series connection.[28]
3.2.2 F-W rectifier

In the case of an F-W rectifier both the cycles of the microwave can be rectified. There are some existing
configurations of an F-W rectifier, such as F-W Bridge rectifier, Greinacher rectifier and many more. In case of a
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F-W bridge rectifier there are four diodes that are arranged in series pairs, each cycle of the microwave uses two
diodes for rectification. An F-W bridge rectifier between two dipole antennas was proposed [29]. The direction
of current is shown in Fig. 3 [29]. Here the diodes were fed differentially with a pair of dipole antennas and
therefore the efficiency are much more than that of the H-W rectifiers.
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Fig-3 A F-W rectifier shows the direction of current in case of positive half cycle(l) and negative half cycle
(1).[29]

A F-W bridge rectifier structure requires four diodes, this increases the number of diodes, and the losses
associated with them. The overall output of the rectifier might decrease on account of the losses of the diodes.
Thus, these F-W rectifiers are suitable for input with a large power density. Also, the minimum voltage required
for biasing a F-W bridge rectifier is twice that of the H-W rectifier, as there are two diodes connected in a
single branch [30]. On the other hand, a VVoltage Doubler Rectifier circuit charges capacitors from the input
source and switches them in a proper way to generate an output voltage twice that of the input voltage. A dual
band rectifying antenna with a voltage doubler rectifier were proposed, here the designed rectifier circuit was
tuned with two frequency bands [31].

Similarly, to improve conversion efficiency the Co-planer Waveguide configuration was adopted [32]. It is
also seen that if the voltage multipliers in a cascade connection increases then there is an increase in the overall
output voltage [33]. Further intensification on rectifying antenna were seen in a Greinacher rectification circuit
[15] [34-36]. Generally, Greinacher circuit is similar to that of a two staged voltage doubler rectifier connected
in the formation of bridge rectifier. The Greinacher circuit has two branches, each branch with two diodes. A
general configuration of Greinacher circuit rectifier [34] is shown below in Fig. 4.
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Figure-4 Shows a general configuration of the Greinacher Circuit Rectifier [34].
3.3 IMN and Microwave Input Filter
3.3.1 IMN Configurations.

The IMN stands for Impedance Matching Network, and it is connected between the rectifier and the antenna.
The main purpose of using this is to deliver the maximum microwave power to the rectifier that are collected by
the antenna. On studying several papers, it is seen that the efficiency of rectifying antenna is much better with the
use of IMN [37]. Itis also seen that impedance matching can also be obtained by reactance transformers (L section
network) [38][39]. It is easier to match the impedance of a S-B rectifying antenna, whereas it’s difficult to match
impedance for M-B rectifying antenna.

A M-B impedance matching network with a rectifying circuit is implemented [31]. Similarly, a bunch of
several rectifying antennas, everyone with a S-B matching network with a rectification topology implemented
with a M-B rectifying antenna [7]. An impedance matching network with a D-B(dual-band) fourth order was put
into practice using L-C, a combination of series and parallel [40]. Also, an impedance matching network for a T-
B(triple-band) was incorporated using two stubs [41].

It is easy to obtain the impedance matching for a S-B antenna, whereas it is difficult to achieve a proper
impedance matching network for an M-B antenna. In case of M-B antennas it is much more convenient to use a
bunch of rectifying antennas, each one of them with a proper matching network and a rectifying antenna. The
power output of a rectifying antenna can be improved by power combining radio frequency and by techniques of
DC power combining [42]. The technique of power combination of radio frequency is applicable when the radio
frequency generated by a single antenna is low. In this case the combined signal would be able to turn on the
diode for effective conversion. Whereas this technique also has a disadvantage, if large powers are received
through the combinations, then the impedance matching problem arises. In such a case the technique of DC power
combination is used.

The execution of DC combining technique was studied [43]. They implemented a three-port pixel rectifying
antenna with three-port pixel antenna and a rectification circuit. The main disadvantage of DC power combining
technique is the low conversion efficiency from radio frequency to DC and the narrow bandwidth. To deal with
the drawbacks of the two techniques mentioned above, the hybrid wideband power combination technique came
into action [44]. In this technique the antenna gain is improved by performing the hybrid combination.

4. Application for Rectifying Antenna

For the very first time the rectifying antenna was designed for WPT (Wireless Power Transmission) around
1960 by William C Brown. As the concept of wireless power transmission gained momentum, the rectifying
antenna also found application in several other fields, such as in WSN (Wireless Sensor Network) in Radio
Frequency Identification tags [45], observe the structural condition of a building [46].
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Human beings are not free from diseases, they suffer from several health issues related to organs. In such a
case it requires continuous monitoring of organs through the sensors they have inside their body. Normal
conventional batteries are too outdated for these applications due to their limited battery capacity. The rectifying
antenna found its application in this field with continuous powering to the sensors present inside the body. They
have several medical applications like deep tissue implantation [47], Pacemakers [48], operating HMDBSD (Head
Mountable Deep Brain Simulation Device) [49] and many more.

The applications of rectifying antenna are not limited to the medical field only. They found a wide range of
applications with the increase in frequency spectrum. Smart cities are totally dependent on rectifying antennas
starting from the high data transfer rates to the smart parking systems, smart transportation, smart transportation
and many more.

5. Overall Summary

In this paper we have tried to put a brief review on the components of a rectifying antenna. By reading the
reference papers, it has been noted that the design of a S-B antenna becomes much easier with an effective
impedance matching rectification circuit. The S-B antenna mainly suffers because of its less power capturing and
unique operating frequency. While the B-B antennas can capture all the frequencies. Whereas the wide impedance
bandwidth reduces the gain of the antenna. Also, it is too difficult to get a proper impedance matching between
the rectifier circuit and the antenna hence the rectification efficiency reduces. Generally, B-B antennas either
suffer from less power conversion efficiency or less antenna gain.

For rectifiers generally the Schottky diodes are preferred. SMS7630 diode families are used when the power
of the radio frequency signal is low, and HSMS28XX diode families are used when the power of the radio
frequency is high. From many different rectifier topologies, the Half Wave Rectifier consumes less power
compared to that of others because of its single diode operation and, they have low power handling capability.
However, to deal with the limitations of the Half Wave Rectifier, the Full Wave Rectifier came into action. These
rectifiers are capable of rectifying both the cycles of the radio frequency, but they need a high input to meet the
biasing conditions. However, the use of several diodes also incorporates more losses in the bridge rectifier.

The Greinacher circuit are capable of handling high power and as well as they need a less power than bridge
rectifier for biasing. However, VDR are the most used rectifier circuit because of their efficient operation in low
as well as moderate input radio frequency. The technology of voltage multiplier circuits is also used in rectifier
designing. This includes the designing of multiple stages of rectifier to increase the overall output of the rectifier
and this topology can be used for low as well as high input power.

6. Conclusion

This paper on rectifying antenna generally tries to give a brief overview on the rectenna components. This also
presents the difference between different antenna types, different rectifiers and many more. This review article
will also help future researchers to identify the research gap. It can be clearly said that rectifying antenna has the
capability to take up the circular polarization, gain of the antenna, radio frequency to DC conversion efficiency.
from the reported literature it could be clearly concluded that,

e Mainly slot loaded radiator and single mode feeding/ dual mode feeding approaches help in controlling
the circular polarization.

e The gain of the rectifying antenna is generally dependent on the dimensions of the antenna, techniques
of feeding and configuration of antenna.

e The conversion of radio frequency to DC depends upon the input of the radio frequency and the rectifier
circuit.

e The work on impedance matching networks is too limited. This field requires much more study.

From the authors’ point of view, there are some recommendations. They are:

o Slotted radiators are a better option for circular polarization.

e  Multiple layer techniques can be used to increase the overall gain of the rectifying antenna.

e  Multiple path power distribution is a better option for M-B and B-B antenna.

e  Power conversion from radio frequency to DC could be achieved in a better way with the use of a VDR.
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A lot of developments are required in case of radio frequency energy harvesting. The direction of the radio
wave is unknown in case of radio frequency energy harvesting. And a very less amount of work has been
conducted on rectifying the antenna for energy harvesting. Nicola Tesla conducted a project for wireless power
transmission, but his work didn’t focus on focusing on the transmitted power. For this technology, we authors
have a recommendation of proper sensors. These sensors will orient the antenna in a proper direction, from where
the radio waves are coming. But this technology also needs a lot of development. Not only that, but also a proper
study of effects on radio waves while passing through earth’s atmosphere and environment should also be studied.

We, the authors, have tried to review the paper with most of the data present in the form of literature. Still, we
make an apology to the research community if we missed any relevant information from this topic

7. References

[1] Arrawatia Mahima, Baghini Maryam Shojaei and Kumar Girish 2015 Broadband Bent Triangular Omnidirectional
Antenna for RF Energy Harvesting. IEEE Antennas and Wireless Propagation Letters. 15: 36-39. Doi:
10.1109/LAWP.2015.2427232.

[2] Shi Yanyan, Fan Yue, Li Yan, Yang Lan and Wang Meng 2018 An Efficient Broadband Slotted Rectenna for
Wireless Power Transfer at LTE Band. IEEE Transactions on Antennas and Propagation. 67(2): 814-822. Doi:
10.1109/TAP.2018.2882632.

[3] Dardeer Osama M.A., Elsadek Hala A. and Abdallah Esmat A. 2019 Compact Broadband Rectenna for Harvesting
RF Energy in WLAN and WiMAX Applications. 2019 International Conference on Innovative Trends in Computer
Engineering (ITCE’2019). Doi: 10.1109/ITCE.2019.8646386.

[4] Saranya N. and Kesavamurthy T. 2018 Design and Performance Analysis of Broadband Rectenna for an Efficient
Energy Harvesting Application. International Journal of RF and Microwave Computer-Aided Engineering.
29(21628): 1-12. Doi: 10.1002/mmce.21628.

[5] Nguyen Nhu Huan, Bui Thi Duyen, Le Anh Dung, Pham Anh Duc, Nguyen Thanh Tung, Nguyen Quoc Cuong and
Le Minh Thuy 2018 A Novel Wideband Circularly Polarized Antenna for RF Energy Harvesting in Wireless Sensor
Nodes. International Journal of Antennas and Propagation. Doi: 10.1155/2018/1692018.

[6] Bai X., Zhang J. W., Xu L. J., and Zhao B. H. 2018 A broadband CPW fractal antenna for RF energy harvesting.
ACES Journal. 33(5): 482-487

[71 Kuhn Véronique, Lahuec Cyril, Seguin Fabrice and Person Christian 2015 A Multi-Band Stacked RF Energy
Harvester With RF-to-DC Efficiency Up to 84%. IEEE Transactions on Microwave Theory and Techniques. Doi:
10.1109/TMTT.2015.2416233.

[8] Niotaki Kyriaki, Kim Sangkil, Jeong Seongheon, Collado Ana, Georgiadis Apostolos and Tentzeris Manos M. 2013
A Compact Dual-Band Rectenna Using Slot-Loaded Dual Band Folded Dipole Antenna. IEEE Antennas and
Wireless Propagation Letters. Doi: 10.1109/LAWP.2013.2294200.

[9] Zeng Miaowang, Li Zihong, Andrenko Andrey S., Zeng Yanhan and Tan Hong-Zhou 2018 A Compact Dual-Band
Rectenna for GSM900 and GSM1800 Energy Harvesting. International Journal of Antennas and Propagation. Doi:
10.1155/2018/4781465.

[10] Chandravanshi Sandhya, Sarma Sanchari Sen and Akhtar M. Jaleel 2018 Design of Triple Band Differential
Rectenna for RF Energy Harvesting. IEEE Transactions on Antennas and Propagation. Doi:
10.1109/TAP.2018.2819699.

[11] Noor Faza S. Mohd, Zakaria Zahriladha, Lago Herwansyah and Said Maizatul A. Meor 2018 Dual-Band Aperture-
Coupled Rectenna for Radio Frequency Energy Harvesting. International Journal of RF and Microwave Computer-
Aided Engineering. Doi: 10.1002/mmce.21651.

[12] Sun Hucheng, Guo Yong-xin, He Miao and Zhong Zheng 2013 A Dual-Band Rectenna Using Broadband Yagi
Antenna Array for Ambient RF Power Harvesting. IEEE Antennas and Wireless Propagation Letters. Doi:
10.1109/LAWP.2013.2272873.

[13] Zhu Li, Zhang Jiawei, Han Wanyang, Xu Leijun and Bai Xue 2018 A Novel RF Energy Harvesting Cube Based on
Air Dielectric Antenna Arrays. International Journal of RF and Microwave Computer-Aided Engineering. Doi:
10.1002/mmce.21636.

[14] Hassan Nornikman, Zakaria Zahriladha, Sam Weng Yik, Hanapiah Izyan Nazihan Mohd, Mohamad A. Nasoruddin,
Roslan Ameer Farhan, Ahmad Badrul Hisham, Ismail Mohd Khairy and Aziz Mohamad Zoinol Abidin Abd 2018
Design of Dual-Band Microstrip Patch Antenna With Right Angle Triangular Aperture Slot for Energy Transfer
Application. International Journal of RF and Microwave Computer-Aided Engineering. Doi: 10.1002/mmce.21666.

[15] Singh Neeta, Kanaujia Binod K., Beg Mirza Tarig, Mainuddin, Kumar Sachin and Khan Taimoor 2018 A Dual
Polarized Multiband Rectenna for RF Energy Harvesting. International Journal of Electronics and Communications.
Doi: 10.1016/j.aeue.2018.06.020.

[16] Nimo Antwi, Beckedahl Tobias, Ostertag Thomas and Reindl Leonhard 2015 Analysis of Passive RF-DC Power
Rectification and Harvesting Wireless RF Energy for Micro-watt Sensors. AIMS Energy. Doi:
10.3934/energy.2015.2.184.




Acceleron Aerospace Journal || AAJ.11.2106-2517
Volume 4, Issue 3, pp (1010-1019)
E-ISSN- 2583-9942

[17] Okba Abderrahim, Takacs Alexandru, Aubert Hervé, Charlot Samuel, Calmon Pierre-Frangois 2016 Multiband
Rectenna for Microwave Applications. Comptes Rendus Physique. Doi: 10.1016/j.crhy.2016.12.002.

[18] Yo Tzong-Chee, Lee Chien-Ming, Hsu Chen-Ming and Luo Ching-Hsing 2008 Compact Circularly Polarized
Rectenna With Unbalanced Circular Slots. IEEE Transactions on Antennas and Propagation. Doi:
10.1109/TAP.2008.916956.

[19] Takhedmit H., Cirio L., Bellal S., Delcroix D. and Picon O. 2012 Compact and Efficient 2.45 GHz Circularly
Polarised Shorted Ring-Slot Rectenna. Electronics Letters. 48(5): 1-2. Doi: 10.1049/el.2011.38.

[20] Liu Zhongtao, Zhong Zheng and Guo Yong-Xin 2015 Enhanced Dual-Band Ambient RF Energy Harvesting With
Ultra-Wide Power Range. IEEE Microwave and Wireless Components Letters. 25: 630-632. Doi:
10.1109/LMWC.2015.2451397.

[21] Mouapi Alex, Hakem Nadir and Kamani Gaelle VVanessa 2018 A Selective Rectifier for RF Energy Harvesting Under
Non-Stationary Propagation Conditions. 2018 IEEE International Conference on Environment and Electrical
Engineering (EEEIC). Doi: 10.1109/EEEIC.2018.8494509.

[22] Marian Vlad, Allard Bruno, Vollaire Christian and Verdier Jacques 2012 Strategy for Microwave Energy Harvesting
From Ambient Field or a Feeding Source. IEEE Transactions on Power Electronics. 27(11): 4481-4491. Doi:
10.1109/TPEL.2012.2185249.

[23] Joshi Saumil and Moddel Garret 2016 Simple Figure of Merit for Diodes in Optical Rectennas. IEEE Journal of
Photovoltaics. Doi: 10.1109/JPHOTOV.2016.2541460.

[24] Daskalakis Spyridon Nektarios, Georgiadis Apostolos, Goussetis George and Tentzeris Manos M. 2019 A Rectifier
Circuit Insensitive to the Angle of Incidence of Incoming Waves Based on a Wilkinson Power Combiner. IEEE
Transactions on Microwave Theory and Techniques. 67(7): 3210-3218. Doi: 10.1109/TMTT.2019.2912192.

[25] Wang Ye-Qing and Yang Xue-Xia 2012 Design of a High Efficiency Circularly Polarized Rectenna for 35 GHz
Microwave Power Transmission System. 2012 Asia-Pacific Power and Energy Engineering Conference. Doi:
10.1109/APPEEC.2012.6306907.

[26] W. Storr 2013 Electronic tutorial about power diodes as rectifiers. Technical report. Basic Electronics Tutorials.

[27] F. Losee. RF systems, components, and circuits handbook, Second Edition. Chapter semiconduction diodes and their
circuits. Boston: Artech House, Inc., 1997.

[28] Oka T., Ogata T., Saito K. and Tanaka S. 2014 Triple-band single-diode microwave rectifier using CRLH
transmission line. Proceedings 2014 Asia-Pacific Microwave Conference. pp:1013-1015.

[29] Erkmen Faruk, Almoneef Thamer S. and Ramahi Omar M. 2017 Electromagnetic Energy Harvesting Using Full-
Wave Rectification. IEEE Transactions on Microwave Theory and Techniques. 65(5): 1843-1851. Doi:
10.1109/TMTT.2017.2673821.

[30] Razavi B. 2013 Fundamentals of Microelectronics, 2nd edition. Los Angeles: Wiley Publications.

[31] Shariati Negin, Rowe Wayne S. T., Scott James R. and Ghorbani Kamran 2015 Multi-Service Highly Sensitive
Rectifier for Enhanced RF Energy Scavenging. Scientific Reports. 5(9655): 1-9. Doi: 10.1038/srep09655.

[32] Mansour Mohamed M. and Kanaya H. 2019 High-Efficient Broadband CPW RF Rectifier for Wireless Energy
Harvesting. IEEE  Microwave and  Wireless Components  Letters. 29(4):  288-290. Doi:
10.1109/LMW(C.2019.2902461.

[33] Kotani Koji, Sasaki Atsushi and Ito Takashi 2009 High-Efficiency Differential Drive CMOS Rectifier for UHF
RFIDs. IEEE Journal of Solid-State Circuits. 44(11): 3011-3018. Doi: 10.1109/JSSC.2009.2028955

[34] Song Chaoyun, Huang Yi, Zhou Jiafeng, Zhang Jingwei, Yuan Sheng and Carter Paul 2015 A High-Efficiency
Broadband Rectenna for Ambient Wireless Energy Harvesting. IEEE Transactions on Antennas and Propagation.
63(8): 3486-3495. Doi: 10.1109/TAP.2015.2431719

[35] Gozel Mahmut Ahmet, Kahriman Mesud and Kasar Omer 2019 Design of an Efficiency Enhanced Greinachaer
Rectifier Operating in a GSM 1800 Band by Using Rat-Race Coupler for RF Energy Harvesting Applications.
International Journal of RF and Microwave Computer-Aided Engineering. 29(1): 1-8. Doi: 10.1002/mmce.21621

[36] Park Joonwoo, Kim Youngsub, Yoon Young Joong, So Joonho and Shin Jinwoo 2014 Rectifier Design Using
Distributed Greinacher Voltage Multiplier for High Frequency Wireless Power Transmission. Journal of
Electromagnetic Engineering and Science. 14(1): 25-30. Doi: 10.5515/JKIEES.2014.14.1.25

[37] Agrawal Sachin, Parihar Manoj Singh and Kondekar Pravin N. 2017 Exact Performance Evaluation of RF Energy
Harvesting with Different Circuit’s Elements. IETE Technical Review. 35(5): 514-522. Doi:
10.1080/02564602.2017.1339577

[38] Nimo Antwi, Grgi¢ Dario and Reindl Leonhard M. 2012 Impedance Optimization of Wireless Electromagnetic
Energy Harvesters For Miximum Output Efficiency at uW Input Power. Active and Passive Smart Structures and
Integrated Systems. 8341(83410W): 1-14. Doi: 10.1117/12.914778

[39] Ungan Tolgay, Polozec Xavier Le, Walker William and Reindl Leonhard 2009 RF Energy Harvesting Design Using
High Q Resonators. IEEE MTT-S International Microwave Workshop on Wireless Sensing, Local Positioning, and
RFID (IMWS-2009). Doi: 10.1109/IMWS2.2009.5307869

[40] Agrawal Sachin, Parihar Manoj S. and Kondekar P.N. 2017 A Duel-Band RF Energy Harvesting Circuit Using 4th
Order Dual-Band Matching Network. Cogent Engineering. 4: 1-10. Doi: 10.1080/23311916.2017.1332705

[41] Liu Jian and Zhang Xiu Yin 2018 Compact Triple-Band Rectifier for Ambient RF Energy Harvesting Application.
IEEE Access. 6: 19018-19024. Doi: 10.1109/ACCESS.2018.2820143

AAJ 4-3 (2025) 1010-1019 9



AAJ.11.2106-2517

[42] Olgun Ugur, Chen Chi-Chih and Volakis John L. 2011 Investigation on Rectenna Array Configurations for Enhanced
RF Power Harvesting. IEEE Antennas and Wireless Propagation Letters. 10: 262-265. Doi:
10.1109/LAWP.2011.2136371

[43] Shen Shanpu, Chiu Chi-Yuk and Murch Ross D. 2018 Multiport Pixel Rectenna for Ambient RF Energy Harvesting.
IEEE Transactions on Antennas and Propagation. 66(2): 644-656. Doi: 10.1109/TAP.2017.2786320

[44] Shen Shanpu, Zhang Yujie, Chiu Chi-Yuk and Murch Ross 2019 A Triple-Band High Gain Multibeam Ambient RF
Energy Harvesting System Utilizing Hybrid Combining. IEEE Transactions on Industrial Electronics. Doi:
10.1109/TIE.2019.2952819

[45] Monti G., Congedo F., Donno D. De and Tarricone L. 2012 Monopole Based Rectenna for Microwave Energy
Harvesting of UHF RFID Systems. Progress in Electromagnetic Research C. 31: 109-121. Doi:
10.2528/PIERC12061501

[46] Li Tansheng, Sawada Kikuzo, Ogai Harutoshi and Si Wa 2013 UHF-Band Wireless Power Transfer System for
Structural Health Monitoring Sensor Network. Smart Materials Research. 2013. Doi: 10.1155/2013/496492

[47] Zhang Ke, Liu Changrong, Jiang Zhi Hao, Zhang Yudi, Liu Xueguan, Guo Huiping and Yang Xinmi 2019 Near-
Field Wireless Power Transfer to Deep-Tissue Implants for Biomedical Applications. IEEE Transactions on
Antennas and Propagation. 68(2): 1098-1106. Doi: 10.1109/TAP.2019.2943424

[48] Asif Sajid M., Iftikhar Adnan, Hansen Jared W., Khan Muhannad S., Ewert Daniel L. and Braaten Benjamin D.
2018 A Novel RF Powered Wireless Pacing Via a Rectenna Based Pacemaker and a Wearable Transmit-Antenna
Array. IEEE Access. 7: 1139-1148. Doi: 10.1109/ACCESS.2018.2885620

[49] Hosain Md Kamal, Kouzani Abbas Z., Samad Mst Fateha and Tye Susannah J. 2015 A Miniature Energy Harvesting
Rectenna for Operating a Head-Mountable Deep Brain Simulation Device. IEEE Access. 3: 223-234. Doi:
10.1109/ACCESS.2015.2414411

. Conflict of Interest

The author declares no competing conflict of interest.

. Funding

No funding was issued for this research.




