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Abstract 

With the rapid advancement of the wireless technologies and demands of low-

power electronic circuits for smart home, smart cities and IoT applications, various 

research trends have tended to investigate the feasibility of powering these circuits by 

harvesting RF energy from ambient electromagnetic space or by using dedicated RF 

sources. Recently, RF ambient energy harvesting and WPT technologies have gained 

much interest as a clean and renewable power source. However, the optimal design of 

a rectifying-antenna or rectenna, is still very challenging for deploying in real 

applications. A number of key issues and research problems have been identified for 

rectenna designs, such as the low conversion efficiency and strong nonlinearity under 

the ambient power conditions. Moreover, a clear distinction between rectennas for 

wireless energy harvesting (WEH) and wireless power transfer (WPT) are not 

significantly considered in the literatures while developing the rectennas for different 

applications. The purpose of this thesis is to present a comprehensive study into 

rectennas, aiming at overcoming the most challenging research problems of this topic. 

There are six main contributions from this PhD work, which can be divided into two 

main sections.  

In the first section, three contributions are presented aimed to develop WEH 

rectennas. The design of broadband rectennas is exceptionally challenging due to the 

utilization of nonlinear elements of the rectifying circuit. Therefore, a low complexity 

novel broadband rectenna is initially proposed for WEH applications. The proposed 

rectenna consists of a novel broadband Yagi-Uda antenna and a transmission lines-

based broadband rectifier. A novel three-stage impedance matching technique is 

utilized in the rectifier design to achieve high efficiency with a compact size. The 

proposed broadband rectifier outperforms other designs in bandwidth and conversion 

efficiency under similar operating conditions. Then, a novel dual-band rectenna is 

proposed for low power ambient energy harvesting. Most reported rectennas in the 

literature were designed for medium and high input power conditions. The proposed 

rectenna consists of a novel dipole antenna with folded stubs and a highly sensitive 

rectifier. Folded stubs are introduced in the dipole antenna for dual-mode operation. A 

novel single external inductor-based high sensitivity rectifier is also proposed. Based 

on the rectifier design, a dual-band high sensitivity rectifier is also proposed. This 
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rectenna design confirms the feasibility of harvesting RF power from low power 

ambient conditions. Thirdly, a novel RF energy harvester using combined harvesting 

topology to capture the ambient RF energy in 915-960 MHz, 1.8-2.7 GHz, and 3.4-3.7 

GHz frequency bands is proposed. The proposed RF energy harvester utilised high 

sensitivity and high efficiency rectifiers for improving the performance. This design 

confirms the feasibility of capturing RF energy from a typical ambient environment 

for low power applications. 

Rectennas for WPT applications are mainly presented in the second section. A 

novel communication rectenna solution is proposed to provide effective data and 

power transfer in wireless sensor nodes. Along with the ambient energy harvesting of 

conventional rectenna, the proposed design can also perform simultaneous wireless 

information and power transfer for facilitating uninterrupted power supply and data 

transfer of WSN nodes. A dual polarized 2×1 square patch antenna array and a 

multisection bended broadband monopole antenna are employed for SWIPT and 

AWEH, respectively. Thus, the proposed communication rectenna array with ambient 

energy harvesting can be a promising candidate for future wireless sensor nodes. Low 

breakdown voltage in commercial silicon Schottky diodes limits the conversion 

efficiency in the high-power region of conventional rectifiers. Therefore, a novel GaN 

Schottky diode-based microwave rectifier is proposed for high-power applications. A 

novel low loss impedance matching is utilised by exploiting the unavoidable 

inductance effects of bond wires used for providing the electrical connection between 

GaN chip and board. The proposed rectifier is better than the other published designs 

in terms of the high-power operation as well as the peak voltage and power. 

Conventional rectennas for WEH and WPT can only offer a limited DC power amount 

and typically do not have the rectenna’s location knowledge. Thus, a novel duplexing 

rectenna with a harmonic feedback capability for efficient WPT applications with the 

antenna alignment is proposed. The duplexing rectenna can efficiently convert the 

incident RF power at 0.915 GHz to DC and also send a reasonable harmonic signal 

back to the RF transmitter at 1.83 GHz for tracking the position of rectenna to improve 

power transfer efficiency without the need of another antenna and transmitters. Thus, 

this complete WPT system based on a duplexing rectenna with feedback property is a 

very promising solution for future efficient WPT applications. 
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Chapter 1. Introduction 

 

 For the past 150 years or so, humans have been heavily dependent on electricity to 

power everything from light bulbs to cars and to factories. With the rapid expansion 

of technical advancements and IoT systems, the number of connected devices that 

were in use worldwide exceeded 17 billion by 2018, with the number of IoT devices 

at 7 billion. IoT analytics research expects 34 billion global active devices connected 

to the internet in 2025, serving the global population as shown in Fig. 1.1 [1]. 

Following this expected growth in wireless devices, a need is also developing for an 

increased wireless sensor autonomy and small form factor [2]. The need for a long 

lifetime and small form factors of future wireless sensor nodes do not match up well 

with currently available battery technology [3]. Batteries typically have a limited 

operation time, and they have to be replaced or recharged to guarantee the operation 

of a network for a certain period. However, the procedure of battery replacement or 

recharging may create an undesired expenditure and sometimes is not practical or 

readily available (e.g., implant devices inside human bodies or for sensors embedded 

in building structures). 

Fig. 1.1. Number of global active connections in billions [1]. 
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Growing worldwide demand for energy and environmental impact associated with 

conventional energy sources may cause energy crisis in the next few decades. Fossil 

fuels such as coal and oil became gradually costly and scarce. The impacts of climate 

change are appearing now, but they will get worse. Therefore, it is necessary to 

develop new energy harvesting technologies that could reduce the demand for energy-

related accessories such as batteries, cords, and power equipment for the coming 

decades. Using renewable energy to substitute traditional electric energy production 

could make a significant contribution to reducing environmental pollutions. 

 Ambient RF Wireless Energy Harvesting 

 Energy-harvesting technologies extracting energy from ambient power sources, 

such as vibration, heat, and electromagnetic waves, have recently attracted significant 

attention. Thus, numerous energy-harvesting systems, including energy-harvesting 

devices, topologies and circuitries, have been developed for self-sustainable 

standalone electronics. The commercialized energy harvesting systems are mostly 

based on solar [4] and wind energies since they can produce a tremendous amount of 

energy from nature. A solar panel can also operate in a hybrid mode in conjunction 

with other energy sources [5]. After the invention of the first silicon-based solar cell 

in the 1950s, photovoltaic technology has been well developed over the last 70 years.  

Physical properties (flexibility, durability, etc.) and electrical properties (efficiency, 

output voltage, etc.) also keep improving over time [7]. However, solar and wind-

based energy harvesting systems require strict operating conditions, while their 

Fig. 1.2. Typical power required for potential applications [6]. 
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performance depends heavily on weather and time. The thermal energy of the power 

source is also widely utilized. Using the advantage of thermoelectric effects such as 

the Seebeck effect or the Thomson effect, electrical power can be generated by 

exploiting the temperature difference in thermoelectric devices [8]. Typically, a 

thermoelectric generator provides an energy density of about 20–60 µW/cm2 when it 

uses the human body as the thermal source at room temperature of 180C–250C [9].   

The piezoelectric effect produces electrical voltages or currents from mechanical 

strains, such as vibration or deformation. Generally, piezoelectric-based energy 

harvesters keep creating power when there is a continuous mechanical motion, such as 

acoustic noises and wind. They sporadically generate power for intermittent strains, 

such as human action (walking, clicking a button, etc.). Typical output power density 

values of usual piezoelectric materials are around 250 µW/cm3, but they can generate 

more power when a motion or deformation is intense [10].  

An example of a typical hybrid energy-harvesting enabled wireless sensor platform 

is shown in Fig. 1.3 [11]. The electric energy can be captured from several ambient 

energy sources such as thermal, solar, vibration and RF/EM, and then stored in energy 

storage devices, such as a battery or a supercapacitor. A power management unit 

(PMU) optimizes the collected power level by matching and optimizing the duty cycle 

effectively. The lifetime of the primary power sources (such as a battery) can be 

extended by introducing energy-harvesting systems that effectively recharge the 

storage element. While the primary power source can also be removed when there is 

sufficient energy to drive the whole system for a truly standalone (“battery-less”) 

autonomous operation. 

Fig. 1.3. Hybrid energy-harvesting enabled wireless sensor platform [11]. 
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Among the multiple ambient energy sources, the wireless energy-harvesting 

technology has noticeably grown recently due to the predominance of wireless signals, 

especially after the technical advancements in the 21st century [12], [13]. With the 

growth of mobile cellular networks, Wi-Fi-enabled applications, and TV-based 

entertainment, the power density of ambient electromagnetic fields is dramatically 

increasing, enabling the RF powered applications. In [11], the harvested power by 

different ambient energy sources was compared and suggested potential applications. 

It was found that the energy captured from RF sources showed the lowest power 

density ranged from 0.001 to 0.1 μW/cm2. Ambient RF power are mainly from bands 

such as DTV, GSM 900 MTx, GSM 900 BTx, GSM 1800 MTx, GSM 1800 BTx, 3G 

MTx ,3G BTx, Wi-Fi. and the average power densities are 0.89, 0.45, 36, 0.5, 84, 0.46, 

12, 0.18 nW/cm2 respectively [11]. Now, it can only be applied in some low power 

applications and sensors that consume very little energy. However, a larger amount of 

total available power in the range of 10-100 μW can be harvested by utilising a high 

efficiency harvester. To utilize the harvested power of a RF rectenna, a PMU with a 

dc–dc boost converter is needed since the output voltage from the rectenna is normally 

lower than the usable voltage level (e.g.,1.8 or 3 V). Hence, commercial PMUs such 

as BQ25504 (from Texas Instrument) can be utilised [14]. It has a low cold-start 

voltage and quiescent current of 0.33 V and 330 nA. The output voltage can be 

regulated to 3.3 V for the battery charging and other load applications.   

A unique benefit of RF energy compared to solar and wind energy harvesting is that 

the ambient electromagnetic power density is available irrespective of the weather and 

environmental conditions (even though the power has fluctuations due to weather 

conditions). Thus, the RF energy harvesting system can work well in most cases. For 

example, only the energy from EM waves can be harvested at an indoor office 

environment during the night (where solar and wind energy is not available). With the 

upcoming new technology wave of smart home, smart cities and Internet of Things 

(IoT), this feature does make a lot of sense because most electronic devices and sensors 

used for these applications are of low power consumption and likely to be implemented 

for locations inside a building [15], [16].  With the aid of RF energy harvesting, these 

low power sensors and devices could become self-sustainable and eliminate the need 

for a battery replacement to save maintenance costs. From a long-term perspective, 

reducing the demand for batteries could also help with environmental protection. 
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 Wireless Power Transfer 

Wireless power transfer (WPT, wireless energy transmission, or electromagnetic 

power transfer) is the transfer of electrical power from a transmitter to a receiver in the 

form of electromagnetic energy, without the use of conductors like wires or cables 

across an intervening space, where it is converted back to an electric current and then 

used. Wireless transmission is used to power electronics devices when interconnecting 

wires are difficult, dangerous, or impossible. Maxwell’s equations introduced the 

fundamental theory of WPT in 1864. Nikola Tesla is the one who started experiments 

to deliver electrical energy without conducting wires at the end of the 19th century 

[17]. But his experiments failed due to the limited technological advancements in that 

period. William C. Brown pioneered the rectenna concept and performed successful 

microwave power transmission in the 1960s [18]. Since then, significant research has 

been conducted on rectennas for energy harvesting applications. An efficient WPT via 

strongly coupled magnetic resonances at 9.9 MHz was proposed by Andre. Kurs’s 

group from MIT (Massachusetts Institute of Technology) of the USA in 2007 [19]. It 

was a breakthrough for companies to develop resonant coupling WPT for commercial 

needs.  

Wireless power techniques can be mainly divided into two categories, non-radiative 

(near field) and radiative (far-field). The main difference between the two is that the 

non-radiative methods are coupling-based while the radiative are radio frequency 

(RF)-based, as shown in Fig. 1.4. Near field non-radiative techniques can be broadly 

divided into the inductive coupling, and capacitive coupling. In far-field, techniques 

can be transferred as a laser beam or as a radio frequency wave. 

Fig. 1.4. Classification of wireless power transfer techniques. 
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1.2.1. Non-radiative WPT  

Near field non radiative techniques can be broadly divided into inductive coupling 

and capacitive coupling.  

1.2.1.1. Inductive Coupling 

In inductive wireless power transfer (IWPT), power is transferred between primary 

(transmitter) and secondary (receiver) coils of wire by a magnetic field [20]. Generally, 

with respect to free space wavelength, the dimensions of the coil are small at the 

frequency of power transfer. Similarly, while considering the wavelength λ, the two 

coils are close enough and the distance between the coils is usually smaller than 2𝐷2/𝜆, 

where D is the coil diameter. By Ampere's law, an alternating current (AC) through 

the primary coil (L1) creates an oscillating magnetic field (B). The magnetic field 

passes through the secondary coil (L2), where it induces an alternating EMF (voltage) 

by Faraday's law of induction. The induced EMF results in alternating current may 

either drive the load directly or be rectified to direct current (DC) by a rectifier in the 

receiver, which drives the load. This type of non-radiative power transfer has several 

advantages: its non-radiative energy does not harm any living beings [21]; it has low 

power wastage; it does not interfere with radio waves; and it offers relatively high 

efficiency through highly resonant strong coupling. But the main disadvantage is that 

it can only work in the close proximity to the transmitter such as induction stovetops, 

industrial heaters, electric toothbrush and razor etc. Moreover, the number of variables 

in the coupling such as coil alignment, coupling factor with distance, coil design 

variations and mounting platforms etc makes the optimization difficult. In recent 

inductive systems, resonant inductive coupling is used for improving the performance 

by using resonant circuits. This can achieve high efficiencies at greater distances than 

non-resonant inductive coupling such as portable devices and electric vehicles.  

 

 

 

Fig. 1.5. Inductive wireless power transfer. 
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1.2.1.2. Capacitive Coupling 

Capacitive wireless power transfer (CWPT) is a useful and essential alternative to 

the conventional inductive power transfer (IWPT), that has been highly researched in 

recent years due to its low-cost capacitive interfaces and simplicity [22]. Both IWPT 

and CWPT are prevalent methods that function over a short range. However, IWPT 

has been most frequently used to operate at various power loads and in a range of 

several meters. In [19], a group of researchers at the Massachusetts Institute of 

Technology demonstrated a resonant inductive coupling by transmitting 60 W power 

to a lamp placed 2 m from the transmitter with an efficiency of 40%. In contrast, 

CWPT uses electric field coupling, which is sustainable in kW level applications and 

produces lower electromagnetic interference with its reduced size, making it a highly 

feasible charging solution for battery-powered devices [23]. Based on CWPT’s 

principle, both the transmitter and receiver are formed with a pair of parallel 

conductive plates. A supply current charges the plates at the transmitter’s end while 

the plates on the receiving end are charged with the transmitter’s opposite polarity. 

Thus, the voltage on the secondary side is generated between the plates. However, 

existing CWPT applications have the same limitations as regular capacitors where the 

coupling capacitance is restricted by the available area, as is the air gap between the 

conductors. Additionally, the medium between the plates also has a considerable effect 

on the capacitance. The CWPT circuit is presented in Fig. 1.6. One of the main 

advantages of using CWPT over IWPT is that the losses caused by eddy current are 

negligible. In CWPT, an inductive coil is not required to transmit power; therefore, the 

losses caused by eddy current only appears on the wires connecting the inverter and 

charging plates. The operating frequency at which the power is transmitted between 

the transmitter and receiver plates is considerably lower than the operating frequency 

Fig. 1.6. Capacitive wireless power transfer. 
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of an IWPT system [24]. Higher charging efficiencies can be achieved by adding 

inductors that alter the operating frequency and duty cycle to accommodate higher 

capacitance. Applications of CWPT include EV charging, low-power integrated 

circuits, biomedical devices and mobile device chargers. 

1.2.2. Radiative WPT  

In far field or radiative techniques, power is transferred by beams of 

electromagnetic radiation, like microwaves or laser beams. These techniques can 

transport energy with longer distances but must be directed to the receiver. 

Recommended applications for this category are solar power satellites and wireless 

powered drone aircrafts.  

1.2.2.1. Microwave Wireless Power Transfer (MWPT) 

Microwave wireless power transfer (MWPT) is considered the most efficient far-

field technique capable of transmitting power over multiple km range via microwave 

radiation. Initial microwave WPT was deployed in 1858 at Raytheon. MWPT system 

converts direct current (DC) into microwaves using a microwave generator, which is 

then passed through coax to the wave-guide adapter to isolate the wave generator and 

avoid detuning the selected frequency. Tuners and the directional couplers are used to 

distinguish the waves as per the propagation directions which are then transmitted 

directly from the transmitting antenna targeted towards the receiver antenna. Upon 

receiving the signal, it is then passed through a low pass filter (LPF) and the received 

microwave power is converted back into electrical energy. Even though 2.45GHz is 

practically proven to be the highest efficient frequency with efficiency over 95% to be 

used in MWPT [25], 5.8GHz, 8.5GHz, 10GHz and 35GHz are also used with 

reasonable efficiencies for MWPT. Moreover, MWPT efficiency strongly depends on 

the microwave generator and the rectenna used to transmit the power from the source 

to target. The MWPT is used to send energy on large distances. However, to enable 

the transmission, the transmitter must see the receiver [26]. The direction of the 

transmitter focus must be on the receiver at any time of the transmission. The main 

concern of using microwaves is safety since high-power microwaves presents a serious 

threat to the human body [27]. The main applications of microwave WPT are the 

unmanned ground vehicle (UGV), space missions, and solar power satellites (SPS). 
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1.2.2.2. Laser Power Transmission  

Laser power transmission (LPT) is one of the most encouraging technologies in the 

long-range wireless power transfer field. LPT investigation has been driven by the 

desire to remotely power unmanned aerial vehicles, satellites, and other mobile electric 

facilities. But, the low overall efficiency is the primary issue that restricts the high-

intensity laser power beam (HILPB) system. LPT technology is based on the concept 

of the photoelectric effect proposed in 1965 [28]. Later on, NASA's first successful 

demonstration of laser-powered aircraft flight was performed in 2003 [29]. The 500-

W laser power beam manually tracked the aircraft’s flight path at 15 m range, resulting 

in a laser power of 40 W to the PV array and 7 W of power to the motor to support 

flight for 15 min. After that, several attempts on LPT were carried out by Kinki 

University [30], Laser Motive [31], Beijing Institute of Technology [32] and Russia’s 

Rocket and Space Corporation [33]. The LPT technology is still under advancement; 

most of the HILPB systems only can transmit several tens of watts across several 

hundred meters with comparably low efficiency and is far from its practical 

implementation. For the HILPB system to become a feasible option for practical 

wireless power transfer, each system's component must ensure sufficient high 

efficiency to provide high end-to-end system efficiency. The transmitter of the system 

converts power from a common source (battery, generator, or grid) into a 

monochromatic beam of light via a laser. This laser beam is then shaped with optics 

and directed via a beam director to the remote PV receiver. While in the receiver, 

specialized PV cells matched to the laser wavelength and beam intensity convert the 

laser light back into electricity to charge a battery, run a motor, or do other work. 

Fig. 1.7. Block diagram of laser power transmission. 
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 Research Motivation 

In recent years, wireless energy harvesting and power transfer have relished a rapid 

growth. Rectifying-antennas (also known as rectennas) are the critical element for RF 

energy harvesting systems. It was motivated by the idea of wireless power transfer via 

radio waves, raised by Tesla in 1890s, and first experimentally demonstrated by W. C. 

Brown in 1960s. Traditionally, the rectennas were developed with the purpose of long-

distance microwave power transmission. Although much research has been conducted 

on rectennas' design, there is a continuous demand for finding new rectenna designs 

to meet the current and future wireless applications. Moreover, a clear distinction 

between rectennas for WEH and WPT are not significantly considered while 

developing the rectennas for different applications. 

Most reported rectennas were designed for a single and narrow frequency band and 

optimized for a fixed incident power level and load impedance. These designs incident 

power levels were usually higher than 10 mW (up to several kilowatts). However, the 

ambient EM fields are of quite low power density, typically below 10 nW/cm2[34]. 

The detailed EM power in the RF frequency bands is depicted in Chapter 2 (Fig. 2.13). 

The ambient RF power is distributed over a pretty wide frequency band, from about 

88 MHz to 5 GHz. For ambient RF energy harvesting applications, most of the 

conventional rectenna will not work. Therefore, to increase the harvested power in 

such a low power ambient environment, there is a need for developing rectennas that 

cover a wide frequency band (to match with the ambient signal spectrum) and good 

power conversion efficiency at the ambient power levels. The design of broadband 

rectennas is exceptionally challenging due to the utilization of nonlinear elements 

(diodes) of the rectifying circuit. Unlike a passive antenna system (only as a function 

of frequency), the rectifier's impedance varies as a function of frequency, power, and 

load impedance (since the nonlinear device does not have a linear relationship between 

the current and voltage) [35]. Such a rectifying-antenna can be viewed as a nonlinear 

system. Therefore, it is hard to achieve a good conversion efficiency and impedance 

matching performance over a wide frequency band under the ambient power 

conditions. 

Conventional WPT and WEH rectifier usually utilize Si-based Schottky diodes for 

rectification. Low breakdown voltage in silicon Schottky diodes limits the conversion 
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efficiency in the high-power region. High RF (radio frequency) input power results in 

large voltage and current swings in Schottky diodes. This triggers a breakdown in the 

metal-semiconductor junction and can permanently damage a diode. Consequently, Si 

Schottky diode-based rectifiers usually operate below watt-level input power. To 

prevent the breakdown in low-power capability diodes for realizing high-power 

rectifiers, power divider circuits are utilized to split the high input power into several 

diode circuits [36]. However, these approaches introduce additional size and losses, as 

well as increase circuit complexity. 

As the WPT system employs intentional power from the transmitter, it can be 

possible to use a dedicated RF source’s advantage. Conventional rectennas for WEH 

and WPT can only offer a limited DC power amount and typically do not have the 

rectenna’s location knowledge. Several researchers proposed antenna arrays with 

beam steering capabilities to direct the microwave energy beam towards the desired 

rectenna and enhance the incident power level [37]. As the antenna array is typically 

used for high gain performance, the radiation is very directive. Thus, a slight 

misalignment can lead to an increased fall in energy conversion efficiency and output 

DC power. Thus, a technique to estimate the location to enhance the WPT is very much 

required. 

The aforementioned problems are the major challenging issues that would restrict 

rectennas' application in practical energy harvesting systems and wireless sensor 

platforms. Besides, the design process of broadband rectennas usually is quite 

complicated. Thus, the structure of reported rectennas was relatively complex, 

increasing the cost and loss of the design. This feature could also limit the 

commercialization of RF energy harvesting systems since the cost of such a system 

using broadband rectennas could be higher than that of other commercial energy 

harvesting devices. The aim of this work is to overcome the aforementioned research 

challenges and problems. The objectives of the research in this thesis are: 

• To develop a method of reducing the complexity of broadband rectennas so 

that the cost of the rectenna system can be significantly reduced. The 

broadband rectifier should be able to capture RF energy from a broad 

bandwidth. 
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• To develop a rectenna that has the ability to harvest RF energy from low 

ambient power conditions. The rectenna should be able to demonstrate high 

sensitivity for real life applications. 

• To develop a RF energy harvester that can capture maximum available DC 

power. The rectenna should be able to capture RF energy in a typical indoor 

ambient environment (thus suitable for IoT and smart home applications). 

• To develop a communication rectenna that has the ability to harvest RF energy 

from a dedicated RF source and ambient conditions. Moreover, the rectenna 

should be able to perform the wireless data transfer for WSN applications.  

• To develop a microwave rectifier that exhibits a good performance in the high-

power region and can withstand watts of input power before reaching the 

breakdown limit. The aim is to have a high efficiency performance with a small 

footprint and making it suitable for high-power applications like future 

unmanned intelligent devices and WPT in space applications. 

• To develop a WPT rectenna that has the ability to provide a feedback to guide 

the radiation pattern of the transmitter antenna array. The rectenna should be 

able to form a closed-loop system by providing its location information for 

efficient WPT applications. 

 Organization of the Thesis 

This thesis consists of nine chapters that mainly focus on design, optimization, and 

measurement of novel rectennas with improved efficiency, a reduced nonlinear effect, 

and a much-simplified structure for the target WPT and WEH applications. The 

structure of the thesis is organized as follows.  

Chapter 1 introduces the background of this work, including the motivation and 

objectives of the research in this thesis. 

Chapter 2 is an overview of the development of WPT and WEH technologies, with 

a detailed literature review of the state-of-art in rectenna designs for these applications. 

The conventional rectennas for high power WPT, recent rectennas for low power WEH 

and some techniques to improve the rectenna performance are discussed in separate 

sections. 
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Chapter 3 introduces a novel broadband rectenna design for WEH applications. The 

proposed rectenna consists of a novel broadband Yagi-Uda antenna and a transmission 

lines-based broadband rectifier. A highly compact antenna is proposed using curved 

reflectors and meandered dipoles and directors. A novel three-stage impedance 

matching technique is utilized in the rectifier design to achieve high efficiency with a 

compact size. This broadband rectifier exhibits high conversion efficiency 

performance over a wide bandwidth.  

Chapter 4 introduces a novel dual-band high sensitivity rectenna for ambient WEH. 

The proposed rectenna utilised a dipole antenna with folded stubs for dual mode 

operation. A single inductor matched high sensitivity rectifier is also proposed. This 

design confirms the feasibility of ambient energy harvesting by demonstrating high 

conversion efficiency at low input power levels.  

Chapter 5 presents a novel RF harvester for ambient low power energy harvesting 

applications. This design utilised a combined harvesting approach in which five 

antenna elements with dual-band and wide band characteristic are utilised to capture 

energy from 915-960 MHz, 1.8-2.7 GHz, and 3.4-3.7 GHz frequency bands. The 

proposed RF energy harvester utilised high sensitivity and high efficiency rectifiers 

for improving the performance. This design confirms the possibility of capturing high 

DC output power from indoor ambient RF environment. 

Chapter 6 introduces a novel communication rectenna solution to provide efficient 

data and power transfer in wireless sensor nodes. With the ambient energy harvesting 

of conventional rectenna, the proposed design can also perform simultaneous wireless 

information and power transfer for facilitating uninterrupted power supply and data 

transfer of WSN nodes. A dual polarized 2×1 square patch antenna array and a 

multisection bended broadband monopole antenna are employed for SWIPT and 

AWEH, respectively. Thus, the proposed communication rectenna array with ambient 

energy harvesting can be a promising candidate for future wireless sensor nodes. 

 Chapter 7 introduces a novel GaN Schottky diode-based microwave rectifier for 

high-power applications. A novel low loss impedance matching is utilised by 

exploiting the unavoidable inductance effects of bond wires used for providing the 

electrical connection between GaN chip and board. This rectifier design confirms the 

feasibility of high-power operation and demonstrated high output voltage and power. 
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Chapter 8 presents a first-of-its-kind duplexing rectenna with a harmonic feedback 

capability for efficient WPT applications. Duplexing rectenna can efficiently convert 

the incident RF power at 0.915 GHz to DC and also send a reasonable harmonic signal 

back to the RF transmitter at 1.83 GHz for tracking the position of rectenna to improve 

power transfer efficiency without the need of another antenna and transmitters. 

Experimental demonstration of rectenna alignment for optimum power transfer is 

performed by determining the maximum received feedback power. This rectenna with 

feedback property is a very promising solution for future efficient WPT applications.  

Chapter 9 draws the conclusions of this research work and some thoughts for the 

future work.  
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Chapter 2. Literature Review 

 

The history of wireless power transfer, the introductory phase of research that 

commenced during the early 18th century and the most recent development in the field 

of WPT are presented in Section 2.1. This discussion is further backed up with various 

existing WPT techniques that are prominently in use, including the far and near-field 

techniques. This chapter also outlines, a considerable amount of theoretical 

background which are based on areas where WPT applications are already in use. WPT 

has entered the mainstream with few impressive demonstrations despite the gaps 

between exhibiting the technology viability and commercialisation, this will shape the 

future of consumer electronics. In the second part of this chapter, advancements in 

rectenna design for ambient RF WPT and WEH are outlined. This section covers the 

various aspects of rectenna design for different applications. A detailed discussion of 

existing rectenna designs for WPT and WEH are also included in this chapter. 

 History of Wireless Power Transfer  

The initially reported WPT experiment dates back to 1819 by Danish physicist and 

chemist H.C. Oersted [1]. Oersted discovered that the electric current through an 

electric wire generates a magnetic field around the conductor. Following Oersted’s 

fundamental discovery, notable findings like Ampere’s Force Law, Biot-Savart’s Law 

following Faraday’s Law of electromagnetic induction were established, highlighting 

the connection between magnetism and electric current. In 1864, J.C. Maxwell detailed 

how magnetic and electric field are generated and affected by each other and 

mathematically defined them via Maxwell’s equations. Later in 1873, his electricity 

and magnetism theory and his other research efforts during his time in Cambridge were 

unified into a publication “A Treatise on Electricity and Magnetism” [2]. His study 

concluded that the same force regulates electricity and magnetism. This historic 

progress established the theoretical foundation of electromagnetism. After this, a 

major technical breakthrough appeared in 1888, which was the first experimentally 
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demonstrated existence of electromagnetic radiation by German scientist Heinrich 

Hertz, who successfully used a pair of oscillators to transfer electrical power through 

a small gap between the coils [3]. This experiment was a significant development being 

the first ever practical observation of the electromagnetic radiation’s existence, 

confirming Maxwell’s predictions. A series of experiments based on electromagnetic 

radiation was further conducted by Nikola Tesla (the father of alternating current (AC) 

electricity), spending a great deal of time and capital. The primary focus of Tesla’s 

study was to develop a technique that transfers electrical energy over a large distance, 

eliminating electrical wires. In 1893, he successfully transmits high-frequency current 

over a short distance using a single wire as a conductor [4]. This was followed by 

another breakthrough in 1899, when he transmitted 108V of high-frequency electric 

power to turn on Geissler tubes across the stage [5]. He developed the famous “Tesla 

coil” which was resonated at 150 kHz and fed with 300 kW of low-frequency power 

obtained from the Colorado Springs Electric Company [6]. He became the first person 

to conduct experiments of WPT based on microwave technology. In 1901, Tesla 

completed his famous Wardenclyffe Tower, which was designed to transmit electricity 

through the ionosphere over a considerable distance [7]. A picture of Tesla’s 

experiment is depicted in Fig. 2.1 and Fig. 2.2 shows the Wardenclyffe Tower. But the 

project was later shut down due to low efficiency, hazardous concerns and a lack of 

Fig. 2.1. Tesla’s experiment of power transfer via radio waves using tesla coil [9]. 
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funding caused by a breakthrough made by an Italian researcher, Marconi, who was 

able to successfully transmit a radio signal across the Atlantic Ocean [8].  

In the 1920s and 1930s, magnetrons were developed to convert the electricity to 

microwaves, enabling wireless power transmission over large distances [11]. The 

development of radar in World War II accelerated the antennas and microwave 

generation technologies. But, at that period, the absence of a device or a method to 

convert the microwave power back into DC power obstructed WPT development. It 

was more than a decade after World War II that the development of WPT was almost 

neglected. In 1964, W.C. Brown, who specialised in the magnetron principle, proposed 

WPT via microwave during a demonstration during which he also discovered a 

methodology that converts the incident microwaves back into DC power via a 

rectenna. As shown in Fig. 2.3, he demonstrated the first wireless-powered aircraft, a 

model helicopter powered by microwaves beamed from the ground [12]. This 

experiment confirmed the practicality of microwave powered applications thus 

stimulated the research interest on this topic during the 1970s and 80s. Since the 

Fig. 2.2. Wardenclyffe Tower located in Shoreham, New York, 1904 [10] 
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development of rectenna, numerous attempts have been made to achieve high power 

transmission over a long distance. The experiments were carried out mostly performed 

by Canadian and Japanese research institutes. In 1975, Brown, Richard Dickinson and 

his team performed the most extensive microwave power transmission (MPT) 

demonstration at the Venus Site of the JPL Goldstone Facility. They transmitted a 450-

kW power using a 2.388 GHz parabolic antenna (with a diameter of 26 m). They 

received the power using a rectenna array (with a size of 3.4 m × 7.2 m) across a 

distance of 1 mile. The rectified DC power was 30 kW with a rectifying efficiency of 

82.5% [13]. Another inspiring work in MPT research in the 1970s and 80s was to 

develop a solar power satellite (SPS), which was formed in 1968 by Peter Glaser [14]. 

The satellite would harvest energy from the sunlight using solar cells and transmit it 

down to Earth as microwaves to huge rectennas, converting it to electrical energy on 

the electric power grid. In 1980, Canada proposed a program to develop a long 

endurance high altitude platform called the Stationary High-Altitude Relay Program 

(SHARP) [15]. The platform was to be the first unmanned, fuel-less, lightweight 

airplane powered remotely by microwaves, thereby providing the ability to stay afloat 

for long periods. In 1992, Japan launched the Microwave lifted airplane experiment 

(MILAX), a driving demonstration of an airplane model using microwave power 

Fig. 2.3. W. C. Brown’s microwave-powered helicopter, 1964 [12]. 
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transmission [16]. The experiment was the first attempt to focus and power the moving 

target using an electronically scanned phased array to keep the 2.411-GHz signal as 

shown in Fig. 2.4. Two charge-coupled device (CCD) cameras determined the 

airplane’s outline and passing the location to a computer which scanned the array to 

the proper location. The transmitting array was located on a sports utility vehicle which 

was also in motion during the tests. Several innovations in portable electronics 

(laptops, mobile phones, sensors etc) emerged during the late 1990s, due to that 

development of semiconductors led to far better and cheaper consumer electronics, 

after having competed primarily through performance which was measured by the 

energy consumption at the time. All approaches were pretty fruitless where the devices 

Fig. 2.4. MILAX experiment [16]. 

Fig. 2.5. SSP concept 



Chapter 2. Literature Review  Page | 23 

actually did not have a permanent power source and therefore a power source such as 

a battery was required. The battery offers a limited power source with shorter lifetime, 

hence the necessity for a low power inductive based wireless power transfer was 

raised. In 2000, NASA MSFC conducted the SSP Scientific Exploratory Research and 

Technology (SERT) program and broadened the scientific community’s involvement 

and resulted in successful demonstrations on a variety of system level components 

[17].  

 In the same period, the near-field non-radiative coupling-based power transfer was 

not widely studied and therefore progressed slowly. In 2007, Massachusetts Institute 

of Technology physicist Marin Soljacic and his colleagues conducted an experiment 

to demonstrate the inductive near-field coupling of power from a primary ac-excited 

coil to an awaiting secondary coil located 2 m away. A 60-W light bulb attached to the 

secondary coil was successfully lit [18]. A picture of the demonstration of this 

Fig. 2.6. Massachusetts research group demonstrating inductive near-field coupling [18]. 

Fig. 2.7. Mophie 3-in-1 charger [20]. 
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experiment is given in Fig. 2.6. As a result of this breakthrough, a wireless power 

consortium (WPC) was established in 2008 to develop standards regarding wireless 

charging of mobile devices [19]. They found the “Qi” standard for inductive coupling 

WPT in December 2010. Fig. 2.7 shows a Mophie 3-in-1 charger, for charging 

multiple devices simultaneously.  

 Overview of Rectennas Studies 

2.2.1. Rectennas for High Power WPT 

William. C. Brown was a pioneer in developing the first 2.45-GHz rectennas that 

included the basic circuit components still evident in today’s rectenna designs. 

Motivated by Brown’s experiment of ground-to-ground microwave power 

transmission, the development of rectenna in the 1990s focused on high power WPT 

systems used for SPS and MPT applications [21]-[29]. T. W. Yoo and K. Chang 

developed the first 35 GHz rectenna with an incident power of 60 mW and maximum 

conversion efficiency of 35% [21]. In 1992, a closed form equation was suggested for 

investigating the performance of rectenna diode’s RF to DC power conversion 

efficiency [22]. The block diagram of rectenna used in this design is given in Fig. 2.8. 

The rectifying circuit consists of a single diode shunt-connected across the 

transmission lines. The low pass filter inserted between the antenna and rectifying 

circuit was designed to bypass the fundamental frequency and reject the higher-order 

harmonics generated from the nonlinear rectifying circuit. The higher order harmonics 

from rectifying diode may reradiate through the antenna and it can cause reduction in 

conversion efficiency. A 5.8 GHz high efficiency rectenna was designed for 50 mW 

input power and achieved a maximum conversion efficiency of 82% [26]. A dual-band 

rectenna was reported in [29] that had two resonant frequencies at 2.4 and 5.8 GHz, 

respectively. As shown in Fig. 2.9, two dipole antennas were connected to a series of 

band-stop filters coupled to a Schottky barrier diode. This design’s conversion 

Fig. 2.8. Block diagram of rectenna [22]. 
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efficiency was up to 84% when the input power to the rectifier was 80 mW. It was 

revealed that the filters for harmonic rejection utilized in this design were critical to 

increase the conversion efficiency. The reason for such improvements was that the 

low-pass filter blocked the higher-order harmonic signals generated by the rectifier to 

prevent the re-radiation of these signals by the antenna. In the meantime, these signals 

were partially rectified by the diodes. Therefore, the rectified DC power (around 20% 

of the total power) of these signals was delivered to the load. In general, the overall 

conversion efficiency of the rectifier can be improved by about 5 – 10% with the aid 

of such a harmonic rejection feature.  

In the same period, a few rectenna arrays were reported to improve the antenna’s 

RF power and increase the output power delivered to the load. Some examples of such 

rectenna arrays are depicted in Fig. 2.10. In [30], a very large rectenna array was 

reported with a size of 3.2 m × 3.6 m. It had 256 sub-array elements formed by 2.45 

GHz circular microstrip patch receiving antennas. The RF-DC conversion efficiency 

of this rectenna array was about 64% at 2.5 W power. A high-efficiency C-band 

rectenna array was reported in 2003 [31]. Rectenna array utilized circularly polarised 

antennas with a high realized gain of 11 dB and a better than 1 dB axial ratio with a 

fractional bandwidth of 4.7%. A high conversion efficiency of 81% was achieved at 

5.71 GHz and utilized a CPS band-reject filter (BRF) to suppress the re-radiated 

harmonics by about 19 dB. Similar work was presented in [32] and shown in Fig. 

2.11(a).  In order to avoid the polarization mismatch problems associated with LP 

polarization, a CP feature was adopted in this design. It achieved a conversion 

efficiency of more than 73% with an input power of 10 mW. 

Fig. 2.9. Dual-band rectenna operating at 2.4 and 5.8 GHz [29]. 
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Fig. 2.11. (a) 5.8 GHz circularly polarized rectenna array [32] (b) circularly polarized 

retrodirective rectenna arrays. 

 

Fig. 2.10. (a) Rectenna array with 256 elements reported in [30] (b) C-band circularly polarized 

rectenna array [31]. 
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 In [34], circularly polarized retrodirective rectenna arrays, including a 2 × 2 array 

and a 4 × 4 array was introduced as shown in Fig. 2.11 (b). A proximity-coupled 

microstrip ring antenna was used as the retrodirective rectenna array element, 

automatically blocking harmonic signals up to the third order from reradiating by the 

rectifying circuit. The retrodirective rectenna array can automatically track the 

incoming power source signals and is less sensitive to the power incident angle 

variations, i.e., main-beam alignment deviation. Circularly polarized rectennas or 

rectenna arrays with harmonic rejection were demonstrated to have good performance 

for WPT applications [35]-[41], since the loss due to the polarization mismatch 

between the transmitting antenna and receiving rectenna can be removed and the 

reradiation of harmonic signals generated from the rectifier can be avoided as well. 

Such rectennas have demonstrated to achieve very high conversion efficiency (e.g., 

more than 80%), but most of them are a single band design and optimized for relatively 

high input powers (e.g., from 10 mW to 10 W).  

At the National Central University (Jhongli, Taiwan) in 2010, researchers designed 

the dual-band rectenna shown in Fig. 2.12 (a). For an incident power density of 30 

mW/cm2, this rectenna achieves 53% and 37% conversion efficiencies at 35 and 94 

GHz, respectively. The linear tapered slot antenna has gains of 7.4 and 6.5 dBi at 35 

and 94 GHz. The total rectenna size is 2.9 mm2 [42]. In [43], a high-efficiency 24 GHz 

rectenna was fabricated. The maximum conversion efficiency of 24% and a maximum 

output DC voltage of 0.6 V was observed at a power density of 10 mW/cm2 at 24 GHz. 

Also, it was found that most designs reported in the literature were optimized for a 

specific operating condition such as a fixed input power level and a fixed load 

resistance. This will limit the practicality of such rectenna designs used in real-world 

applications since the operating condition for different applications is normally quite 

Fig. 2.12. (a) Dual-band rectenna operating at 35 and 94 GHz (b) 24 GHz rectenna. 
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different. Up to now, there are no good enough methods to design a rectenna that can 

harvest RF energy with high conversion efficiency from low ambient RF power levels 

(-35 to -20 dBm) over a broad bandwidth.  

2.2.2. Rectennas for Low Power Energy Harvesting 

With the rapid development of the consumer communication market, an increasing 

number of RF base stations for communications have been gradually mapped 

worldwide to ensure a wide network coverage. This vast growth in RF energy 

motivated the idea of ambient RF energy harvesting (also known as wireless energy 

harvesting) in recent years (after 2000). From the data reported in 2012 [44], there 

have been about 12 million cellular base stations deployed globally, and each station 

radiates around 4 W isotropic power. Moreover, according to [45], Wi-Fi-enabled 

consumer electronic devices have reached a number of 4000 million by the year of 

2014 and more than 6800 million SIM cards were detected being in use [46]. 

Therefore, it is evident that there has been a significant amount of RF powers 

broadcasted into the air through various sources (such as radio, DTV, Wi-Fi and 

mobile phones). It is very attractive that if these RF powers can be harvested from the 

ambient environment and used by the low power devices related to the IoT as 

mentioned in Chapter 1. However, the ambient powers are distributed over a relatively 

wide frequency band, from 200 MHz to 3 GHz. In contrast, the power level at each 

band is normally low. A report of ambient RF power measurements was published in 

2013 [47]. An example of the power spectrum is shown in Fig. 2.13 for typical ambient 

Fig. 2.13. An example of ambient power spectrum [47]. 
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environments. It is shown that the ambient RF power densities over the broadband are 

generally below -30 dBm/cm2. Thus, the rectenna designs discussed in Section 2.2.1 

are not suitable for energy harvesting application due to their very high input power 

levels.  

 Numerous research efforts have been reported on low power ambient energy 

harvesting [48]-[65]. Rectifying elements are crucial elements which determine the 

performance of the rectifier. It is necessary to select diodes with low power 

consumption for low power AWEH. Even though it has only a negligible effect on 

high power WPT applications, it adversely affects the performance of low power 

AWEH. In [48], researchers compared the performance of different diodes typically 

used for rectenna designs. The best conversion efficiency curve achieved by each 

single diode is shown in Fig. 2.14. It is found that only a few diodes (e.g., SMS7630 

from Skyworks) can work well at the ambient power levels (typically from -50 to -10 

dBm). Most conventional diodes have nearly 0% efficiency when the input power is 

smaller than 1 mW. This is due to the high forward bias voltage and considerable series 

resistance created by these diodes with conventional semiconductor configuration. For 

low power WEH applications, diodes with low ωRsCj (where Rs is the series resistance 

and Cj is the junction capacitance of the diode) works well with high conversion 

efficiency. However, diodes with high breakdown voltage and high current carrying 

capabilities are suitable for WPT applications.     

Fig. 2.14. Performance of microwave rectifiers with different rectifying diodes [48]. 
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In 2001, researchers from the University of Colorado at Boulder (Boulder, CO, 

USA) designed two broadband rectenna arrays, as shown in Fig. 2.15, for ambient RF 

power harvesting [49]. It was the first work to use rectenna for harvesting RF energy 

in areas where RF radiated power densities are comparably high. The first is a grid 

rectenna array operating from 4.5 to 8 GHz, and the second is a spiral rectenna 

operating from 8.5 to 15 GHz. The grid array had a maximum efficiency of 35% at 5.7 

GHz for an incident CP power density of 7.78 mW/cm2. The spiral array used 

alternating RHCP and LHCP spirals to achieve a maximum efficiency of 45% at 10.7 

GHz for 1.56 mW/cm2. Even though the rectenna has broad bandwidth and can capture 

arbitrarily polarized incident waves, it cannot be used to harvest abundant ambient 

energy such as DTV, Wi-Fi and mobile phones as the operating bandwidth was above 

4.5 GHz. 

A dual-polarized rectenna operating at 2.4 GHz for energy harvesting was reported 

in [50]. The rectenna achieved a maximum conversion efficiency of 38.2% at an 

ambient power density of 1.5 μW/cm2. However, it was revealed that the harvested 

 

 

 

 

 

 

 

Fig. 2.15. Broadband rectenna arrays from the University of Colorado at Boulder [49]. 

 

Fig. 2.16. (a) Folded dipole dual-band rectenna (b) Schematic of the dual-band rectifier [55] 
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power from a single band using such a rectenna was very low (less than 1 μW) and 

therefore not acceptable for most applications [51]-[53]. For increasing the harvested 

power from the rectenna, some dual-band rectennas were presented in [54]-[56]. In 

[55], a dual-band folded dipole rectenna operating at 0.915 and 2.45 GHz was reported 

with a conversion efficiency of 37% and 30% respectively as shown in Fig. 2.16. This 

design was optimised for a load resistor value of 2.2 kΩ and an input power of -9 dBm. 

Similarly, a dual-band rectenna based on broadband Yagi antenna array was reported 

in [57]. This rectenna covered 1.85 and 2.15 GHz bands for energy harvesting from 

the ambient GSM1800 and UMTS2100 signals. The structure of this design is given 

in Fig. 2.17. This rectenna reported a conversion efficiency of 40% and an output 

voltage of 400-mV across a 5 kΩ load resistor. It was revealed that the output power 

from a dual-band rectenna was much higher than that from a single band one. 

Therefore, the conversion efficiency and output power can be significantly improved 

by extending the rectenna’s operating frequency band. However, because of the 

rectifying circuits’ strong nonlinearity, the rectifier’s impedance typically varies with 

the frequency over a range of values. The design of multiband or broadband rectennas 

covering more than three bands is exceptionally difficult. 

 A broadband design intended to cover a frequency band from 0.9 to 2.5 GHz was 

reported in [58]. But the conversion efficiency over the broad frequency band was 

lower than 8% which confirmed the challenges of broadband rectenna designs. In [59], 

a multiband stacked RF harvester was introduced to improve the overall efficiency of 

multiband rectennas. As shown in Fig. 2.18 (a), the overall conversion efficiency was 

Fig. 2.17. Dual-band rectenna based on broadband Yagi antenna array [57] 



Chapter 2. Literature Review  Page | 32 

improved by using a stacked rectifier array structure where each circuit branch was 

optimized for a particular frequency band. The maximum efficiency of this design was 

up to 50% when the input power level was -15 dBm. A six-band dual circular 

polarization (CP) rectenna for ambient radio frequency (RF) energy harvesting was 

introduced in [60]. An annular ring structure antenna was employed in the design to 

harvest energy of 6 frequency bands from 0.55 to 2.5 GHz as shown in Fig. 2.18(b). A 

novel broadband rectenna for ambient wireless energy harvesting over the frequency 

band from 1.8 to 2.5 GHz was presented in [61]. This rectenna utilised a dual-polarized 

cross-dipole antenna with harmonic rejection property for reception. Rectenna 

reported a conversion efficiency of 55% with an input power of −10 dBm to the 

rectifier. However, the rectenna structure was complex and difficult to fabricate. A 

WEH for commercial telephony frequencies in the UHF band was introduced in [62] 

Fig. 2.18. Broadband and multiband rectennas (a) stacked RF rectifier [59], (b) six band rectenna 

[60], (c) broadband cross-dipole rectenna [61] and (d) broadband slot rectenna [62]. 
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as shown in Fig. 2.18(d). Rectenna system achieved a high conversion efficiency of 

about 50% at 2 μW/cm2.  

As the input impedance of the rectifying diode is highly capacitive and, therefore, 

needs an inductive antenna to directly conjugate the impedance. High-impedance 

inductive antennas have been extensively used in RFID tags due to the chips’ 

capacitive impedance [63]. Thus, a similar approach can be utilized to design an 

AWEH antenna to directly conjugate the rectifier’s impedance. In [64], an off-center-

fed dipole antenna as shown in Fig. 2.19, with relatively high input impedance was 

complex conjugate matched to the rectifier. An energy harvesting surface designed for 

electromagnetic energy harvesting and wireless power transfer consisting of an array 

of cross-dipole metallic elements was presented in [65]. Fig. 2.19 (b) shows the image 

of the WEH cross dipole surface. 

 Summary 

In this chapter, the history of power transmission by radio waves and significant 

achievements in RF wireless power technologies has been reviewed. Due to the 

technological advancements in the recent times, the world’s energy demands has been 

continuously increasing, and the various supplies of energy remain constrained. It has 

been clearly shown that the investigation of rectennas is of immense importance to the 

modern industry and it will still be a hot research topic for the coming decades.  

Fig. 2.19. Conjugate matched rectennas (a) off-center-fed dipole antenna [64], (b) a 4 × 4 WEH 

cross-dipole surface [65]. 
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The studies of rectennas for WPT and WEH applications have been highlighted and 

discussed in detail in Section 2.2. It was observed that a clear distinction between WPT 

and WEH rectennas was not considered in the majority of existing research in the 

literature. Difficulty in designing broadband rectennas was also clearly observed in the 

literature. However, most of the existing WEH rectennas did not have a good 

capability of dealing with the nonlinear effect of the system, which limits the 

application of such rectennas used in practice. In WPT applications, the advantages of 

having a dedicated RF source were not completely utilised.  The information presented 

in this chapter is useful to gain a better understanding on the state of art in rectenna 

designs and meanwhile identify the research challenges and problems for us to 

overcome in this work. 
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Chapter 3.  Broadband Rectenna for 

Wireless Energy Harvesting 

Applications 

The previous chapter concluded the lack of highly efficient and simple broadband 

rectenna designs for harvesting energy from wide RF spectra (UK GSM-1800/4G, 

3G/UMTS-2100, and WLAN-2.4 GHz). In this chapter, a novel broadband Yagi-Uda 

antenna and a transmission lines-based broadband rectifier are proposed and discussed. 

Initially, a novel miniaturized constant high gain broadband Yagi-Uda antenna is 

designed for wireless energy harvesting applications. The proposed antenna consists 

of two meandered dipoles connected using feed lines serves as the radiating element 

for realizing the broadband. A highly compact antenna is realized using curved 

reflectors and meandered dipoles and director. To maintain constant enhanced gain 

throughout the band, the reflector is designed to provide better performance at lower 

frequencies and to improve the front to back ratio. The meandered director is optimized 

for gain enhancement at higher frequencies. The operational principles of the antenna 

are studied, and the final design is optimised, fabricated, and tested. Then, a high-

efficiency compact broadband rectifier is developed for WEH. A novel three-stage 

impedance matching technique is utilized in a broadband rectifier design to achieve 

high conversion efficiency with a compact size. In the rectifier, a low loss impedance 

matching technique is initiated by employing a linearly tapered transmission line for 

controlling the impedance curve at the required input power level, followed by two 

stages to make a circular impedance curve for wideband impedance matching. Finally, 

rectenna evaluation is performed after combining broadband antenna and rectifier. The 

proposed broadband rectenna proves to be an excellent candidate for WEH 

applications. One journal paper ‘Transmission lines-based impedance matching 

technique for broadband rectifier’ has been published in IEEE ACCESS and two 

conference papers were presented in EuCAP 2018 and AWPT 2019 based on this work. 
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 Introduction 

Several literatures demonstrated the possibility of utilizing the power from various 

radio frequency (RF) transmitters including, FM, TV, cellular, and Wi-Fi systems to 

operate low-power electronics [1]-[3]. However, the complex propagation settings, 

broadcasting schedules and changing demands of these transmissions result in variable 

nature of the time-/space-varying ambient RF power. Thus, it is necessary to harvest 

RF energy from a large frequency spectrum to ensure the required power for various 

real-life applications [4], [5]. Broadband or multiband rectennas are therefore needed 

as shown in Fig. 3.1.  

The rest of the chapter is organized as follows: Section 3.2 introduces a novel 

miniaturised broadband antenna design. A broadband rectifier with transmission lines-

based matching technique is discussed in Section 3.3. The experimental results of the 

rectenna are presented in Section 3.4. Finally, a summary is drawn in Section 3.5. 

 

Fig. 3.1. Rectenna to harvest energy for IoT devices 
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 Miniaturized Broadband Yagi Uda Antenna  

3.2.1. Introduction 

Yagi-Uda antenna is a prominent candidate for wireless energy harvesting (WEH) 

and wireless power transfer (WPT) rectennas. With the increasing demand of various 

portable devices, the planar printed antennas have drawn lots of attention from the 

academia and industry for its ease of fabrication, small size, and ease of integration 

with microwave circuit components compared to waveguide based antenna technology 

[5]. Although for WEH, we normally do not want high gain antennas, in some cases 

(e.g., the direction for incoming waves is known), we do prefer to use a directional 

antenna. A lot of progress has been made in the research of the Yagi-Uda antenna, in 

terms of its gain, front to back ratio, bandwidth and dimension. It is worth mentioning 

that there is always a trade-off between these factors as shown in Fig. 3.2. Quasi-Yagi 

antennas (QYAs) have been widely used as high performance broadband 

unidirectional antennas because of their simple structure and broad bandwidth [6]. But 

the moderate gain is an important limiting factor of quasi-Yagi antennas. In [7], a 

wideband quasi-Yagi antenna with a 70 % bandwidth using a microstrip-to-coplanar 

stripline balun is presented. However, it can realize a peak gain of only 4 dBi. Yagi-

Uda with meandered driver dipoles are employed in [8], to reduce the size of the 

antenna. Even though meandered elements shrink the overall size of the antenna, but 

it degrades the bandwidth and front-back ratio. A large concave parabolic reflector is 

used for improving the front to back ratio and to reduce the antenna size, but it reduces 

the bandwidth (only 5.8%) considerably with a larger antenna footprint [9]. A high 

Fig. 3.2. Trade-off between antenna factors 
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directivity is realized in [10] by implementing a Yagi-Uda antenna with 11 patches. 

10 dBi directivity is achieved with the aid of 8 director patches. However, the antenna 

has a large overall dimension of 150 mm × 90 mm at 5 GHz.    

3.2.2. Design and Principle 

The proposed antenna consists of a curved reflector, two meandered dipole 

elements and a single stage meandered director as shown in Fig. 3.4. A curved reflector 

is placed in the bottom layer instead of rectangular strip reflector in Yagi-Uda antenna, 

to enhance the gain and the front to back ratio. Two arms of meandered driven dipoles 

(D1 and D2) are solely responsible for the broadband performance of the antenna. The 

(a) 

 

(b) 

 

(c) 

 

(c) 
Fig. 3.3. Broadband Yagi-Uda antennas in literatures (a) Planar quasi-Yagi antenna [6] (b) series-

fed two dipole array antenna [11] (c) Yagi antenna with capacitively coupled reflector [12]  

 



Chapter 3. Broadband Rectenna for Wireless Energy Harvesting Applications Page | 44 

meandered shape helps to make the antenna compact. Both the meandered dipoles 

have one arm on the top and the other arm on the bottom metal layer of the substrate. 

Dipole D1 with 85 mm length (λlow/2) is responsible for the lower frequencies (flow = 

1.8 GHz). In order to cover the higher frequencies (fhigh = 2.4 GHz), dipole D2 with a 

length of 62 mm (λhigh/2) is also used. Two feeding strip lines are used in the top and 

bottom layer to connect the dipoles together. Bottom strip line length is extended to 

the reflector side to achieve proper impedance matching. The width of the feeding strip 

lines is adjusted to obtain the required bandwidth. The proposed design is 55 mm × 64 

mm. FR-4 material of 1.6 mm thickness with a relative dielectric constant 4.4 and 

tangential loss of 0.02 substrate for printed circuit board.  The inner conductor of the 

coaxial probe feed extends from the bottom layer of dipole D1 through the PCB top 

layer, which connects to the other arm of dipole D1. Meandered director is placed in 

the top layer to enhance the radiation pattern. Director can also be placed in the bottom 

layer. Initially, a microstrip line feeding through the edge of the substrate was intended. 

Therefore, a reflector is placed in the bottom layer in order to ease the microstrip line 

feeding through top layer. Later, the feeding method changed to coaxial, but the 

reflector position is not altered. A broadband Yagi-Uda antenna with constant 

enhanced gain is difficult to achieve. For the proper operation of a Yagi-Uda antenna, 

the spacing between the reflector and the driver, and between the driver and the 

director, should be in the range of 0.15−0.4 λ0 for the antenna to be better matched to 

Fig. 3.4. Proposed broadband Yagi-Uda antenna 
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50 Ω and have high-efficiency values. Similarly, the reflector length should be more 

than λ/2 (5% longer than the driven element). However, it is difficult to design a 

broadband antenna with a reflector which is suitable for the whole 1.65 to 2.5 GHz 

band. Thus, the curved reflector length and spacing between D1 and reflector are 

optimized for low-frequency gain enhancement i.e., in accordance with dipole D1. The 

spacing between the reflector and D1 is reduced to 0.12λlow, for shrinking the size of 

the antenna. It is quite remarkable that the actual length of dipole D1 is higher than 

that of reflector’s length. Combination of the curved reflector and meandered dipole 

can reduce the overall size considerably. Fig. 3.5 shows the current distribution in 

antenna structure at 1.8 GHz and 2.4 GHz. It can be observed that there is no current 

flow in dipole D2 and director at 1.8 GHz. In addition to that, the presence of current 

distribution can be analysed in the curved reflector. So, the presence of curved reflector 

Fig. 3.5. Current distribution of antenna at 2.4 GHz (fhigh) and 1.8 GHz (flow). 
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and spacing between dipole D1 and reflector aids to enhance the performance at lower 

frequencies. A single stage meandered director is used in this design to improve the 

directive capability of the radiation pattern. Moreover, to achieve a high constant gain 

throughout the bandwidth, it is necessary to enhance the performance at higher 

frequencies. Therefore, the length of the meandered director is 0.4λhigh, designed in 

accordance with dipole D2. The spacing between the D2 and director is reduced to 

0.1λhigh, for reducing the antenna size. The capacitive effect of the meandered director 

and the inductive effect of reflector is properly optimized for impedance matching and 

making the antenna compact. Fig. 3.6. illustrates the enhanced gain performance of the 

broadband antenna with and without the director. At higher frequencies, the realized 

gain is dropped considerably in antenna without the director. But the presence of 

meandered director increases the gain in higher frequencies successfully. Realized 

gain at 2.4 GHz is improved from 4.78 dB to 6.48 dB by the addition of director, which 

is designed by considering D2 as the radiating element.  

Fig. 3.6. Realized gain of the antenna with and without director. 

 

Fig. 3.7. Fabricated prototype of broadband antenna. 
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3.2.3. Antenna Performance 

The broadband antenna was fabricated and tested for its performance. Fig. 3.7 

shows the fabricated prototype of the broadband antenna. The simulated and measured 

reflection coefficient of the antenna is shown in Fig. 3.8. It can be observed that more 

than 10 dB return loss has been achieved over is 920 MHz from 1.65 GHz to 2.57 GHz 

(43.6%).  

The two resonant frequencies flow and fhigh can be clearly observed in Fig. 3.8. The 

radiation patterns and realized gain of the broadband antenna are measured in an 

anechoic chamber as in Fig. 3.9. The radiation pattern of the broadband antenna at 

different frequencies is shown in Fig. 3.10. The simulated and measured radiation 

patterns are in close agreement. Fig.  3.11 illustrates the simulated and measured 

realized gain of the fabricated antenna. The broadband antenna has a worst-case 

realized gain of 5 dBi throughout the band.  

Fig. 3.8. Simulated and measured reflection coefficient of broadband antenna. 

Fig. 3.9. Realized gain measurement setup in anechoic chamber. 
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Fig. 3.10. Simulated and measured radiation pattern of broadband antenna 

 



Chapter 3. Broadband Rectenna for Wireless Energy Harvesting Applications Page | 49 

In order to evaluate the performance of the proposed antenna, it is compared with 

the other Yagi-Uda antennas. The important parameters are the bandwidth, directivity, 

and overall size of the antenna. Even though there exist several Yagi-Uda antenna 

designs, only the broadband Yagi-Uda designs operating in similar frequency bands 

and comparable sizes are chosen for a fair comparison (designs with broadband baluns 

are not considered). Compared to [12], proposed antenna has an area reduction of 37% 

and around 31% increase in bandwidth. The proposed antenna has comparable size 

with [13] but it has only 4.6% whereas the proposed antenna has a bandwidth of 43.6%. 

Similarly, it has an increase in 2 dBi gain and 70% size reduction, as compared to [14]. 

The proposed antenna has the smallest size, good bandwidth and high directivity 

compared to other designs, making it suitable for energy harvesting applications.  

Table 3.1 Comparison of proposed antenna and other broadband Yagi-Uda designs 

 

Ref-Year [11]-2012 [13]-2017 [14]-2019 [15]-2017 This work 

Frequency bandwidth 

(GHz) 

1.7-2.8 

(48%) 

2.27-2.58 

(12.7%) 

2.4-2.515 

(4.6%)  

2.12-3.37 

(45%)  

1.65-2.57 

(43.6%)  

Substrate 

Dielectric constant 

FR4 

4.4 

Rogers 

2.55  

Rogers 

2.2 

FR4 

4.4 

FR4 

4.4 

 

Director stages 

 

- 

 

1 

 

1 

 

1 

 

1 

Realized gain  

(dBi) 

 

6 

 

6 

 

8.2 

 

4.5 

 

5 - 7 

Antenna Size 0.72λ0 ×  

0.82 λ0 

0.53λ0 ×  

0.49λ0 

0.47λ0 ×    

0.36λ0 

1.1λ0 ×  

0.50λ0 

55×64×1.6 

(0.37λ0 x 0.44λ0)  

Fig. 3.11. Simulated and measured realized gain of broadband antenna 
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 Transmission Lines-Based Impedance 

Matching Technique  

 Due to the non-linearity of diodes, also the varying input impedance with both the 

input power and the operating frequency making the broadband matching difficult, the 

RF to DC conversion efficiency reduces considerably in broadband rectennas 

compared to narrow band rectennas. There are only few broadband rectennas reported 

with good conversion efficiencies [16],[17]. To address this problem, several 

approaches (such as the resistance compression network, stacked RF harvester and the 

resistance-controlled DC–DC converter) have been reported for realizing high 

performance broadband or multiband rectennas [18]-[21]. Resistance compression 

networks (RCNs) are introduced to reduce the sensitivity and nonlinearity of rectennas. 

Moreover, the large variation of load impedance can be compressed using this 

technique which results in a smaller variation of the input impedance [18]. A 

broadband rectifier based on a branch-line coupler was presented in [19]. Even though 

the coupler added an insertion loss of 0.9 dB and took up a reasonably large circuit 

area, a fractional bandwidth of 21.5% was realized. A non-uniform transmission line-

based octave band rectifier exhibited a broad bandwidth ranging from 470 to 860 MHz 

at 10 dBm input power with efficiency over 60% [20]. In [21], a compact broadband 

rectifier with efficiency over 30% from 870 MHz to 2.5 GHz was presented based on 

two cascaded L-section reactive elements. The rectifier achieved a wide bandwidth by 

introducing several lumped elements for impedance matching. Source-pull simulation 

was used in [22], to find the optimum load impedance for realizing a 58% fractional 

bandwidth (FBW) with more than 50% efficiency. Most of the previously proposed 

broadband rectifiers not only demand complex matching procedures but also reduce 

the efficiency because of the loss introduced by the circuit components. Thus, more 

efforts are required to develop a highly efficient, robust, flexible, and simple 

broadband rectifier for wireless energy harvesting applications. 

In this design, a broadband rectifier is realized by employing a novel transmission 

lines-based impedance matching technique. In this proposed rectifier, a voltage 

doubler topology is combined with a tapered line; a short circuit stub and a pair of 
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open stubs are employed to widen the frequency bandwidth and maintain high 

efficiency. The detailed design procedure and theoretical analysis are presented in 

Section 3.3.1. Measured results of the fabricated rectifier and analysis of its 

performance are addressed in Section 3.3.2. Comparison of the proposed rectifier 

performance with other broadband designs is made in the end of this section.  

3.3.1. Proposed Broadband Rectifier Design 

Schottky diodes are key elements for the rectification of RF signals in WEH and 

WPT scenarios because of their fast-switching properties and low threshold voltage 

[23]. But the capacitive nature of Schottky diodes imposes difficulties in impedance 

matching. Adopting complex circuits with lumped elements to realize broadband 

matching results in the reduction of power conversion efficiency. Different topologies 

with the diodes are introduced for implementing broadband rectifiers. The single series 

topology has the advantage of low biasing requirement, but the low breakdown voltage 

limits the power handling capabilities, which will be harmful for the broadband 

performance [24]. Moreover, this topology can only provide a narrow bandwidth. To 

improve the power handling capabilities, multi-diode rectifiers such as charge pump 

rectifiers with two or more diodes can be used [25]. But it affects the performance at low 

input voltage due to the loss factor and also increases the complexity. In this design, a 

voltage doubler configuration with two diodes is selected which offers the benefit to 

maintain a minimum circuit complexity while achieves low-power performance.  

Fig. 3.12 (a) shows the schematic diagram of a typical voltage doubler configuration. 

The rectifier consists of capacitors C1 and C2 which have the function of storing the 

energy rectified by the rectifying elements D1 and D2. Schottky diodes HSMS 2850 

from Avago have been selected in this voltage doubler rectifier design due to their low 

Fig. 3.12. (a) Schematic diagram of reference voltage doubler (b) Equivalent circuit of HSMS2850 
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threshold voltage and junction capacitance [26]. The equivalent circuit of an HSMS 

2850 is shown in Fig. 3.12 (b). The rectifier is designed to operate from fl = 1.0 to fh = 

2.6 GHz (to cover the UK GSM-1800/4G, 3G/UMTS-2100, and WLAN-2.4 GHz bands) 

with a load impedance of 1 kΩ. The vital factor for the design of a broadband rectifier 

is the impedance matching circuit. Due to the nonlinearity of the rectifier, the input 

impedance Zin depends on the operating frequency range freq, input power Pin, load 

resistor RL and the nonlinear impedance of the diode Zd. 

 

𝑍𝑖𝑛 = 𝑓(𝑓𝑟𝑒𝑞 , 𝑃𝑖𝑛, 𝑅𝐿 , 𝑍𝑑)                                         (3.1) 

 

Fig. 3.13 shows the input impedance Zin of the reference doubler design over the 

frequency band fl to fh at three different power levels by using the Harmonic Balance 

(HB) simulation in Advanced Design System (ADS). It can be observed that the rectifier 

has a large capacitance over the entire operating band. The sharp change in diode 

impedance with frequency is mainly due to the rapidly varying capacitive reactance of 

the diode. The effect of series resistance on the capacitance is significant at higher 

frequencies when the capacitance decreases rapidly with frequency. Furthermore, the 

low input power levels appear to be more difficult to match than the high input power 

levels. For easy analysis, we define the mid frequency of the operating frequency band 

as fm = (fl + fh)/2. At fl, fm and fh, the diode input impedance of reference design at a 5 

Fig. 3.13. Input impedance Zin of reference voltage doubler at different input power levels. 
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dBm input power level (Pin) can be observed as Zin(fl) = 105.7 – 115.5j Ω, Zin(fm) = 39.50 

– 83.4j Ω and Zin(fh) = 30.16 – 42.75j Ω.  

To overcome the losses due to the lumped elements in complex broadband impedance 

matching circuits and to maintain a high efficiency performance, a novel transmission 

lines-based impedance matching technique is introduced. Fig. 3.14 shows the schematic 

diagram of the proposed broadband rectifier comprising of the three-stage matching 

process. Impedance matching is achieved by employing the three-stage process which 

consists of a tapered microstrip line, a short circuit stub and a pair of open stubs in DC 

pass filter.  The proposed rectifier is suitable for a wide range of operating frequencies 

and load impedances.  

3.3.1.1. Design of the 1st Stage 

A linearly tapered microstrip line is utilized in the 1st stage of broadband realization. 

A tapered microstrip line is intended to make input impedance symmetric with respect 

to the real axis (resistance axis) and to maintain the mid frequency Zin1(fm) ≈ 25 Ω. 

Instead of having a stepped impedance transformer, the linearly tapered impedance 

transformer helps to improve the bandwidth. Fig. 3.15(a) shows a linearly tapered 

transmission line connecting to a source with an impedance of Z0 at the input and 

connecting to ZL at the output. Considering a multisection tapered transmission line is 

made up of many small sections of length ∆𝑙  as in Fig. 3.15(b), the incremental 

reflection coefficient can be expressed as 

 

∆Γ = |
((𝑍+∆ 𝑍)−𝑍)

((𝑍+∆ 𝑍)+𝑍)
| ≈

∆ 𝑍

2 𝑍
                                                (3.2) 

Fig. 3.14. Schematic of the proposed broadband rectifier. 
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In order to reduce the reflections, it is required to consider a very small ∆𝑙. As ∆𝑙 →

0, the exact differential can be estimated as in [27] 

  𝑑𝛤 =
𝑑(𝑙𝑛 (𝑍/𝑍0))𝑑𝑍

2𝑑𝑍
                                  (3.3) 

The total reflection coefficient at l = 0 by combining all the partial reflections with 

their appropriate phase shifts. 

    Γ (𝜃) =
1

2
∫ 𝑒−𝑗2𝛽𝑙 𝐿

0

𝑑(𝑙𝑛 (𝑍/𝑍0))𝑑𝑙

𝑑𝑙
                   (3.4) 

The length of the tapered line is determined by minimizing the reflection coefficient 

at the input, Γ(𝜃). Fig. 3.16 shows the input impedance Zin1 after the 1st stage over 1.0 

Fig. 3.16. Input impedance Zin1 after the 1st stage design at Pin = 5 dBm 

Fig. 3.15. (a) Linearly tapered transmission line (b) Model of an incremental impedance step. 
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to 2.6 GHz at Pin = 5 dBm. As observed, the imaginary part of input impedance is odd 

symmetrical with Zin1(fm) around 25 Ω achieved by the 1st stage of impedance 

matching. At fl, fm, and fh, the diode input impedance after the 1st stage at Pin = 5 dBm 

can be observed as Zin1(fl) = 50 – 52.9j Ω, Zin1(fm) = 24.5 Ω, and Zin1(fh ) = 35 + 52.8j 

Ω. It can be observed that the reactance part of Zin1(fl), and Zin1(fh) are approximately 

conjugate.  

  𝑋𝑖𝑛1(𝑓𝑙) ≈ − 𝑋𝑖𝑛1(𝑓ℎ)                           (3.5) 

3.3.1.2. Design of the 2nd Stage 

A short circuit shunt stub with the characteristic impedance Zs and electrical 

length 𝜃𝑠 is added in the 2nd stage to cancel out the imaginary part of Zin1(fl) and Zin1(fh), 

making the real part nearly constant. The input admittance of short circuit shunt stub 

can be represented as 

                       𝑌𝑠(𝑓) =
1

𝑗𝑍𝑠𝑡𝑎𝑛𝜃𝑠(𝑓)
                        (3.6) 

Proper width and length of shunt stub can be employed to make the imaginary part at 

fl and fh close to zero. 

 

𝐼𝑚𝑎𝑔(𝑌𝑖𝑛1(𝑓𝑙)) = −(𝐼𝑚𝑎𝑔(𝑌𝑖𝑛1(𝑓ℎ))) = −𝑗𝐵         (3.7)   

Therefore,  

                𝑌𝑠(𝑓𝑙) =
1

𝑗𝑍𝑠𝑡𝑎𝑛𝜃𝑠(𝑓)
 = 𝑗𝐵                    (3.8) 

𝑌𝑠(𝑓ℎ) =
1

𝑗𝑍𝑠𝑡𝑎𝑛𝑘𝜃𝑠(𝑓)
= −𝑗𝐵                   (3.9) 

By combining (3.8) and (3.9), the short circuit shunt stub dimensions can be derived 

as 

   𝜃𝑠 =
𝜋

(1+𝑘)
                                        (3.10) 

  𝑍𝑠 =
1

𝐵 𝑡𝑎𝑛(𝐾𝜃𝑠)
                                   (3.11) 

Thus, the characteristic impedance Zs and electrical length θs of the short circuit 

shunt stub can be estimated. In this design, a length of 25 mm and a width of 0.8 mm 

are utilized after careful ADS simulation. Fig. 3.17 shows the input impedance Zin2 

after the 2nd stage over 1.0 to 2.6 GHz at Pin = 5 dBm. It clearly reveals the circular 
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impedance curve obtained after 2nd stage impedance matching. Moreover, the 

reactance part of Zin2(fl) and Zin2(fh) approaches zero as intended.  

𝑋𝑖𝑛2(𝑓𝑙) ≈ − 𝑋𝑖𝑛2(𝑓ℎ)  ≈ 0                   (3.12) 

3.3.1.3. Design of the 3rd Stage 

A broad stopband DC-pass filter is required at the output of the rectifier to choke 

the RF signals within a wide frequency range. In conventional rectenna design, a DC 

pass filter is employed to acquire a ripple free DC signal by suppressing the 

fundamental and harmonic frequencies from the rectified output. Even though a large 

value of capacitor (typically higher than 100 pF) can be utilized with RL for realizing 

Fig. 3.17. Input impedance Zin2 after the 2nd stage design at Pin = 5 dBm. 

 

Fig. 3.18. Real and imaginary parts of input impedance Zin3 with and without the 3rd stage design. 



Chapter 3. Broadband Rectenna for Wireless Energy Harvesting Applications Page | 57 

the output low-pass filter, the equivalent series resistance (ESR) of a large capacitor 

results in power losses, reduced efficiency, and instability of power supplies and 

regulators circuits. Thus, parallel connection of small capacitors is utilized to reduce 

the effective ESR in addition to reducing the ripple voltage and allows the circuit to 

handle higher currents with less losses [28]. In [29], open stubs are utilized to substitute 

shunt-to-ground capacitor to produce additional transmission zero in each transmission 

path to improve the required stopband level. Therefore, a combination of open stubs 

and a small shunt capacitor are introduced for enhancing the stop band and to realize 

a ripple free DC voltage in this design. Additionally, the open stubs are also helpful to 

improve the impedance matching by fine tuning of the stub dimensions. 

In the 2nd stage, a constant reflection coefficient circle is achieved with a VSWR 

value of around 2. For high RF-DC efficiency performance, it is necessary to shrink 

the impedance curve close to 50 Ω. As the DC-pass capacitor C2 is having a low value 

of 22 pF, a pair of open circuit shunt stubs are utilized to perform the fine-tuning of 

rectifier impedance and to achieve high output DC power. Open stubs and the length 

of transmission lines in DC pass filter are tuned with capacitor C2 to reduce the ripples 

in output DC voltage and to ensure the required rectifier impedance. The value of 

capacitor C2 is optimized after evaluating the effect of transmission lines using layout 

cosimulation in ADS Momentum.  Fig. 3.18 shows the real and imaginary parts of the 

rectifier impedance in with and without adding stage 3. The imaginary part of 

Fig. 3. 19. Input impedance Zin3 after the 3rd stage design at Pin = 5 dBm. 
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impedance crosses 0 Ω three times as expected (at fl, fh and fm). It can be observed that 

the open stubs help to make the real part close to 50 Ω and the imaginary part more 

constant about 0 Ω in the desired band. Fig. 3.19 shows the input impedance Zin3 after 

the 3rd stage over 1.0 to 2.6 GHz at Pin = 5 dBm.  

Following the three-stage process, a broadband rectifier is designed. Layout level 

simulations are performed using electromagnetic (EM) simulator Momentum in ADS. 

Fig. 3.20 shows the layout of the proposed rectifier and the parameters are summarized 

in Table 3.2. Capacitors C1 and C2 are from Murata with model numbers 

GRM0335C2A101GA01 and GRM0335C2A220JA01. The simulated reflection 

coefficients at three input power levels are shown in Fig. 3.21. It can be observed that 

at 10 dBm input power, the simulated return loss is better than 10 dB over a 1640 MHz 

bandwidth from 1.23 to 2.87 GHz. The reflection coefficient is better than -10 dB for 

a wide bandwidth at the desired input power levels. At high input powers, the 

impedance matching performance is comparably better than that of low power levels.  

Table 3.2. Parameters of the proposed rectifier 

Parameter Value (mm) Parameter Value (mm) 

W11 0.5              L11 10 

W12 1.2 L21 7 

W21 0.8 L22 12.5 

W31 0.4 L23 5.5 

L31 2.6 Ls 3 

Fig. 3.20. Layout of the proposed broadband rectifier. 
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3.3.2. Broadband Rectifier Performance 

The proposed broadband rectifier was fabricated for experimental validation on a 

Rogers 4350B material of 1.52 mm thickness with a relative permittivity of 3.48. 

Initially, the reflection coefficient of the rectifier was evaluated using a VNA. In Fig. 

3.22, the measured reflection coefficient at 0 dBm input power with different load 

values are shown. At 520 Ω, the measured 1.3 GHz bandwidth ranges from 1.2 to 2.5 

GHz which corresponds to a fractional frequency bandwidth of 70%. Even though, the 

upper limit crosses -10 dB at 2.5 GHz, reflection coefficient is around -9 dB till 2.75 

GHz. For higher load values, the impedance bandwidth decreases.  

Fig. 3.21. Simulated reflection coefficients of broadband rectifier at three input power levels. 

Fig. 3.22. Reflection coefficients of the broadband rectifier at different load resistors. 
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The power conversion efficiency of the fabricated rectifier is evaluated using the 

measurement setup shown in Fig. 3.23. A Keithley 2920 RF signal generator with an 

output power up to 13 dBm was utilized to generate the RF signal at 1 to 3 GHz. A 40 

dB gain GaN power amplifier was employed to amplify the signal for the testing of 

broadband rectifier. To protect the signal generator from any power surge and 

reflections, a 3-dB attenuator was connected between the signal generator and power 

Fig. 3.24. Output voltage versus input power. 

Fig. 3.23. Measurement of broadband rectifier (a) block diagram (b) measurement set up  (c) 

fabricated rectifier. 
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amplifier. For analyzing and estimating the signal power from the power amplifier, a 

Keithley signal analyzer together with a 20 dB attenuator is utilized. A digital 

multimeter is used to measure the output voltage across the RL resistor. The 

measurement setup is appropriately calibrated considering all device losses to provide 

the most reliable results. Initially, output voltage is measured at 1.8 and 2.25 GHz by 

varying the input power from -15 to 15 dBm as shown in Fig. 3.24. It can be observed 

that maximum output voltage of 3.1 V is measured at 1.8 GHz. Simulated and 

measured values are in close agreement. The RF-to-DC conversion efficiency (η) of a 

microwave rectifier is calculated as the ratio of the rectified DC output power to the 

incident RF power, it can be expressed as 

Fig. 3.26. RF to DC conversion efficiency versus input power. 

Fig. 3.25. RF to DC conversion efficiency versus load resistor at an input power of 5 dBm 
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𝜂 =
𝑉𝑜𝑢𝑡

2

(𝑅𝐿𝑃𝑖𝑛)⁄ × 100%                  (3.13) 

where Pin is the input power and Vout is the DC output voltage across the load resistor 

RL of the microwave rectifier. Fig. 3.25 shows the simulated and measured conversion 

efficiencies of the proposed microwave rectifier at 1.8 and 2.25 GHz as a function of 

input power. A maximum efficiency of 65% is achieved at 1.8 GHz with 10 dBm input 

power. Fig. 3.26 depicts that the proposed rectifier has a relatively stable efficiency 

over a wide circuit load range from 300 to 8000 Ω. This shows that the proposed 

rectifier could be integrated with different load devices. For analyzing the broadband 

performance of the rectifier, the RF-to-DC conversion efficiency is measured at an 

input power level of 5 dBm and 10 dBm as shown in Fig. 3.27 by varying the 

frequencies from 0.6 to 3 GHz. It can be observed that a peak efficiency of 58% is 

obtained at 1.8 GHz by 5 dBm input power. The conversion efficiency is higher than 

50 % for a fractional bandwidth (FBW) of 74% from 1.12 to 2.43 GHz at 5 dBm input 

power. At 10 dBm, the conversion efficiency is higher than 50 % from 0.97 to 2.55 

GHz (FBW = 90%).  

In order to evaluate the performance of the proposed rectifier, it is compared with 

other similar broadband rectifiers in Table 3.3. The important parameters are the 

operational bandwidth, efficiency, input power, and size. It can be concluded that our 

transmission line-based impedance matching design achieves high conversion 

efficiency over a wide frequency band. More specifically, a fractional bandwidth 

Fig. 3.27. RF to DC conversion efficiency versus frequency at an input power of 5 and 10 dBm. 
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(FBW) of 74% is achieved at 5 dBm and 90% at 10 dBm input power which is the 

highest among all the designs under comparison. Furthermore, our design has the 

smallest overall dimension 24×36 mm2 (electrical size is 0.14 𝝀× 0.21 𝝀). Therefore, 

the proposed rectifier is very much suitable for energy harvesting applications due to 

its small footprint and high energy conversion efficiency performance over a wide 

bandwidth at low input power. 

 

Table 3.3. Comparison of the proposed broadband rectifier with other related designs 

 

Ref. 

(year) 

 

Description 

Efficiency in operating bandwidth 

at input power 

 

Area 

(𝝀𝟐) FBW 

(GHz) 
𝜂 

(%) 

Input 

power 

(dBm) 

[30] 

(2019) 

Dual-stub matching 

network 

2.2-2.7 

(20.4%) 
>50 5 

 

N.A. 

 

[31] 

(2019) 

 

Multi-stage matching, 

and a DC-pass filter 

1.75-3.2 

(58.5%) 
>50 10 

 

0.29 

×0.31 

[32] 

(2018) 

Two-Stage Matching 

Network 

1.5-2.3 

(42.1%) 
>50 

5.5 

 

 

N.A. 

 

[33] 

(2018) 

 

Non-uniform 

transmission line 

matching 

0.45-0.86 

(67%) 
>50 10 

 

0.22 

×0.31 

 

[34] 

(2020) 

 

Microstrip line 

matching of shunt 

rectifier 

2-3.3 

(45%) 
>50 4 

 

0.16 

×0.27 

This 

work 

3-stage matching 

technique 

 

1.12-2.43 

(74%) 

0.97-2.55 

(90 %) 

 

>50 

 

>50 

5 

 

10 

 

0.14 

×0.21 
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 Rectenna Evaluation 

The rectenna is fabricated, and its performance over free space transmissionis 

evaluated. The experimental setup is illustrated in Fig. 3.28. During the experiment, 

an RF power source is connected to a standard horn antenna, which is performed as 

the transmitter. The RF energy from power source at LTE band is carried by a 

continuous wave. The designed rectenna is aligned and placed at a distance of 1 m 

away from the transmitter, which is the far-field distance determined by  

𝑅 =
2𝐷2

𝜆
                                                          (3.14) 

where R is the far-field distance, λ is the wavelength of the operating frequency, and d 

is the largest dimension of the antenna. The RF to DC conversion efficiency is the most 

critical parameter to evaluate the performance of the proposed rectenna, which is 

estimated by 

𝜂 =
𝑉𝐷𝐶

2

𝑅𝐿𝑃𝑟
                                                                    (3.15) 

𝑃𝑟 = (
𝜆

4𝜋𝑅
)

2

𝐺𝑟𝐺𝑡𝑃𝑡                                                                          (3.16) 

Fig. 3.28. Measurement setup of rectenna conversion efficiency 
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and where η is the RF to DC conversion efficiency, VDC is the measured output voltage 

of the load, RL is the load resistance, and Pr is the received power of rectenna, Gr and 

Gt are the realized gain of the designed antenna and the transmitter, and Pt is the 

transmitting power of the horn antenna. Fig. 3.29 shows the measured conversion 

efficiency and output DC power of the rectenna as a function of received power at 

different frequencies in the operating band. It is noted that the maximum efficiency of 

63% is obtained at 1.8 GHz and 60% at 2.1 GHz at an input power of 10 dBm. It can 

be also seen that the efficiency is over 50% with an input power of 5 dBm at all three 

frequencies.  

 Summary 

In this chapter, two broadband rectenna related studies for wireless energy 

harvesting applications have been proposed. In the first design, a novel enhanced gain 

broadband Yagi-Uda antenna has been designed. Two meandered dipoles are 

connected using feed lines was properly optimized for broadband operation. Curved 

reflectors and meandered dipoles are also utilized for improving the gain. Antenna 

achieved a bandwidth of 920 MHz ranging from 1.65 to 2.57 GHz and having the 

worst-case directivity of 5 dBi throughout the bandwidth. In the second design, we 

proposed a novel three-stage transmission lines-based impedance matching technique 

Fig. 3.29. Output DC power and RF to DC conversion efficiency versus received power 
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to achieve a broadband rectifier with excellent RF - DC conversion efficiency. A 

circular impedance curve has been realized by utilizing a tapered microstrip line, short 

circuit shunt stub and open stubs. The fabricated broadband rectifier achieved a 

conversion efficiency of more than 50% at a 5 dBm input power level over a wide 

bandwidth of 1.12-2.43 GHz (FBW = 74%). In addition, the rectifier has more than 

50% efficiency from 0.97-2.55 GHz (FBW = 90%) at an input power of 10 dBm, which 

is the highest bandwidth reported under this condition to the best of our knowledge. 

The proposed transmission lines-based impedance matching design has superior 

performance in terms of its wide bandwidth and compactness making it suitable for 

realizing broadband rectifier for WEH and WPT applications. The proposed rectenna 

has the ability to harvest RF energy from a large spectrum of 1.12 – 2.43 GHz with 

reasonably high conversion efficiency of more than 50% at a 5 dBm input power level. 
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Chapter 4. Highly Sensitive Dual-Band 

Rectenna 

 

In this chapter, a novel highly sensitive dual-band rectenna is proposed for ambient 

WEH. This dual-band rectenna consists of a novel dual-band dipole antenna and a 

highly sensitive dual-band rectifier. The dual-mode dipole antenna with folded stubs 

is proposed for dual-band operation. By introducing these stubs in the dipole antenna, 

the effective electrical length for the third-order mode is increased, which shifts the 

third-harmonic frequency down and results in a dual-mode antenna with wideband or 

dual-band characteristics. The position and length of the stubs have been optimized to 

enhance the impedance matching. To validate the design, a prototype was fabricated 

and tested. A dual-band antenna is designed based on the dual mode dipole antenna. 

A highly sensitive rectifier is realized by using a single inductor-based impedance 

matching. Finally, the proposed highly sensitive dual-band rectenna is measured and 

observed a high conversion efficiency at low ambient power conditions. One journal 

paper ‘A compact dual-mode dipole antenna with 47% bandwidth and stable 

omnidirectional radiation pattern’ has been submitted in IET and one conference 

paper submitted in RFIT 2021 based on this work. 

 Introduction 

  Design of highly sensitive rectifiers is very challenging due to the finite threshold 

voltage and the parasitic elements of the diodes. To enhance the sensitivity, several 

low power rectifiers with low or zero threshold diodes have been reported. Some 

efforts have also been made to exploit the high functionality of the CMOS IC 

technology to control the threshold voltage, both statically [1] and dynamically [2]. In 

[3], an enhancement mode (E-mode) FET with nearly zero threshold voltage in FET 

rectifiers of amplifier-oriented design has also been shown to enhance the efficiency 

at -30 dBm. Nevertheless, several investigations are still focusing to improve the 
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performance of conventional Schottky barrier diodes-based rectifiers with finite 

threshold voltages [4]-[7]. For enhancing the output voltage, voltage multiplying 

rectifiers using multiple diodes are commonly used. However, the loss in the rectifier 

increases with the number of diodes and the low power operation degrades 

significantly. Therefore, it is better to use rectifier topologies with minimum diodes 

for low power ambient RF harvesting, even though the output voltage is low for 

practical applications. In the meantime, single-diode rectifiers can be combined with 

boost converters for enhancing the output voltage. For now, such conventional type 

rectifiers using commercially available Schottky Barrier Diodes (SBD) have shown 

significant improvement in the efficiency [8], [9]. Most of them are designed based on 

tuning the circuit parameters or impedances. Complex impedance networks can 

guarantee matching effectively with the cost of associated loss of impedance circuits. 

Therefore, a simple effective method to acquire low power rectification using 

commercially available SBDs with relatively large parasitic elements and finite 

threshold voltage is very much required.  

4.1.1. Design of Highly Sensitive Rectifier 

To design a high sensitivity rectifier, it is necessary to understand the input 

impedance of SBD diode at low input power. A Schottky barrier diode (SBD) from 

Skyworks SMS7630-079F, which is widely used for low-power rectifiers due to its 

low threshold voltage is carefully chosen [10]. Based on the datasheet, a nonlinear 

diode spice model with parasitic is used in the simulation. IS = 5×10-6 A, RS = 20 Ω, 

Cj0 = 0.14 pF, Vj = 0.34 V, N = 1.04, M = 0.4 and BV = 2 V, Xti = 2, Tt = 10-11 sec. A 

packaged commercial diode can be depicted as shown in Fig. 4.1. For typical low 

power applications, the diode model is simulated at an input power of -30 dBm from0.5 

to 5 GHz. A smith chart with the diode input impedance is shown in Fig. 4.2. It can be 

observed that the impedance of the rectifier is capacitive. 

Fig. 4.1. Equivalent circuit of a commercial diode. 
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Capacitive input impedance primarily raised from the junction Cj and package Cp 

capacitances. Thus, in order to match the diode at a specific operating frequency, a 

single external inductor-based matching is proposed to compensate these capacitive 

effects. The inductor is intended to resonate with the zero-bias capacitors of the diode 

at the operating frequency. Moreover, this technique can provide good impedance 

matching and high bandwidth. Sensitivity of the rectifier can be significantly improved 

by reducing the losses in impedance matching by using only an inductor instead of 

complex matching circuits.  

The proposed inductor matched series diode rectifier is shown in Fig. 4.3. Capacitor 

C2 and load resistor RL forms a low pass filter for removing the fundamental and 

harmonics. For analysing the performance of inductor-based resonant matching 

rectifier, a series diode rectifier operating at 0.915 GHz is designed.  A load resistor of 

value 6 kΩ and a matching inductor of 82 nH are used in this rectifier. The inductor is 

from coilcraft 0402HP series with model number 0402HPH-82NXGLW. 

Fig. 4.2. Diode input impedance in smith chart   

  

Fig. 4.3. Proposed 0.915 GHz highly sensitive rectifier   
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For evaluating the performance of single inductor matched high sensitivity rectifier, 

a prototype is fabricated on FR4 substrate with a thickness of 1.52 mm. Harmonic 

balance and LSSP simulations are carried out using ADS. A Keithley 2920 RF signal 

generator with an output power up to 13 dBm has been utilized to generate the RF 

signal at 0.915 GHz. A digital multimeter has been used to measure the output voltage 

across the RL resistor. Fig. 4.4 shows the simulated and measured reflection coefficient 

of the inductor matched rectifier. The measured rectifier bandwidth extends from 0.89 

GHz to 0.94 GHz. The input power to the rectifier has been varied from -45 to 0 dBm, 

to measure the DC voltage across the load resistor. The RF to DC conversion 

efficiency of a microwave rectifier is calculated as the ratio of the rectified DC output 

power to the input RF power, and it can be expressed as  

𝜂 =
𝑉𝑜𝑢𝑡

2

𝑅𝐿𝑃𝑖𝑛
                                                                    (4.1) 

where Pin is the input power and Vout is the DC output voltage across the load resistor 

RL of the microwave rectifier. Fig. 4.5(a) shows the simulated and measured 

conversion efficiencies of the proposed microwave rectifier as a function of input 

power. A maximum measured efficiency of 59% is achieved at -10 dBm. Conversion 

efficiencies of 13 and 54 % are measured at input power levels of -30 and -15 dBm, 

Fig. 4.4. Reflection coefficient of a 0.915 GHz rectifier 
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respectively. A high sensitivity and efficiency performance can be clearly observed in 

single series at low input power (-40 to -10 dBm). Measured conversion efficiency has 

good agreement with simulated values. In order to evaluate the RF-DC conversion 

efficiency bandwidth at a -15 dBm input power level, the input frequency is varied 

from 0.6 to 1.3 GHz. Fig. 4.5(b) depicts the conversion efficiency as a function of 

frequency at -15 dBm input power. Conversion efficiency of more than 50% is 

achieved from 0.87 to 0.93 GHz.  

Fig. 4.5. RF to DC conversion efficiency versus (a)input power (b) frequency 
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 Highly Sensitive Dual-Band Rectifier 

Based on the discussed high sensitivity rectifier, a dual-band rectifier is designed to 

cover 0.915 GHz and 2.45 GHz for wireless energy harvesting. In Section 4.2.1, the 

design of dual-band rectifier is explained. The measured performance of the rectifier 

is studied in detail in Section 4.2.2.  

4.2.1. Design of Dual-Band Rectifier 

In order to cover the 0.915 GHz and 2.45 GHz ISM bands, the designed single 

inductor matched rectifier technique is utilised. As mentioned in the previous chapters, 

for dual-band operation RF stack approach is better for maximum DC output power 

and conversion efficiency. Hence, a parallel two branch rectifier is designed, in which 

the upper branch is responsible for 0.915 GHz and the lower branch for 2.45 GHz. A 

T-junction is utilised in the input side of the two branches. Complex bandpass filters 

and diplexers with more lumped elements are not considered in this design to reduce 

the losses associated with complex circuitry and lumped elements. Sensitivity of the 

rectifier can be significantly improved by using a single inductor in both branches and 

thus, only the inductor loss affects the performance instead of complex matching 

circuits and bandpass filters (diplexers). Fig. 4.6 shows the layout of the proposed dual-

band high sensitivity rectifier. 

A load resistor of 4 kΩ is used for this dual-band rectifier. A matched inductor of 

68 nH is intended to resonate with the zero-bias capacitors of the diode at the 0.915 

GHz with load resistor. Similarly, 13 nH inductor is utilised to rectify the 2.45 GHz 

Fig. 4.6. Layout of dual-band rectifier 
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band. C1 and C2 are used for DC pass filter and has a value of 100 pF. High Q 

inductors are from Coil Craft 0402HP series with model number 0402HPH-

68NXGLW and 0402HP-13NXGLW. Capacitors are from Murata with model number 

GRM0335C2A101GA01.The two-branch rectifier topology offers high performance 

in both frequency bands.  

4.2.2. Performance of the Rectifier 

The proposed dual-band rectifier was fabricated for experimental validation on a 

FR4 material of 1.52 mm thickness with a relative permittivity of 4.4 as shown in Fig. 

4.7. Initially, the reflection coefficient of the rectifier was evaluated using a VNA. In 

Fig. 4.8, the simulated and measured reflection coefficient at 0 dBm input power is 

shown. It can be clearly observed that even though both bands have good impedance 

matching, the lower 0.915 GHz band has better reflection coefficient than the 2.45 

GHz band. The measured rectifier bandwidth extends from 0.9 GHz to 0.97 GHz in 

the lower band and 2.37 GHz to 2.46 GHz in the upper band. The input power to the 

rectifier has been varied from -45 to 0 dBm, to measure the DC voltage across the load. 

 Fig. 4.8. Reflection coefficient of the dual-band rectifier  

Fig. 4.7. Fabricated dual-band rectifier 
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Fig. 4.9 shows the output voltage of the rectifier as a function of frequency at an 

input power of -15 dBm. Output voltage of 0.25V and 0.225 V are observed at 0.915 

GHz and 2.4 GHz, respectively. RF to DC conversion efficiency of the rectifier as a 

function of operating frequency at -15dBm input power is shown in Fig. 4.10. 

Conversion efficiencies of more than 52% and 40% are obtained in the lower and upper 

bands, respectively. This demonstrates the feasibility of the proposed highly sensitive 

rectifier to capture RF energy from   ambient environments. 

 Dual-Mode Dipole Antenna 

With the rapid development of 5G technologies, the need of wideband antennas 

with stable omnidirectional radiation pattern over their operating frequency bands has 

Fig. 4.9. RF to DC conversion efficiency of the dual-band rectifier  

Fig. 4.10. Output voltage of the dual-band rectifier 
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immensely increased [11]. Conventionally, antennas with frequency independent 

concept such as the spiral antennas and log-periodic antennas were widely used to 

achieve wide bandwidth [12]-[15]. But large size and design complexity of these 

antennas make them difficult to be realized. Patch antennas with different feeding 

techniques like slot coupling feeding [16], U-shaped slot feeding [17], and L-shaped 

probe feeding [18] have also been widely studied for large bandwidth. Though, in 

order to achieve omnidirectional radiation pattern, dipole antennas are usually selected 

due to its simple structure [18]-[21]. However, the high Q factor of thin wire dipoles 

results in narrow bandwidth [22]. Thus, several techniques were investigated to widen 

the bandwidth of dipole antennas. One widely used approach to achieve wide 

bandwidth is to use parasitic resonator loadings. Typically, split-ring resonators, 

dipoles, and loops have been employed to enhance the bandwidth of dipole antennas 

[23]-[26]. In [27], a wideband unidirectional antenna composed of a planar electric 

dipole and a shorted   patch   antenna   is   presented.  By combining a pair of electric 

and magnetic dipoles, stable radiation patterns are realized over the entire operating 

band. This work has attracted broad attention and in-depth studies in wideband dipoles. 

In [28], a wide bandwidth dipole antenna is presented based on the mu-negative 

transmission line (MNG-TL). A wideband antenna with stable omnidirectional 

radiation pattern consisting of a dipole and parasitic loop has been investigated in [26]. 

Multiple dipoles with different lengths were also widely utilized for exciting multiple 

resonant frequencies [29]. But the additional resonators and periodic structures 

increase the overall size and complexity.  

Another major approach to realize wideband performance in compact size is by 

employing mode compression methods [30]-[33]. In mode compression methods, 

multiple resonant modes are excited and compressed together to form the required 

wide bandwidth using loaded structures. In [30], the fifth-order mode of the 

compressed dipole has moved close to its third-order mode for broad bandwidth 

Moreover, the first mode and third mode are utilized and compressed in [31] and [32] 

to achieve more compact dipoles. Similar attempts were also demonstrated to be 

beneficial on slot antennas. In [33], a wideband antenna is introduced by exciting the 

multiple modes in a single slotline radiator. Stub slots are added along the main slot to 

excite dual-mode operation for wide bandwidth. Even though the above-mentioned 
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mode compressed designs have a high bandwidth, the unstable radiation patterns are 

restricting their applications. 

Considering the above concerns, a dipole antenna loaded with folded stubs are 

proposed to realize broad bandwidth and stable omni directional radiation pattern. This 

antenna utilizes the first and third order resonances and compressed them to create a 

broadband. Section 4.3.1 explains the design and operation principle of the proposed 

dual mode dipole antenna with folded stubs. Section 4.3.2 describes the measurement 

results of the proposed folded stub loaded dipole. A comparison between this proposed 

design and other related dipole antenna designs are also addressed in this Section. 

Finally, conclusions are drawn in Section 4.3.3 emphasizing the achievements of this 

research and future work directions.  

4.3.1. Dual-Mode Dipole Antenna Design 

The geometry of the proposed dual mode dipole antenna is depicted in Fig. 4.11. 

The antenna is printed on a low cost FR4 substrate (relative dielectric permittivity εr = 

4.3, loss tangent tan δ = 0.025) with a height of 1.52 mm and has an overall size of 40 

× 20 mm2. Each arm of the dipole is printed on top and bottom layers separately as 

Fig. 4.11. Proposed dual mode antenna (a) perspective view (b) top view without substrate. 
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shown in Fig. 4.11. Folded stubs are loaded in both the dipole arms for shifting the 

third order mode and merging with the first order mode to achieve a wide bandwidth. 

All the physical dimensions of this antenna (after optimization to be discussed later) 

are tabulated in Table 4.1.  

The design of dual-mode dipole antenna can be demonstrated using reference 

designs as seen in Fig. 4.12. In order to illustrate the working principle of this design, 

initially the resonances of a conventional dipole are examined. The Ref 1 half-

wavelength dipole has a length of 34 mm and operating at 2.9 GHz. Fig. 4.13 shows 

the input impedances of the Ref 1 design. The first and third odd order modes can be 

seen at 2.9 GHz and 8.45 GHz, respectively. Fig. 4.14 (a) shows the radiation pattern 

of the conventional dipole at first and third order modes.  

 

Table 4.1. Parameters of the proposed antenna 

 

Parameter Value (mm) Parameter Value (mm) 

L1 47.2 ls1 0.8 

L2 17 ls2 0.5 

W1 52 ws 1 

S 43.3   

Fig. 4.12. Evolution of broadband dual mode dipole antenna. 
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The presence of side lobes and unstable radiation patterns of third-order mode limits 

its applications. The difference in the radiation pattern of first and third-order modes 

is due to the difference in current distributions as shown in Fig. 4.14 (b). In order to 

achieve a wide bandwidth and stable omni directional radiation pattern, it is necessary 

to design some techniques to control the third order resonance. Thus, we have 

proposed a dipole antenna with stub loaded in both arms to control the third order 

resonance as in Ref 2 of Fig. 4.12. The main idea of this loading is to lengthen the third 

order mode of the dipole without affecting the first order mode and thereby can shift 

the third order resonance to a lower frequency. For analyzing the stub loaded dipole 

Fig. 4.14. (a) Simulated radiation pattern and (b) surface current distribution of Ref. 1 dipole 

antenna. 

Fig. 4.13. Input impedance of Ref. 1 dipole antenna 
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antenna dimensions, the current distribution of the proposed stub loaded dipole 

antenna be depicted as in Fig. 4.15. The linear length of the Ref 1 can be represented 

as L i.e., nearly 0.5λ1 (λ1 is the effective wavelength of dipole antenna). The electrical 

length of the new third order mode wavelength (𝜆3𝑛𝑒𝑤) is the sum of the length of the 

original third order mode (𝜆3) and the length of the stubs. Thus, 

 

3

2
𝜆3 + 4𝑙𝑠 =

3

2
𝜆3𝑛𝑒𝑤                                            (4.2) 

So, the length of the stub can be calculated as 

4𝑙𝑠 =
3

2
(𝜆3𝑛𝑒𝑤 − 𝜆3)                            (4.3) 

𝑙𝑠 =
3

8
(𝜆3𝑛𝑒𝑤 − 𝜆3)                                       (4.4)  

Similarly, the spacing S of the stub from the center of dipole can be estimated by 

equating the lengths of each section of third order mode.   

(2𝑙𝑠 + 2𝑆) = (
𝐿

2
− 𝑆 + 𝑙𝑠) =

𝜆3𝑛𝑒𝑤

2
                                         (4.5) 

 

𝑆 =
𝐿

2
+ 𝑙𝑠 −

𝜆3𝑛𝑒𝑤

2
                                                           (4.6) 

 

To analyze the performance of stub loading in dipole antenna, Ref 2 is designed to 

shift the third order mode to 6 GHz. A sub length, 𝑙𝑠 of 4.25 mm and spacing S of 4.25 

mm is estimated based on (4.4) and (4.6). Fig. 4.16 shows the input impedances of the 

Ref. 2 design. The third odd order mode is shifted from 8.45 GHz to 6 GHz, whereas 

Fig. 4.15. Surface current distribution of Ref. 2 stub loaded dipole antenna. 
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the first order mode is still in 2.9 GHz. It can be observed that the input impedance 

increased in Ref 2 design as the third order resonance shifted to lower frequency (6 

GHz). Fig. 4.17 (a) shows the radiation pattern of the Ref 2 design at first and third 

order modes. Grating lobes in the third-order mode is significantly reduced by shifting 

the resonance to 6 GHz by stub loading. Hence, the first and third order mode has 

Fig. 4.16. Input impedance of Ref. 1 and Ref. 2 stub loaded dipole antennas. 

Fig. 4.17. (a) Simulated radiation pattern and (b) surface current distribution of Ref. 2 stub loaded 

dipole antenna. 
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similar omnidirectional properties similar to dipole’s half wave mode. To further 

reveal its principle, the current distributions of the two resonant modes of the proposed 

dipole antenna with stub loading are shown in Fig. 4.17. It can be clearly revealed that 

the dipole resonates at first-order mode and the current amplitude in the loaded stubs 

are negligibly small. Hence, the dipole is responsible for the radiation at 2.9 GHz. As 

the third-order mode in a dipole has a current distribution in which middle current 

direction is opposite to that on both sides. It can be seen from Fig. 4.17 (b) that the 

strong currents are present in the loaded stubs and it lengthened the current of the third 

order mode and hence, it can be concluded that the resonant frequency of third-order 

mode is decreased and shifted to 6 GHz. To provide a better understanding of the stub 

loaded antenna, a parametric study is conducted to investigate the resonance shift and 

dimensions of the stub. The effect of stub length and spacing from the center of the 

Fig. 4.18. Simulated input reactance of the Ref. 2 dipole for various ls 

 

Fig. 4.19. Simulated reflection coefficients of the folded stub loaded dipole for various ls2 
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dipole as a function of input reactance is depicted in Fig. 4.18. It can be observed that 

as ls increases, the reactance null point of third-order mode decreases, while the first 

order mode remains unchanged. The spacing S from the dipole center decreased with 

increased stub length ls. The stub length ls and corresponding spacing S moved the 

third order resonance from 7.5 GHz to 5.5 GHz, as ls varied from 2.3 to 5.5 mm in Ref 

2 design. For realizing the broadband antenna, it is necessary to shift the third order 

resonant frequency close to first order mode. A ls of 5.9 mm with a spacing S of 2 mm, 

is initially utilized as in Ref 2. But the impedance matching is not satisfactory at third 

order mode. Therefore, final proposed design utilized folded stub loading in order to 

improve the impedance matching through field coupling.  Folded stub comprises of 

vertical and horizontal sections with lengths ls1 and ls2 as shown in Fig. 4.11. As the 

horizontal section length ls2 increases, the resonant frequency of third order mode 

moves to 4.5 GHz and improves the impedance matching as shown in Fig. 4.19. Thus, 

a broadband antenna with a bandwidth of 1.8 GHz ranging from 2.95 GHz to 4.75 GHz 

(VSWR < 2) is realized by folded stub loading for shifting the third order mode close 

Fig. 4.20. (a) Simulated radiation pattern and (b) surface current distribution of the proposed 

folded stub loaded dipole antenna. 
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to the first order mode. Fig. 4.20 (a) shows the radiation pattern of the proposed design 

at 2.95 GHz and 4.5 GHz. The first and third order modes of the proposed design has 

omnidirectional pattern similar to half wavelength dipole. The current distributions of 

the proposed antenna at two resonant frequencies, 2.9 and 4.5 GHz are shown in Fig. 

4.20 (b). It can be seen that for the first resonance, the current is mainly distributed on 

the dipole i.e., half wavelength dipole in the first order mode. At 4.5 GHz, strong 

currents can be observed in folded stubs and the middle section of dipole has current 

in opposite direction that of both sides. Thus, it can be clearly revealed that the third 

order resonance is shifted from 8.45 GHz to 4.5 GHz.   

4.3.2. Measurement Results and Validation 

To verify the proposed design, a prototype of the proposed folded stub loaded 

dipole antenna was fabricated and measured. The prototype is shown in Fig. 4.21, 

which is fed by 50 Ω coaxial cable. As the proposed antenna is not having a balun in 

the design, an external ferrite choke balun is used in S11 measurement. However, the 

Fig. 4.21. Fabricated prototype of the fabricated broadband antenna. 

 

Fig. 4.22. Simulated and measured reflection coefficient of the proposed broadband antenna. 
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proposed antenna achieved a similar performance with or without external balun. The 

reflection coefficient of the antenna is measured by using Anritsu 37369A VNA, while 

radiation patterns are obtained by performing a far field antenna measurement in an 

anechoic chamber. Fig. 4.22 shows the simulated and measured reflection coefficients. 

An impedance bandwidth of 1.8 GHz is achieved extending from 2.95 to 4.75 GHz 

(47%).   

Fig. 4.23. Simulated and measured normalized radiation patterns of the proposed broadband 

antenna (a) 3.5 GHz (b) 4 GHz (c) 4.5 GHz. 
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 Fig. 4.23 shows the simulated and measured an 8-shaped radiation pattern in the 

XOZ-plane and omnidirectional pattern in the YOZ-plane in all 3 operating frequency 

bands. The simulated and measured patterns are in close agreement for both XOZ and 

YOZ planes. It can also be concluded that stable radiation patterns are achieved at both 

E-plane (XOZ-plane) and H-plane (YOZ-plane) across the entire operating frequency 

band. The realized gain of the fabricated prototype is shown in Fig. 4.24 as a function 

of operating frequency. Simulated and measured realized gain of the fabricated 

antenna is in close agreement. Gain of the antenna is relatively stable throughout the 

bandwidth and its value ranges between 1.5 to 2 dBi.   

 

Table 4.2. Comparison among the proposed antennas with other dual-mode dipoles 

 

Year-Ref. 

 

Description 

 

Bandwidth 

(%) 

Size 

(𝝀0x𝝀0) 

 

Radiation 

pattern 

 

Gain 

2015- [33] Slot line antenna 

with stub loading 

31.5 1.32 × 

1.32 

Not stable Varying gain 

 2017- [26] Two resonators 

(Dipole + parasitic 

loop) 

44.2 0.63 × 

0.32 

Nearly 

omnidirectional 

Varying gain  

2019- [30] Dipole higher order 

with stub loading 

11.2 1.04 × 

0.83 

Not stable Constant gain 

2020- [31]  Dipole with loop 

resonator 

27.8 0.45 × 

0.17 

Nearly 

omnidirectional 

Constant gain 

Proposed 

design 

Dipole with folded 

stub loading 

47 0.45 × 

0.15 

Stable 

omnidirectional 

Constant gain 

      

Fig. 4.24. Simulated and measured realized gain of the broadband antenna. 
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Table 4.2 shows a comparison between our dipole antenna and related designs. Dual-

mode dipole antennas with mode compression techniques are only considered for a fair 

comparison. Compared to previous designs, our design has a larger bandwidth with a 

smaller size. Moreover, the proposed design has stable omnidirectional radiation pattern 

and constant gain throughout the operating band. Thus, it is suitable for many 5G 

technologies.  

 Dual-Band Antenna for WEH 

In this Section, based on the discussed dual mode dipole design, a dual-band 

antenna is proposed to cover 0.915 GHz and 2.45 GHz for wireless energy harvesting. 

In Section 4.4.1, the design of dual-band antenna is explained. The measured 

performance of the antenna is studied in detail in Section 4.4.2. Radiation pattern of 

the fabricated antenna is also discussed in this Section.  

4.4.1. Design of Dual-Band Antenna 

In order to cover the 0.915 GHz and 2.45 GHz ISM bands, initially a dipole antenna 

resonating at 0.915 GHz is designed. The half wavelength dipole at 0.915 GHz has an 

overall length of 120 mm and the third order mode can be observed at 2.95 GHz as 

shown in Fig. 4.25. The simulated radiation patterns of the dipole antenna at 

fundamental and harmonic modes are depicted in Fig. 4.26. It can be observed that the 

third order mode has high side lobes.   

Fig. 4.25. Reflection coefficient of dipole antenna 
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For covering the 2.45 GHz ISM band, the proposed dual mode technique discussed 

in Section 4.3 is utilised. Folded stub resonators are introduced in the dipole design for 

shifting the third order mode. Based on the derived equations in (4.4) and (4.6), the 

length of the stub ls and position S are calculated as 12.5 mm and 21 mm, respectively. 

For easy prototype fabrication, the proposed dual-band dipole antenna arms are printed 

on both sides of FR4 substrate as shown in Fig. 4.27. Thus, the electrical length of the 

third order mode of the dipole is increased without disturbing the first order mode. The 

reflection coefficient of the proposed duad band dipole antenna with folded stubs is 

depicted in Fig. 4.28. It can be observed that the reflection coefficient of the 

fundamental is at 0.915 GHz for both conventional dipole and dipole antenna with 

folded stubs. However, as expected the third order mode is shifted from 2.95 GHz to 

2.45 GHz by introducing the folded stubs with folded stubs. The radiation pattern of 

the first order and third order mode in the proposed dual-band antenna is shown in Fig. 

Fig. 4.26. Radiation pattern of dipole antenna at 0.915 and 2.95 GHz 

Fig. 4.27. Proposed dual-band dipole antenna 
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4.29 (a). Side lobes in the third order mode is significantly reduced by shifting the 

resonance to 6 GHz by stub loading. Hence, the first and third order mode has similar 

omnidirectional properties similar to dipole’s half wave mode.  

Fig. 4.29. (a) Simulated radiation pattern and (b) surface current distribution of the proposed 

folded stub loaded dipole antenna. 

 

Fig. 4.28. Reflection coefficient of the proposed dual-band antenna 
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To further reveal its principle, the current distributions of the two resonant modes 

of the proposed dipole antenna with stub loading are shown in Fig. 4.29 (b). It can be 

clearly revealed that the dipole resonates initially at the first-order mode and the 

current amplitude in the loaded stubs are negligibly small. Hence, the dipole only is 

responsible for the radiation at 0.915 GHz. As the third-order mode in a dipole has a 

current distribution in which middle current direction is opposite to that on both sides. 

It can be seen from Fig. 4.29 (b) that the strong currents present in the loaded stubs 

and it lengthened the current of the third order mode and hence, it can be concluded 

that the resonant frequency of third-order mode is decreased and shifted to 2.45 GHz. 

4.4.2. Dual-Band Dipole Antenna Evaluation 

    To verify the proposed dual-band folded stub loaded dipole antenna design, a 

prototype was fabricated and measured. The prototype is shown in Fig. 4.30, which is 

fed by 50 Ω coaxial cable. The reflection coefficient of the antenna is measured by 

using Anritsu 37369A VNA, while radiation patterns are obtained by performing a far 

field antenna measurement in an anechoic chamber. The measured reflection 

coefficient of the dual-band dipole antenna can be seen in Fig. 4.31. It can be seen that 

the simulated and measured data are in close agreement. The lower band has an 

impedance bandwidth of 171 MHz ranging from 0.844 to 1.015 GHz. In the upper 

band, a bandwidth of 105 MHz is achieved extending from 2.37 to 2.475 GHz. The 

measured radiation pattern of the antenna is shown in Fig. 4.32. An omnidirectional 

pattern in the YOZ-plane and almost near 8-shaped radiation pattern in the XOZ-plane 

in both frequency bands. The simulated and measured patterns are in close agreement 

for both XOZ and YOZ planes. The prototype measured a realized gain of 1 and 3 dB 

are achieved at 0.915 and 2.45 GHz, respectively. 

Fig. 4.30. Fabricated prototype of dual-band antenna 
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 Rectenna Evaluation 

The rectifying circuit and the receiving antenna are connected together to form the 

highly sensitive rectenna as shown in Fig.4.33. 

Fig. 4.32. Radiation pattern of the dual-band antenna (a) 0.915 GHz (b)2.45 GHz  

 

Fig. 4.31. Reflection coefficient of the dual-band antenna 
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The designed rectenna has been measured in an anechoic chamber which is 

illustrated in Fig.4.34. During the experiment, an RF power source is connected to a 

standard horn antenna, which acts as the transmitter. The RF energy from power source 

at LTE band is carried by a continuous wave. The designed rectenna is aligned and 

placed at a distance of 2 m away from the transmitter, which is the far-field distance 

determined by  

𝑅 =
2𝐷2

𝜆
                                                          (4.9) 

where R is the far-field distance, λ is the wavelength of the operating frequency, and d 

is the largest dimension of the antenna. The RF to DC conversion efficiency is the most 

critical parameter to evaluate the performance of the proposed rectenna, which is 

estimated by 

𝜂 =
𝑉𝐷𝐶

2

𝑅𝐿𝑃𝑟
                                                                    (4.10) 

𝑃𝑟 = (
𝜆

4𝜋𝑅
)

2

𝐺𝑟𝐺𝑡𝑃𝑡                                                                          (4.11) 

and where η is the RF to DC conversion efficiency, VDC is the measured output voltage 

of the load, RL is the load resistance, and Pr is the received power of rectenna, Gr and 

Fig. 4.33. Fabricated highly sensitive rectenna 

 

Fig. 4.34. Measurement setup for rectenna evaluation 
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Gt are the realized gain of the designed antenna and the transmitter, and Pt is the 

transmitting power of the horn antenna. Fig.4.35 shows the measured conversion 

efficiency and output voltage as a function of received power at different frequencies 

in the operating band. It is noted that the maximum efficiency of 67% is obtained at 

0.915 GHz and 55% at 2.45 GHz at an input power of -7 dBm. A maximum output 

voltage of 0.88 V is measured at 0.915 GHz and 0.82 V at 2.45 GHz. It can be clearly 

observed that at typical low power of -15 dBm, the designed rectenna has high 

conversion efficiency of 52 % and 40 % respectively at 0.915 and 2.45 GHz, which is 

quite high sensitivity compared to literatures [4], [7].  

 Summary 

A novel dual-band rectenna has been proposed in this Chapter for very low input 

power conditions. This design utilised a dipole antenna with folded stubs and a high 

sensitivity rectifier. The dual-mode dipole antenna with folded stubs has achieved a 

stable omnidirectional radiation pattern over the entire operating band from 2.95 to 

4.75 GHz. A dual-band antenna has been demonstrated to cover the 0.915 GHz and 

2.45 GHz based on the proposed dual-mode technique. A single external inductor-

based dual-band highly sensitive rectifier for very low power ambient energy 

harvesting has also proposed. Conversion efficiencies of more than 52% and 40% 

have been obtained in the lower and upper bands at -15 dBm input power. It was also 

shown that the rectenna prototype can provide high DC power in very low input power 

conditions.  

Fig. 4.35. Measured RF to DC conversion efficiency and output voltage of the rectenna 
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Chapter 5. High-Efficiency Compact 

RF Harvester  

 

In this chapter, a novel RF energy harvester using combined harvesting topology 

for ambient WEH is presented. Five antenna elements are utilised in the harvester to 

capture RF energy from 900-960 MHz, 1.8-2.7 GHz, and 3.4-3.7 GHz frequency 

bands.   The proposed RF energy harvester employed high sensitivity and high 

efficiency rectifiers for improving the performance. The RF output from dual-band or 

multiband antennas are fed to different RF branches and DC output from each RF 

branch is connected in parallel to increase the DC current. Finally, DC output from 

each rectenna is combined serially to produce maximum output DC voltage. The 

measured results show that the maximum harvested DC power of the rectenna indoor 

environments is 27.5 μW; it can therefore be applied to a range of low-power in 

wireless applications. Typical DC output power obtained from RF harvesters in the 

similar indoor conditions in literature is less than 20 μW [21], [22].   

 Introduction 

To enable self-sustainability in IoT sensors, high amount of DC power in the range 

of micro to milliwatts is required [1]-[3]. Several single band rectennas have achieved 

high RF-DC conversion efficiencies of more than 80%; mostly at high input power 

levels (0 dBm [4], 5 dBm [5], 10 dBm [6]), 15 dBm [7], 18 dBm [8], and 20 dBm [9]). 

Typical, ambient RF energy available is in the range of -30 to -15 dBm., broadband 

rectennas operating at low input power levels suffers from low RF-DC conversion 

efficiency [10]-[16]. Most of these works utilized a single-port antenna and therefore, 

the spatial domain has not been efficiently exploited to maximize the harvested RF 

energy. Furthermore, in most instances the output of single port antenna fed to a 

multiband or broadband rectifier with cascaded matching network. The perfect 

matching on multiple frequencies necessitates high-order RF bandpass filters with 
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large complexity. The performance of such harvesters is significantly degraded if the 

operating frequencies are slightly shifted from the optimal resonance frequency. 

Additionally, increasing the number of adaptive frequency bands significantly 

decreases the RF to DC efficiency. Thus, it is necessary to reduce the losses due to the 

filter components to achieve highly efficient RF harvester.  

Several attempts have been made by researchers to develop rectenna arrays to 

accumulate ambient RF energy. But most designs were designed for a single operating 

frequency band although the overall dimension of arrays are large [17]. Rectenna 

arrays require the essential spacing gap between the array elements. e.g., half-

wavelength, so that mutual coupling is small enough to be ignored and total RF power 

received by all the antenna elements is increased. For instance, RF energy harvesting 

rectenna arrays at Wi-Fi band are presented in [18] and [19]. In recent times, some 

attempts have been made to develop omnidirectional and multi-beam rectenna arrays 

in order to capture more energy from the randomly propagated wireless signals in 

multi-path ambient environments. However, these designs still have a limited 

frequency band coverage, and often of relatively high-profiles due to the spatial 

arrangements of the array. Different rectenna array architectures have been analysed 

in literature that aim to enhance the output DC power. Array rectennas typically use 

either RF combination of the antenna outputs or DC combination of multiple rectifier 

outputs. In RF combined array, as the RF power from multiple antennas combined and 

fed to a single rectifier, the RF to DC conversion efficiency reduces due to the losses 

Fig. 5.1. Proposed hybrid combining RF harvester 
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in the higher order filter. However, in the DC combined rectenna array, the received 

RF signal of each antenna element rectified prior to combining it at the DC output and 

it has a large complex structure. Therefore, in order to have a high sensitivity and high 

efficiency compact RF harvester, a novel topology of RF harvester is proposed as 

shown in Fig. 5.1. Instead of using an array of broadband antenna based rectenna array, 

in this combined harvesting topology several dual-band and broadband antennas are 

utilized to harvest RF energy from multiple bands from arbitrary polarizations and 

directions. RF output from dual-band or multiband antennas are fed to different RF 

branches (association of the RF bandpass filter, rectifying elements, and low-pass 

filter). DC output from each RF branch is connected in parallel to increase the DC 

current. Finally, DC output from each rectenna is combined serially to produce a 

maximum output DC voltage. 

 Antenna Design 

For RF energy harvester design, antennas with high gain are not always preferred. 

High gain antennas are suitable if the position of transmitter and receiver antennas are 

known i.e., in wireless power transfer applications. Low gain antennas are preferred if 

the positions of source and receiving antenna are relatively uncertain in order to collect 

signals from various directions simultaneously. This is the case for ambient RF energy 

harvesting. Moreover, it is necessary to employ an antenna system with 

omnidirectional property and polarization insensitivity, to collect the ambient energy 

from incoming waves with arbitrary polarization and incident angles. As already 

Fig. 5.2. Proposed dual-band antenna evolution 
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discussed, a single broadband antenna for covering all the required bands is not 

appropriate for extracting maximum possible output DC power. Therefore, multiple 

antennas with dual-band and broadband properties are combined in a small footprint 

for maximum efficiency with good isolation. Dual-band dipoles are utilized to cover 

the 900-960 MHz and 3.4-3.7 GHz. The proposed dual-band antenna is evolved from 

two reference antennas as shown in Fig. 5.2. A dipole antenna with a length of 140 

mm resonating at 0.915 GHz is used as the initial design (Ref 1). Ref 1 antenna has 

the third resonance at 2.9 GHz. In order to reduce the overall length and to shift the 

third order resonance to 3.5 GHz, Ref 2 design is utilized. Ref 2 design is a dipole 

antenna with perpendicular arm having thicker width. For further enhancing the 

Fig. 5.3. Radiation pattern of dual-band antenna 

Fig. 5.4. Reflection coefficient of reference designs 



Chapter 5. High-Efficiency Compact RF Harvester  Page | 103 

bandwidth in the 5G band, arms of the proposed dual-band design are folded as in Fig. 

5.2. This has also been done to maintain the simplicity and to reduce the overall length 

of the antenna. The reflection coefficient of the reference designs and dual-band 

antenna are depicted in Fig. 5.3. It can be observed that the proposed dipole antenna 

can cover the GSM 900 and 5G band. The 3-D radiation pattern of the proposed 

antenna at two operating frequencies are presented in Fig. 5.4.  

For harvesting the RF energy from 1.8 to 2.7 GHz frequency bands, broadband 

monopole antennas are employed. Monopole antennas are selected based on their wide 

bandwidth and omnidirectional radiation pattern. Two broadband designs are 

employed in the RF harvester in order to keep the antennas in small footprint for 

Fig. 5.5. Proposed monopole antennas (a) broadband 1 (b) broadband 2 

Fig. 5.6. Simulated reflection coefficient of broadband 1 and broadband 2 monopole antennas 
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extracting energy from all possible directions. A tapered broadband monopole antenna 

is utilized as the broadband 1 antenna as shown in Fig. 5.5 (a). 

The spacing between ground plane and monopole radiator is optimized for 

achieving the required bandwidth. In order to minimize the size of the antenna and 

coupling with other antenna elements, edges of the monopole radiator are smoothly 

reduced to a smaller width at the top. Hemispherical monopole antenna as shown in 

Fig. 5.5 (b) is utilized as the broadband 2 design. The reflection coefficient of the 

proposed broadband antennas is depicted in Fig. 5.6. The simulated broadband 1 

antenna has a bandwidth of 1.2 GHz ranging from 1.5 to 2.7 GHz and broadband 2 

extends from 1.55 to 2.7 GHz. Therefore, both broadband designs can cover the GSM 

1800, GSM 2100 and WLAN bands. The 3-D radiation pattern of the proposed 

broadband antennas at 1.8 GHz and 2.4 GHz are presented in Fig 5.7 and Fig. 5.8. 

Fig. 5.7. 3-D radiation pattern of broadband 1 antenna 

Fig. 5.8. 3-D radiation pattern of broadband 2 antenna 
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Each broadband antenna has an omnidirectional radiation pattern throughout the 

required bandwidth; thus, the antenna can receive incident signals from many different 

angles.  

The proposed high sensitivity and high efficiency RF energy harvesting system 

comprises of five antenna elements to cover the ambient RF energy in 915-960 MHz, 

1.8-2.7 GHz, and 3.4-3.7 GHz frequency bands as shown in Fig. 5.9. Antennas consists 

of 3 broadband monopoles and 2 dual-band dipoles (multiple bands together) to 

develop the polarization insensitive system. Thus, the harvester is able to receive RF 

Fig. 5.10. Proposed RF harvester antennas 

Fig. 5.9. Isolation of proposed RF harvester antennas 
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waves with arbitrary polarization and has demonstrated that the antenna is indeed dual 

polarization. The five-antenna system is printed on low loss Rogers 5880 substrate 

(relative dielectric permittivity εr = 2.2, loss tangent tan δ = 0.0037) with a height of 

1.52 mm and has an overall size of 150 × 100 mm2. The isolation of the antenna ports 

is shown in Fig. 5.10. It can be clearly observed that good isolation is achieved between 

the antenna ports in the small footprint. The fabricated prototype of the five-antenna 

system is shown in Fig. 5.11. The measured reflection coefficient of the antennas is 

shown in Fig. 5.12. It can be seen that the antennas can harvest the RF power from 

0.915 GHz, 1.8-2.7 GHz, and 3.4-3.7 GHz irrespective of polarization and directions 

of the incoming waves.  

Fig. 5.11. Measured reflection coefficient of RF harvester antennas 

 

Fig. 5.12. Fabricated RF harvester antennas 
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 Rectifier Design 

Broadband RF rectifier topologies can be broadly divided into single branch and 

multiple branch impedance matching networks. In single branch technique, the signals 

received by the antenna over the frequency band of interest (from f0 to fN) can be 

delivered to the rectifier through the network. This topology has the advantage of low 

overall size, but the loss of the complete matching network is quite high due to the 

large number of cascaded circuit components, and it cannot effectively reject the 

higher order harmonics generated by the rectifier. Thus, it would be difficult to achieve 

a high efficiency rectenna that can cover different frequency bands using this method. 

To overcome the challenges in the single branch topology, multiple RF branch 

topology is used. This rectenna is designed with multi-branch separate matching 

networks and rectifiers, where each branch is matched to a particular operating 

frequency. Meanwhile, the output dc power of the whole circuit is combined at the DC 

output port. In this case, the loss of a single matching network can be reduced and the 

operating frequency of the rectenna can be extended by adding additional circuit 

branches. However, the multiple RF branches leads to a complex large design. 

Therefore, great care should be given in order to design a broadband RF harvester by 

considering the aforementioned topologies. 

Another important factor affecting the sensitivity of rectifier is the choice of 

rectifying element and its configuration. Low series resistance and junction 

capacitance are very much needed to perform low input power rectification. Hence, 

sky work’s SMS7630 has been selected for the broadband rectifier. Low threshold 

voltage of SMS7630 with high sensitivity performance at low input power levels, 

making it ideal for power harvesting applications. Basically, three widely used diode 

configurations for rectenna include the single diode, voltage doubler and Greinacher. 

A single diode is preferred when input power levels are very low, however it is difficult 

to withstand medium range power. Furthermore, single diode configuration can only 

provide low output voltage which is not enough to drive typical output applications. 

The ambient power levels normally range from low to medium intensity. Greinacher 

rectifier is used for applications involving higher power handling. Therefore, the 
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voltage doubler topology is chosen due to its high- power handling capability, low 

input voltage requirement (depending on the diode), and doubled output DC voltage. 

To improve the conversion efficiency and to reduce the non-linearity of the diode, 

several techniques are investigated like resistance compression networks (RCN), 

hybrid resistance compression technique (HRCT), broadband conjugate matching and 

impedance compression networks (ICN). The large variation of load impedance can 

be compressed using RCN and ICN techniques, which results in a smaller variation of 

the input impedance of the circuit. Thus, the RCN has been used in rectenna design to 

reduce the nonlinear effects when the loading condition is varying. But the 

performance of RCN heavily relies on the operating frequency of the network. 

Matching elimination by conjugate matching helps in reducing the losses associated 

with lumped matching circuit elements such as insertion loss and parasitic effects in 

rectifier circuits [20]. But broadband matching will be difficult due to conjugate 

matching at high impedances.  

In order to cover the broad 1.8-2.7 GHz band, a two-branch rectifier is proposed as 

shown in Fig. 5.13.  From literatures, it is concluded that stacked RF circuit’s topology 

will be better for high efficiency performance in a broadband rectifier. Matching each 

RF circuit and optimizing it for a particular frequency of operation. For this rectifier, 

initially the two RF branches are matched to 1.9 and 2.4 GHz. As the diode-pair input 

impedance is capacitive in nature, an inductor-based matching is proposed to reduce 

Fig. 5.13. Layout diagram of 1.8-2.7 GHz broad band rectifier 
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the losses in each RF branch. Depending upon the two frequencies to cover the 1.8-

2.7 GHz band, two inductors L1 and L2 are used in the first branch and inductor L3 is 

used in the second branch for impedance matching. RF power in 1.8-2.7 GHz range is 

divided into two branches based on frequency, and then the DC power after 

rectification is combined together at the load resistor. Therefore, this rectifier itself 

performs a RF splitting in the beginning and DC combining at the end. The values and 

part numbers of the circuit components are given in Table 5.1. Fig. 5.14 depicts the 

fabricated 1.8-2.7 GHz broadband rectifier. Reflection coefficient of the proposed 

broadband rectifier at -15 dBm is shown in Fig. 5.15. It can be clearly observed that 

the rectifier covers the bandwidth of 1.8-2.7 GHz at a low input power of -15 dBm. 

Output voltage reached a peak voltage of 0.22V at -15 dBm input power with a load 

impedance of 4 kΩ. The RF to DC conversion efficiency bandwidth of the 1.8-2.7 

GHz broadband rectifier is shown in Fig. 5.16. Conversion efficiency is higher than 

27% from 1.8-2.7 GHz at -15 dBm input power. Thus, the 1.8-2.7 GHz broadband 

rectifier works efficiently with high sensitivity and efficiency.  

Fig. 5.15. Fabricated 1.8-2.7 GHz broad band rectifier 

Fig. 5.14. Simulated and measured reflection coefficient of 1.8-2.7 GHz broadband rectifier 
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Table 5.1. Circuit components used in the rectifiers design 

 

Component 

name 

Nominal value Part number and supplier 

C 100 pF chip capacitor GRM0335C2A101GA01, Murata 

C1 1 pF chip capacitor GRM0335C2A1R0CA01, Murata 

L1 6.2 nH chip inductor 0402HP-6N2XJLW, Coilcraft 

L2 4.7 nH chip inductor 0402HP-4N7XJLW, Coilcraft 

L3 3.6 nH chip inductor 0402HP-3N6XJLW ,  Coilcraft 

L4 36 nH chip inductor 0402HP-36NXJLW , Coilcraft 

Fig. 5.16. RF to DC conversion efficiency of 1.8-2.7 GHz broadband rectifier 

Fig. 5.17. Layout diagram of the dual-band rectifier 
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For incorporating the rectification of 0.9-0.96 and 3.4-3.7 GHz frequency bands, a 

dual-band rectifier based on the voltage doubler topology is proposed as shown in Fig. 

5.17. Initially, the two RF branches are matched to 0.93 and 3.5 GHz.  An inductor-

based matching is utilized for matching the 0.93 GHz, whereas a capacitor C5 is shunt 

connected for matching the 3.5 GHz band. As the frequency becomes higher, the ωRC 

value also increases. Therefore, the performance of rectifier in low-input power region 

degrades in the 3.5 GHz band. Fig. 5.18 depicts the fabricated dual-band rectifier. The 

reflection coefficient of the fabricated dual-band rectifier at -15 dBm is shown in Fig. 

5.19. It can be clearly observed that the rectifier covers the dual-bands at a low input 

power of -15 dBm. The RF to DC conversion efficiency bandwidth of the dual-band 

rectifier is shown in Fig. 5.20. Conversion efficiency is higher than 40 % at 0.915 GHz 

with an input power of -15 dBm. Output voltage reached a peak voltage of 0.235V at 

-15 dBm input power. In 3.4-3.7 GHz band, sensitivity is less than that of other bands 

as expected due to the high ωRC value. Conversion efficiency is higher than 25 % 

from 3.4 to 3.7 GHz at -15 dBm input power. 

Fig. 5.18. Fabricated dual-band rectifier 

Fig. 5.19. Simulated and measured reflection coefficient of dual-band rectifier 
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 RF Energy Harvester Measurement 

The proposed ambient RF energy harvesting system was fabricated to verify our 

design, as shown in Fig. 5.21. In this proposed high voltage hybrid topology, outputs 

of all branches are DC combined in a series manner. It should be noted that connecting 

the rectifier DC outputs in series can increase the total voltage whereas parallel 

connection increases the DC current. High output voltage is an important necessity of 

ambient energy harvesting systems for providing enough voltage to drive typical 

applications under low input power conditions. Thus, in order to connect the outputs 

in series, the grounds are separated for isolating the DC.  

Fig. 5.20. RF to DC conversion efficiency of dual-band rectifier 

Fig. 5.21. RF energy harvester (a) Layout (b) Fabricated prototype 
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Even though the rectenna elements are different, all rectennas were initially 

designed to work with same load resistor and in similar input power conditions and all 

elements load resistance. Therefore, for maximum power output condition, the load 

impedance of the array is selected as RL = 5 × RL0, where RL0 is the load impedance of 

a single element and n is the number of elements [35]. To demonstrate the capability 

of harvesting ambient RF energy, we test the proposed energy harvesting system in a 

typical indoor office environment with a relatively low ambient RF power density to 

conduct the measurement as shown in Fig. 5.22. The ambient power is mainly 

distributed at four frequency bands which are GSM 900, GSM-1800/4G, UMTS-

2100/3G, and Wi-Fi. The input power level on each frequency band has an average 

value of −35 to −20 dBm. The ambient harvester measured an output voltage of 500 

to 550 mV with a load resistor of 10 kΩ. Hence, the average measured output DC 

power is in the range of 27.5 μW. Typical DC output power obtained from RF 

harvesters in the similar indoor conditions in literature is less than 20 μW [21], [22].  

Measured output power is considerably high compared to other RF harvesters 

discussed in the literature. Such output DC power can be stored to support low power 

and low duty-cycle devices, such as sensors in IoT. Therefore, our proposed RF energy 

harvesting system is a promising solution to overcome the challenge of battery 

recharging and replacement in IoT applications.  

Fig. 5.22. RF energy harvester measured in indoor environment 
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 Summary 

A novel hybrid combining multiband RF harvester has been proposed for ambient 

WEH applications to overcome the challenge of battery recharging and replacement 

in IoT. The proposed harvester utilised five antenna elements with dual-band and multi 

band characteristics to capture RF energy from 0.9-0.96 GHz, 1.8-2.7 GHz and 3.4-

3.7 GHz in all possible directions. Antenna elements are placed precisely in a compact 

area of 150 × 100 mm2 with good isolation.  Novel broadband and dual-band rectifiers 

have been proposed with high conversion efficiency at low power ambient conditions. 

The broadband rectifier achieved a peak conversion efficiency of 37% at an input 

power of -15 dBm. Conversion efficiencies of more than 40 % and 25% have been 

obtained at 0.91-0.96 GHz and 3.4-3.7 GHz frequency bands respectively with -15 

dBm input power. The proposed RF harvester combined all DC outputs in a series 

manner to obtain a maximum output voltage. It was also shown that the prototype can 

provide output DC power up to 30 μW in a typical indoor ambient environment.  
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Chapter 6. SWIPT Rectenna With 

AWEH Capability for WSN Nodes 

A novel communication rectenna solution is introduced to provide effective data 

and power transfer in wireless sensor nodes. Along with the ambient energy harvesting 

of conventional rectenna, the proposed design can also perform simultaneous wireless 

information and power transfer for facilitating uninterrupted power supply and data 

transfer of WSN nodes. A dual polarized 2×1 square patch antenna array is designed 

to achieve high isolation and low cross polarization between the dual-polarized ports 

in order to guarantee low mutual interference between the communication and the 

rectifying ports. To minimize the overall size of the rectenna, a multisection bended 

broadband monopole antenna is designed to perform ambient energy harvesting from 

arbitrarily polarized incoming waves. Broadband antenna measured a broad bandwidth 

of 2.7 GHz extending from 1.5 to 4.2 GHz. Multibranch broadband rectifier is realized 

with a fractional bandwidth (FBW) of 85% (from 1.49 to 3.73 GHz) and power 

conversion efficiency of more than 50% at a 0 dBm input power level. +450 polarized 

patch antenna ports are RF combined to provide enough communication sensitivity 

and -450 polarized ports are utilized for WPT. Measured results shows that the 

communication port achieved a bandwidth of 200 MHz and an isolation better than 20 

dB. The performance of communication port is verified with a 50 MHz OFDM signal. 

DC combined WPT array achieved a peak efficiency of 73.5% at 5.8 GHz with12 dBm 

CW input signal. Thus, the proposed communication rectenna array with ambient 

energy harvesting can be a promising candidate for future wireless sensor nodes.   
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 Introduction 

Available existing ambient RF energy is mostly distributed in the cellular band and 

WLAN band from hundreds of megahertz to 3 GHz (2G- GSM, 3G-UTMS, ISM-

WiFi-2.4 GHz and 4G-LTE). Additionally, with the continuing popularization of 5G 

technology, the 5G-IMT band operating at around 3500 MHz is also an important 

power source [1]. Thus, due to the scattered distribution of multiple RF sources, it will 

be difficult to design rectenna with multiband antenna to cover all available channels. 

Moreover, the WEH receiver antenna need to maintain all polarization property to 

receive RF power from all possible directions [2]. However, the total available power 

from all possible ambient RF sources is low and it is difficult to meet the power 

demand of the WSN nodes. Therefore, it is necessary to employ an active power source 

for uninterrupted working of the WSN nodes [3].  

One of the promising solutions is to use wireless power transfer (WPT) technology 

[4]. WPT enables remote replenishment of electric power to wireless devices in a long 

distance and avoids frequent replacement of battery, which makes wireless devices 

become more portable, self-sustainable, and longevity [5]. WPT uses a dedicated RF 

source for powering the WSN node wirelessly. However, if the receiver could redirect 

the RF energy and deliver it to terminal devices while exchanging information, the 

efficiency and power consumption of the wireless system can be significantly 

improved.  With this regard, the idea of simultaneous wireless information and power 

Fig. 6.1. Framework of simultaneous RF ambient WEH and directional WPT for power supply of 

wireless sensor network. 
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transfer (SWIPT) was proposed in [6], for performing the communication and power 

transfer simultaneously. Several literatures analyzed the correlation between the 

channel rate, channel capacity and energy efficiency in SWIPT [7],[8]. Different 

SWIPT schemes (power splitting, time splitting, separate receivers and antenna 

switching) and their integrations with various technologies have extensively been 

studied [9].  

In this work, a novel rectenna to realize simultaneous wireless information and 

power transfer with ambient broadband energy harvesting is proposed. Fig. 6.1 

illustrates the framework of wireless sensors nodes with power supply solution by 

WEH and SWIPT. Each WSN node must be able to not only harvest ambient RF 

energy but also perform simultaneous wireless information and power transfer for 

facilitating uninterrupted power supply and data transfer for WSN nodes. This 

proposed technology can be implemented to build reliable and convenient SWIPT 

systems for remotely charging various low- to medium-power devices such as WSN 

nodes and RFID tags. Radio frequency identification (RFID) is a solid, industrial 

example of simultaneous wireless information and power transfer (SWIPT). Design 

and performance of broadband antenna for WEH and square patch antenna for SWIPT 

are discussed in Section 6.2. Broadband rectifier design and performance for WEH is 

addressed in Section 6.3. Then, WPT rectifier is discussed in section 6.4. Section 6.5 

illustrates the wireless power transmitting and receiving test and the analysis of the 

measured results to validate the practicality and reliability of the proposed rectenna. 

 Antenna Design 

For ambient RF energy harvesting, a broadband antenna with omnidirectional 

radiation pattern is preferred whereas for directive WPT technology a narrowband 

directional radiation pattern is more suitable. Moreover, the ambient RF energy 

receiving antenna needs to maintain multi-polarization characteristics as much as 

possible. The proposed design has a monopole antenna and a 2×1 square patch antenna 

array as shown in Fig. 6.2. The monopole antenna has four sections with a tapered first 

section to realize the impedance matching for the broadband operation. The antenna is 

designed to operate from 1.8 to 4.48 GHz (to cover the U.K. GSM-1800/4G, 

3G/UMTS-2100, WLAN 2380-2450 and 5G/3.2-4.2 GHz bands). To achieve multiple 
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polarization property in the designed monopole antenna, the antenna is bend into 

multiple sections. The radiating patch is fabricated on one side of the substrate and 

ground plane is fabricated on the other side. Two square patch antennas are utilized 

for simultaneous wireless information and power transfer at 5.8 GHz. 

The square patches are placed close to the monopole antenna to minimize the 

overall footprint of the design. Two feeding lines are  connected to the orthogonal 

edges of each patch antenna to excite the TM10 and TM01 modes. The square patch 

is rotated by 450 angles to provide symmetric shape and compactness to the overall 

design of rectenna. The patch antenna has -450 and +450 polarization angles. For 

Fig. 6.2. Proposed antenna design 

Fig. 6.3. Reflection coefficient of WEH monopole antenna 
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analyzing the performance of designed WEH and SWIPT antenna, the antenna is 

fabricated on Rogers 4350B substrate with the relative dielectric constant, εr = 3.48 

and a loss tangent of 0.0037. As the receiver is equipped with 2 square patch antennas 

that receives information and power simultaneously from the transmitter antennas, the 

multipath effects needed to be consider in the signal processing stage of 

communication system. However, the scope of this work is limited to the rectenna 

system. A detailed study of the signal processing stage in a WIPT system is described 

Fig. 6.4. 3-D radiation pattern of WEH monopole antenna 

 

Fig. 6.5. Reflection coefficient of patch antenna 
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in [9]. Fig. 6.3 shows the measured and simulated reflection coefficient of the WEH 

antenna. The measured bandwidth of the antenna extends from 1.5 GHz to 4.2 GHz. 

Thus, it covers all required LTE and 5G frequency bands. 3-D radiation pattern of 

monopole antenna at different operating frequencies are shown in Fig. 6.4. Fig. 6.5 

shows the simulated and measured reflection coefficient of square patch antenna. Patch 

antenna has a measured bandwidth of 200 MHz ranging from 5.72 to 5.92 GHz. The 

measured isolation S21 between two ports is higher than 20 dB within a broad 

bandwidth, implying very low interference between two ports. Monopole antenna has 

achieved a bidirectional radiation pattern with dual polarization throughout the 

bandwidth. Fig. 6.6 shows the radiation pattern of patch antenna. It can be observed 

that a unidirectional radiation pattern is obtained with a realized gain of 5.93 dBi.   

Fig. 6.6. 3-D radiation pattern of patch antenna 

Fig. 6.7. S parameters of antenna. 
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 Broadband Rectifier Design 

A rectifying circuit is the crucial component in a wireless energy harvesting system. 

Several rectifier topologies are investigated in the literature such as single series, single 

shunt, voltage doubler and Greinacher rectifier [20]. Single series and shunt diode 

topologies have high sensitivity performance in low ambient power conditions. 

However, the limited power handling capability due to low breakdown voltage restricts 

the applications of these topologies.  On the other hand, single band rectennas can 

achieve a high efficiency (more than 80%). In order to have a reasonable DC output 

power, it is necessary to harvest the distributed RF ambient energy from multiple 

frequency bands.  Thus, multiband or broadband rectenna that can harvest ambient RF 

energy from different frequency bands simultaneously is of great importance. Due to 

the nonlinearity of the rectifying diodes, the input impedance of the circuit varies as a 

function of the frequency, input power level, and load impedance. Therefore, the 

multiband or broadband design is really critical. A good RF energy harvesting circuit 

should have broadband performance with high conversion efficiency at low input 

power levels. In order to have a high conversion efficiency, we must achieve a good 

impedance matching over a large bandwidth of frequency. Therefore, it is very difficult 

to reach a high efficiency with a single branch rectifier, especially when we consider 

the nonlinear behavior of diodes and the dependency between the input impedance of 

Fig. 6.8. Layout of broadband rectifier. 
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the rectifying circuit and frequency. Moreover, a single branch rectifier requires a 

complex filter with high associated loss for wideband impedance matching. 

Additionally, expanding the number of adaptive frequencies significantly reduces the 

RF to DC efficiency. 

6.3.1. Design of Broadband Rectifier 

Based on the aforementioned challenges, a RF stack approach is utilized to design 

the broadband rectifier. A proper choice of the diode is also important since itself could 

be a main source of loss and may affect the overall circuit performance. The Schottky 

diode SMS7630 is selected for the rectifier due to its low biasing voltage requirement 

for low power ambient input signal (forward bias voltage: 60–120 mV at 0.1 mA).  

Table 6.1. Circuit components used in the rectifier design 

 
Component 

name 

Nominal value Part number and supplier 

C1 0.7 pF chip capacitor GRM0335C2AR70BA01, Murata 

C2, C3, C4, C5 100 pF chip capacitor GRM0335C2A101GA01, Murata 

L1 6.2 nH chip inductor 0402HP-6N2XJLW, Coilcraft 

L2 5.1 nH chip inductor 0402HP-5N1XJLW, Coilcraft 

L3 9.5 nH chip inductor 0402HP-9N5XJLW, Coilcraft 

Fig. 6.9. Reflection coefficient of broadband rectifier 
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A nonlinear spice model with parasitic for the Schottky diode, provided by 

Skyworks Solutions Inc. [21], is used in the simulation. A voltage doubler topology is 

selected in each branch for higher efficiency and DC output voltage.  In order to 

harvest RF energy from U.K. GSM-1800/4G, 3G/UMTS-2100, WLAN 2.45 GHz and 

5G bands, a novel three branch broadband rectifier is proposed.  The layout of the 

proposed rectifier is shown in Fig. 6.8. The lower branch has a single chip inductor L3 

for matching and aimed to get the RF branch match around 1.8 GHz. Similarly, an 

inductor L2 is utilized in the middle RF branch and is aimed to get the circuit matched 

around 2.4 GHz. Thus, the impedance matching based on single inductor works by 

cancelling out the capacitive input impedance of Schottky rectifier. The losses 

associated with chip inductor is reasonably low compared to lossy complex filtering 

circuits. Hence, it can work well in low input power levels with high conversion 

efficiency. In the upper RF branch, a L type impedance network with a capacitor C1 

and shunt chip inductor L1 is utilized to match the rectifier at 3.5 GHz.  After the 

voltage doubler topology in each RF branch, the outputs are combined together in a 

parallel manner. A capacitor C5 is then utilized as a low pass filter to bypass the 

harmonics and fundamental frequencies to ground. The four chip capacitors are 

selected as 100 pF. The chip capacitors and inductors are modelled using S-parameter 

files provided by Murata and Coil craft. Table 6.1 shows the circuit components used 

in the broadband rectifier. The harmonic balance simulation of ADS is employed to 

optimize the matching network at low input power levels (-30 to 0 dBm). An accurate 

Fig. 6.10. RF to DC conversion efficiency of the broadband rectifier 
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EM tuning was also used to optimize the parameters of the matching network. A 

prototype is fabricated for evaluating the performance. Fig. 6.9 shows the simulated and 

measured reflection coefficient of the broadband rectifier. It can be observed that the 

bandwidth of antenna clearly covered all the required bands. Fig. 6.10 shows the 

simulated and measured RF to DC conversion efficiency of the broadband rectifier at 

1.8, 2.4 and 3.5 GHz by varying the input power from -15 to 15 dBm. Peak efficiencies 

of 63%, 62% and 52% are achieved at 1.8, 2.4 and 3.5 GHz, respectively. Higher 

efficiencies are obtained at lower frequencies compared to 3.5 GHz as expected due to 

the low RC value at lower frequencies. 

 Fig. 6.11 shows the simulated and measured RF to DC conversion efficiency of the 

broadband rectifier as a function of operating frequency. It can be observed that 

conversion efficiency of more than 50% is achieved at 1.49-3.72 GHz bandwidth with 

an input power of 0 dBm. Therefore, this proposed broadband rectifier is well suited 

for low power ambient power conditions. 

 WPT Rectifier 

A single shunt diode topology is adopted for proposed WPT rectifier in order to 

reduce the energy losses in rectifier and to reduce the circuit components as shown in 

Fig. 6.12. As the WPT system receives energy from a dedicated RF source, a 

narrowband rectifier at 5.8 GHz is designed with high conversion efficiency at high 

input power levels, typically above 0 dBm. HSMS 2860 diode is utilized as the 

Fig. 6.11. RF to DC conversion efficiency of the broadband rectifier as a function of frequency 
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rectifying element for this design. It has high reverse breakdown voltage and low 

power loss, which is favourable for high power rectifying.The equivalent parameters 

of the diode are built-in turn-on voltage Vbi = 0.3 V, series resistance Rs = 6 Ω, zero-

biased junction capacitance Cj0 = 0.18 pF, and reverse breakdown voltage Vbr = 7 V. 

Typically, RF power is initially passed through a matching network for delivering the 

maximum power. In this designed WPT rectifier, matching network is eliminated for 

reducing the losses associated with the impedance matching circuits. The negative half 

cycle of the wave is rectified by the shunt diode D1 and the energy is stored in C1. C2 

along with load resistor RL acts as a DC pass filter to suppress the ripples from the 

rectified voltage. 

Fig. 6.12. Layout of proposed WPT rectifier 

 

Fig. 6.13. Reflection coefficient of the WPT rectifier 
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For experimental validation of the WPT rectifier, a prototype is fabricated on a 

Rogers 4350B material of 1.52 mm thickness with a permittivity of 3.48. Initially, the 

reflection coefficient of the rectifier is evaluated using a VNA. In Fig. 6.13, the 

measured reflection coefficient at 0 dBm input power is shown. The rectifier has an 

measured impedance bandwidth of 0.78 GHz ranging from 5.44 to 6.22 GHz. For 

evaluating the RF-DC conversion efficiency, a Keithley 2920 RF signal generator with 

an output power up to 13 dBm has been utilized to generate the RF signal at 5.8 GHz. 

A digital multimeter has been used to measure the output voltage across the RL resistor. 

Fig. 6.14 shows the simulated and measured RF to DC conversion efficiency (η) of the 

WPT rectifier. A maximum efficiency of 73.5% is achieved at an input power of 9 

dBm. 

6.4.1. Parallel DC Combining 

In this design, two WPT rectifiers are connected to each square patch antenna. The 

output DC power of the proposed WPT rectenna array is parallelly combined (current 

combination), as shown in Fig. 6.16. The equivalent linear model of the single-

rectenna element is shown in Fig. 6.15(a). Using that equivalent circuit, an analytical 

model of parallel rectenna array can be represented as in Fig. 6.16(b). The output 

power of single rectenna can be defined as  

𝑃0 =
𝑉𝐷0×𝑅𝐿0

2

(𝑅𝐷0+𝑅𝐿0)
2                                   (6.1) 

Fig. 6.14. RF to DC conversion efficiency of the WPT rectifier 

 



Chapter 6. SWIPT Rectenna With AWEH Capability for WSN Nodes Page | 129 

 

 

Fig. 6.17. Equivalent linear model of the single-rectenna 

 

Fig. 6.16. DC output power measured at the output of single rectifier and DC array 

Fig. 6.15. Fabricated SWIPT and AWEH rectenna 
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Similarly, the output power of parallel DC combined rectenna array can be written as  

𝑃𝑝 = 𝐼𝑝 × 𝑉𝑝 = (𝑉𝐷1+𝑉𝐷2)2×𝑅𝐿0

2×(𝑅𝐷0+𝑅𝐿0)
2                                (6.2) 

If all rectenna elements are identical, for the maximum power output condition, the 

load impedance of the array should be 

𝑅𝐿𝑃 = 𝑅𝐿0
2

                                    (6.3) 

This parallel DC combining can increase the output DC current. A load resistor value 

of 500Ω is utilized in this parallel combined array. Fig. 6.17 shows the DC output 

power measured at the output of single rectifier and parallel combined array. It can be 

observed that the DC output power is almost double than that of single at an input 

power of 12 dBm. Fig. 6.18 shows the RF -DC conversion efficiency of the DC array. 

Parallel combined DC array achieved a maximum efficiency of 73.5% at an input 

power of 12 dBm. 

 Communication Rectenna Array 

The SWIPT capability of the communication rectenna array has been verified. The 

experimental setup of the simultaneous wireless information and power transfer of the 

proposed rectenna system is shown in Fig. 6.19. The signal sources for generating CW 

and modulated signals are the same as those used for the reciter measurement. A 5.8 

GHz dual polarized patch antenna is used as the transmitting antenna. An OFDM 

signal with a 20 MHz bandwidth centered at 5.8 GHz is utilised as the transmitted 

Fig. 6.18. RF to DC conversion efficiency of the DC combining. 
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signal as shown in Fig.6.20(a). To verify the ability of communication, received signal 

is captured from the communication port and is measured using the spectrum analyzer 

R&S-FSQ26, as shown in Fig. 6.20(b). Comparing to the transmitted signal in Fig. 

6.20 (a), which is generated by the signal source, we note a relatively good agreement 

between the two signals, which means the communication function can also be 

performed using the proposed rectenna. This proposed rectenna with SWIPT property 

can use as standalone WSN nodes. 

Fig. 6.19. Experimental setup 

 

Fig. 6.20. (a) Transmitted signal (b) Received signal 
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 Summary 

A novel communication rectenna array has been proposed in this chapter for 

effective data and power transfer in WSN applications. In this proposed rectenna, a 

dual polarized 2×1 square patch antenna array has been employed to perform 

simultaneous wireless information and data transfer. For incorporating ambient energy 

harvesting in limited footprint, a multisection bended broadband monopole antenna 

has also been introduced. The measured 2.7 GHz bandwidth of monopole antenna 

extended from 1.5 to 4.2 GHz covering 2G/3G/4G/5G communication bands and ISM-

2.4 GHz. Broadband rectifier has been achieved a conversion efficiency of more than 

50 % from 1.49 to 3.73 GHz at an input power level of 0 dBm. Meanwhile, the 

communication port of the rectenna has measured 200 MHz bandwidth with good 

isolation (better than 20 dB) and the communication ability has been verified using a 

50MHz OFDM at 5.8 GHz. The WPT rectifiers are DC combined and achieved a peak 

efficiency of 73.5% at an input power of 12 dBm. Thus, the proposed compact 

communication rectenna array with ambient energy harvesting can be an excellent 

candidate for future IoT and WSN applications. 
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Chapter 7. High-Power Wire Bonded 

GaN Rectifier for Wireless Power 

Transmission 

 A novel wire bonded GaN rectifier for high-power wireless power transfer (WPT) 

applications is proposed. The low breakdown voltage in silicon Schottky diodes limits 

the high-power operations of microwave rectifier. The proposed microwave rectifier 

consists of a high breakdown voltage GaN rectifying element for high-power operation 

and a novel low loss impedance matching technique for high efficiency performance. 

Wire bonding method is adopted to provide electrical connection between GaN chip 

and board which induces undesirable inductance. In order to realize high efficiency 

performance, an impedance matching network is proposed to exploit the unavoidable 

inductance along with a single shunt capacitor, resulting in a low loss matching circuit 

to achieve a compact high-power rectifier. The fabricated GaN rectifier exhibits a good 

performance in the high-power region and can withstand up to 39 dBm input power 

before reaching the breakdown limit at the operating frequency of 0.915 GHz and load 

resistance of 100 Ω. It has a compact size and exhibits high efficiency performance in 

high-power region (achieved a maximum efficiency of 61.2% at 39 dBm), making it 

suitable for high-power applications like future unmanned intelligent devices and 

WPT applications. One journal paper ‘High-power wire bonded GaN rectifier for 

wireless power transmission’ has been published in IEEE ACCESS based on this work. 

 Introduction 

Forthcoming unmanned and intelligent devices demand a wireless power technique 

to supply actuators or wireless sensors [1]. Input power required for these electronic 

devices is in the range of watts instead of micro and milliwatts for IoT sensors. Power 

transmission for low power IoT sensors (-20 to 20 dBm) are extensively studied and 

demonstrated in literatures using Si and GaAs commercial Schottky diodes [2]. But 



Chapter 7. High-Power Wire Bonded GaN Rectifier for Wireless Power Transmission Page | 135 

very few studies have been reported on the WPT for high-power applications. 

Therefore, in order to ensure the reliability of high-power WPT and to handle large 

quantity of power, a high-power microwave rectifier is an essential circuit element. 

Conversion efficiency in high-power region is restricted by the low breakdown voltage 

in silicon Schottky diodes [3].  

In order to prevent the breakdown in low-power capability diodes for realizing 

high-power rectifiers, power divider circuits are utilized to split the high input power 

into several diode circuits [4]. In [5], a stepped impedance transformer and coupled 

lines are employed to develop a planar Wilkinson power divider. However, these 

circuits based on transmission lines are complex in structure and large in size. To solve 

the low breakdown voltage problem of the Schottky diodes in the zero-bias and full-

wave bridge rectifiers, the one-to-four series-dividing transformer and parallel-

dividing transformer for impedance matching and power dividing were employed in 

[6]. Diode arrays were also used to increase the power capacity of microwave rectifiers 

[7]. However, these approaches introduce additional size and losses, as well as increase 

circuit complexity.  

In this chapter, a GaN Schottky diode based high-power microwave rectifier is 

proposed. High current carrying ability of GaN is utilized to realize the rectifier. A 

GaN HEMT is turned to a Schottky diode by shorting the source and drain to make the 

cathode and gate as the anode. Circuit model of GaN diode is estimated for better 

simulation of the rectifier. A shunt diode topology is adopted in this high-power 

rectifier to achieve maximum efficiency.  Impedance matching is achieved in this 

rectifier by using a single shunt capacitor along with the bond-wire interconnects. The 

length of interconnects is properly designed to attain the impedance matching with 

minimum number of lumped elements, to minimize the losses.  Due to the low loss 

rectifying element and efficient impedance matching technique, the high-power GaN 

rectifier achieves a peak efficiency of 61.2 % at 39 dBm. Maximum output voltage of 

24.5 V is observed at 0.915 GHz with an input power of 40 dBm. 

The organization of this chapter is as follows. The rectifying element selection, wire 

bonding interconnects and the rectifier design are presented in Section 7.2. The 

proposed high-power rectifier performance is illustrated and discussed in Section 7.3. 

Comparison with related high-power rectifiers is also presented in this section. Finally, 

conclusions are drawn in Section 7.4. 
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 Rectifier Design 

7.2.1. Rectifying Element Selection 

The difficulty in development of high-power rectifier is the limitations of the 

performance of the rectifying element. A high breakdown voltage and current carrying 

capabilities of the rectifying element are necessary factors in the design of a high-

power rectifier.  

 

Table 7.1. Parameters of commercially available Schottky diodes 

 

Diode 

(Company) 
Technology 

Breakdown voltage 

(V) 

 

HSMS2862 (Avago) 

 

Si 

 

7 

 

DMK2790 (Skyworks) 

 

GaAs 

 

4 

 

MA4E1317(MACOM) 

 

GaAs 

 

7 

 

HSMS270B (Avago) 

 

Si 

 

15 

 

Fig. 7.1. Layout of GaN HEMT 
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Parameters of commercially available diodes are summarized in Table 7.1 for 

comparison. It can be observed that Si and GaAs based commercially available diodes 

have low reverse breakdown voltage (≤15 V) and power capabilities, which limits 

their applicability in high-power applications. A promising solution to design the high-

power rectifier is to use GaN technology. GaN has attracted much attention as a 

material suitable for operating at microwave frequencies due to the high-power and 

high conversion efficiency of high-power amplifiers (HPAs) and rectifiers [8]. 

Properties like wide bandgap, high electron saturation velocity, high critical electric 

field, and high carrier density in 2-D electron gas (2DEG) channel in the device and 

high breakdown voltage making it suitable for wireless power transmission 

applications [9]. GaN Schottky barrier diode is better suited than Si and GaAs Schottky 

diodes for increasing the handling power of the high-power wireless transmission.  

Based on the above-mentioned properties, a GaN HEMT is proposed for wireless 

power transfer application. A Schottky barrier diode is implemented by shorting the 

source and drain of the HEMT to serve as the cathode. Layout of the GaN HEMT is 

shown in Fig. 7.1. To design the rectifier circuit, the GaN Schottky diode is measured 

individually to achieve the diode model for ADS simulation. I-V (current-voltage) and 

C-V (capacitance-voltage) measurements are carried out and curve fitting is performed 

for estimating the diode parameters. Circuit model of the GaN diode is shown in Fig. 

7.2. Major differences between HEMT based GaN diode and Si diodes can be observed 

in breakdown voltage. The measured breakdown voltage of the GaN diode Bv is 76 V, 

which makes it suitable for high-power applications. Due to the large bandgap of GaN 

material, forward voltage Vf is observed as 1.1 V. Instead of using GaN, a low forward 

voltage of Si Schottky diodes with similar series resistance and breakdown voltage can 

Fig. 7.2. Circuit model of GaN Schottky diode. 
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only perform well at low frequencies.  Due to the larger size of the pads in the GaN 

chip, the parasitic elements have high values. However, proper impedance matching 

can cancel out the reactive parasitic elements of the physical diode without affecting 

the rectifying efficiency. 

7.2.2. Wire Bonding Interconnects   

For realizing a high-power and high efficiency rectifier, it is necessary to eliminate 

the packaging losses of the semiconductor devices. Therefore, a chip on board method 

is adopted in this design by directly using the GaN chip in the rectifier circuit. Chip on 

board method helps to eliminate the packaging of semiconductor devices and thus, the 

final product can be more compact, lighter, and less costly.  

Flip-chip and wire bonding are widely adopted techniques to interconnect chip and 

PCB board [10]. In flip-chip method, small solder bumps are employed in PCB board. 

Then the chip is inverted so that the metallized side facing the circuit board. Electrical 

connection is realized by reflow soldering process. Flip chip interconnects offer lower 

inductance however have some drawbacks including poor thermal dissipation to the 

PCB, and electromagnetic coupling to the PCB that may not have been taken into 

account during the chip design. In wire bonding, a small wire lead is used to connect 

the chip and board. This process is quite similar to the way that an integrated circuit is 

connected to its lead frame, but instead the chip is directly connected to circuit board. 

For higher frequencies, this interconnect leads to higher inductance values which 

makes the impedance matching difficult [11]. In this GaN rectenna design, wire bond 

interconnection is employed for connecting GaN chip on the circuit board. Wire 

bonding interconnect can be modeled by using an equivalent circuit as shown in Fig. 

7.3. The equivalent circuit mainly consists of a series inductance (Lw) and series 

Fig. 7.3. Equivalent circuit of wire bonding. 
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resistance (Rw). Input and output capacitances (Cw) depict the electrical 

representation for the coupling to the substrate. As the operating frequency of the 

proposed design is 0.915 GHz, the major factor is the series inductance. In order to 

gain a better understanding of bond wire, the performance of the bond wire is analyzed 

using ADS software.  Diameter of the bond wires in this design is considered as 30 

um. 

 

 

 

 

 

 

 

 

 

Fig. 7.4 illustrates the variation in inductance and resistance value with respect to 

the bond wire length. It can be observed that the length of the bond wire is proportional 

to the inductance and resistance. Inductance is varying from 0.15 to 3.57 nH at 0.915 

GHz whereas resistance varies from 0.055 to 0.9 ohms by changing bond wire length 

from 250 to 5000 um. The effect of input and output bond wire capacitance is 

considerably negligible at this frequency. 
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Fig. 7.4. Inductance (Lw) and resistance (Rw) versus bond wire length 

 

Fig. 7.5. Conventional shunt diode rectifier. 
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7.2.3. Impedance Matching and Rectifier Design  

The topology of the rectifier is a crucial factor in determining the output power and 

efficiency of a rectifier.  For maximum conversion efficiency, a shunt diode topology 

is selected in this design. A conventional shunt diode configuration is shown in Fig. 

7.5. RF power is initially passed through a matching network for delivering the 

maximum power. The negative half cycle of the wave is rectified by the shunt diode 

D1 and the energy is stored in C1. C2 along with load resistor RL acts as a DC pass 

filter to suppress the ripples from the rectified voltage. The impedance matching 

section in a rectifier has an important role in determining the losses of a rectifier. Due 

to the non-linearity of the Schottky diode, complex impedance matching circuits with 

lumped elements may act as the main source of loss and could affect the rectifier 

performance. To implement a high-power rectenna with high efficiency, it is necessary 

to reduce the losses accompanying the matching network as low as possible. Therefore, 

designing the impedance matching network with minimum components is essential to 

realize a high efficiency rectifier. 
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Fig. 7.6. Proposed high-power GaN rectifier. 

 

Fig. 7.7. Impedance tuning by shunt capacitor and bond wire. 
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For providing the electrical connection between chip and circuit board, wire bond 

is necessary. Hence, the proposed solution is to exploit the undesirable inductance 

effects of wire bonding in order to ease the impedance matching process. By properly 

estimating the length required for impedance matching, it is possible to avoid other 

lossy lumped inductors. Therefore, the unavoidable interconnecting bond wires for 

GaN chip can be effectively use with a capacitor for impedance matching. The 

schematic of the proposed high-power rectifier with a wire-bonding-based impedance 

matching network is shown in Fig. 7.6. The circuit includes the rectifying GaN HEMT 

based diode, matching capacitor CM, energy storage element C1, bond wires for 

attaching the chip to PCB, DC pass filter using capacitor C2 and output load resistor. 

Instead of the conventional T-shaped or π-shaped impedance matching networks, a 

single shunt capacitor CM is used in this proposed high-power rectifier along with the 

wire bonds for interconnection.  LW1 and LW2 represents the length of wire bonds used 

for interconnection of GaN chip in circuit and also serves as inductors for impedance 

matching. For wireless energy harvesting applications, the expected RF input power 

from the antenna is in the range of 0 dBm (i.e., 1 mW). But in this design as we are 

aiming for high-power operation of rectifier, the rectifier is designed to perform well 

in the high-power region of 20 to 40 dBm. So, the designed high-power rectenna 

should have a maximum efficiency in this range of input power.  

Fig. 7.7 represents the impedance tuning by employing shunt capacitor and bond 

wire length, L (L=LW1=LW2). It can be observed that by varying the capacitor value 

with accordance to the length of the wire bonds, it is possible to match the impedance 

properly at different frequencies. Therefore, the length of wire bond is taken as 900 

um according to the simulation results. The diameter of the bond wire is initially fixed 

as 30 um based on the available fabrication facility.  The proposed single shunt high-

Fig. 7.8. Fabricated high-power GaN rectifier. 
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power rectifier is designed at 0.915 GHz on a 1.6 mm thick FR4 substrate (εr = 4.4, 

tan δ = 0.02). Rectifier layout is optimized to deliver maximum output DC power in 

the above-mentioned received antenna power. The final values of CM and RL have been 

determined through an optimization process performed with the commercial software 

Agilent ADS; both circuit analysis and full electromagnetic simulations have been 

carried out for improving results reliability.  The load resistor value is selected based 

on the required DC voltage at the output of the rectifier. While designing the rectifier, 

the maximum conversion efficiency and maximum output DC power are enhanced 

based on the value of the load resistor. A 100 Ω resistor is selected as the load after 

careful design simulations. Final capacitors CM, C1 and C2 are 5.1, 10000 and 10000 

pF respectively. Capacitors are from Murata with model numbers 

GRM0335C1H5R1BA01D and GRM033R71A103KA01.  

  Rectifier Performance  

The proposed microwave rectifier has been made and evaluated using the 

measurement setup shown in Fig. 7.9. A Keithley 2920 RF signal generator with an 

output power up to 13 dBm has been utilized to generate the RF signal at 0.915 GHz. 

A 40 dB power amplifier has been employed to amplify the signals for the testing of 

high-power rectifier. To protect the signal generator from any power surge and 

reflections, a 3-dB attenuator is connected between the signal generator and power 

amplifier. For analyzing and estimating the signal power from the power amplifier a 

Keithley signal analyzer together with a 20-dB attenuator is utilized. A digital 

multimeter has been used to measure the output voltage across the RL resistor. The 

measurement setup has been appropriately calibrated considering all device losses to 

provide the most reliable results. Fig. 7.10 shows simulated and measured S-

parameters of the designed high-power rectifier. The reflection coefficient is only 

measured at 0 dBm instead of the operating input power 30 dBm due to the limitations 

in the available measurement setup (VNA). Acceptable matching condition was 

confirmed under large signal S-parameters in the range of 30-40 dBm input power. 

Measured S-parameter has a good agreement with simulated value at 5 dBm power.  

Fig. 7.11 shows the simulated and measured output DC voltage of the GaN rectifier. 

It can be observed that a maximum voltage of 24.5 V is obtained at 40 dBm input 
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power. Measured output voltage has good agreement with simulated values. The input 

power to the rectifier has been varied from 0 to 43 dBm, to measure the DC voltage 

across the load resistor.  Input power is restricted to 43 dBm in order to ensure the safe 
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Fig. 7.9.  (a) Block diagram of measurement setup (b) measurement setup of GaN rectifier. 

 

Fig. 7.10. Simulated and measured S1,1 of high-power GaN rectifier. 
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operation of GaN rectifier. The RF to DC conversion efficiency (η) of a microwave 

rectifier is calculated as the ratio of the rectified DC output power to the incident RF 

power, and it can be expressed as 

𝜂 =
𝑉𝑜𝑢𝑡

2

𝑅𝐿𝑃𝑖𝑛
⁄ × 100 %                                     (7.1) 

where Pin is the input power and Vout is the DC output voltage across the load resistor 

RL of the microwave rectifier.  
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Fig. 7.11. Simulated and measured output voltage of high-power GaN rectifier. 

Fig. 7.12 shows the simulated and measured conversion efficiencies of the proposed 

microwave rectifier as a function of input power. Maximum measured efficiency of 

61.2 % is observed at 39 dBm. Efficiency is more than 50% from an input power of 

28 dBm. The proposed GaN rectifier design has achieved high output power with high 

efficiency. Table 7.2 shows the comparison of high-power rectifiers for WPT 

Fig. 7.12. Simulated and measured conversion efficiency of high power 
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application operating in similar frequency bands and input power conditions.  It can 

be observed that our design can stand high input power of 39 dBm compared to the 

other published designs. For impedance matching, other designs utilized complex 

microstrip lines, whereas a single capacitor and interconnecting bond wires are utilized 

in our design. Although the measured results have shown that the proposed rectifier 

has a high output power, the overall dimension of our design is still the lowest due to 

the absence of complex and large matching networks. The proposed high-power 

rectifier is better than the other published designs in terms of the overall performance 

and size due to the novel wire bond matching, and thus is a very good candidate for 

future unmanned WPT applications.  

 

Table 7.2. Comparison of the proposed rectifier with related rectifiers 

 

Design [12] [1] [13] [14] [15] This work 

Frequency  

(GHz) 

 

0.915 

 

2.45 

 

0.915 

 

2.45 

 

0.915 

 

0.915 

Input 

power 

(dBm) 

 

22 

 

34 

 

29 

 

19 

 

16 

 

39 

Vout 

 (V) 

 

4 

 

15 

 

- 

 

5.2 

 

5.5 

 

22.05 

Size  

(mm2) 

31 × 15.6  

(0.1λ0× 

0.05λ0) 

24 × 35 

(0.20λ0× 

0.29λ0) 

 

- 

90 × 50 

(0.74λ0× 

0.41λ0) 

23 × 37 

(0.07λ0× 

0.1λ0) 

16 × 22 

(0.05λ0 × 

0.07λ0) 

 

Rectifying 

element 

 

 

HSMS2850  

and  

HSMS2860 

 

HSMS 270 

B 

 

HSMS282

2  

and  

HSMS285

2 

 

HSMS 

2862 

 

HSMS2850  

and  

GaAs pHEMT 

 

GaN  

 

Matching 

elements 

 

FET 

transistor and 

microstrip 

lines 

Three 

sections of 

microstrip 

lines 

 

Microstrip 

lines 

Double 

branch 

matching 

 

Microstrip 

lines 

Single 

capacitor 

and bond 

wires 

Output 

power 

(Watts) 

 

0.123 

 

1.95 

 

0.53 

 

0.06  

 

0.02  

 

4.9  
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 Summary 

In this chapter, a novel high efficiency GaN rectifier for high-power WPT 

applications has been proposed. In order to realize high-power operations, a high 

breakdown voltage GaN Schottky diode is implemented from GaN HEMT. Chip on 

board technique is utilized to avoid the packaging losses and to reduce the size. A novel 

low loss impedance matching is proposed by exploiting the unavoidable inductance 

effects of bond wires used for providing the electrical connection between GaN chip 

and board. The microwave rectifier has been optimized for 0.915 GHz frequency and 

an input power of 39 dBm. The fabricated GaN rectifier achieved a maximum 

efficiency of 61.2% and a high output voltage of 22.05 V has been achieved at this 

optimized input power of 39 dBm. The proposed rectenna is better than other published 

designs in terms of the high-power operation as well as the peak voltage and power. 

The fabricated prototype has a compact size and exhibits high efficiency performance 

in high-power region, making it a good candidate for high-power electronics like 

future unmanned intelligent devices. 
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Chapter 8.  High-Efficiency Wireless 

Power Transfer Using Duplexing 

Rectenna 

In this chapter, a novel duplexing rectenna with harmonic feedback capability 

is proposed for efficient WPT (wireless power transfer) applications. The proposed 

duplexing rectenna can harvest the incoming RF energy efficiently and also make use 

of an inherent harmonic signal, which is sent back to the RF transmitter for positioning 

in order to guide the radiation patterns from transmitter antenna array for optimum 

wireless power transfer. A novel duplexing dipole antenna is designed based on the 

top loading and capacitive gap effects. It is used to receive RF power at fundamental 

frequency 0.915 GHz and transmit the second harmonic signals at 1.83 GHz as a 

feedback. Experimental validation of a complete WPT system with beam-scanning 

capability has been carried out. It is shown that the fabricated rectifier has realized a 

maximum RF-DC conversion efficiency of 71% (at 15 dBm input power) and a 

measured peak second harmonic power of -1 dBm. Thus, the proposed duplexing 

rectenna can form a closed-loop system by providing its location information for 

efficient WPT applications. One journal paper ‘Second harmonic exploitation for high-

efficiency wireless power transfer using duplexing rectenna’ has been published in 

IEEE Trans. Microw. Theory Techn.and one conference papers presented in EuCAP 

2020 based on this work. 

 Introduction 

Conventionally, the rectenna for WEH and WPT is designed in a similar way, 

without considering the advantages of a dedicated RF source [5]. Therefore, the 

conventional rectennas for WEH and WPT can only offer a limited amount of dc power 

and normally do not have the location knowledge of the rectenna. To direct the 

microwave energy beam toward the desired rectenna and to enhance the incident 
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power level, several researchers proposed antenna arrays with beam steering 

capabilities [5]–[7]. Due to the use of antenna array for high gain performance, the 

radiation is very directive. Therefore, a slight misalignment can lead to a big drop in 

energy conversion efficiency and output dc power [8]. In this scenario, a feedback 

signal from the receiver (Rx) to the Tx can be used to overcome this problem [9]. 

However, it is challenging to create a passive and simple feedback signal from the Rx 

side where power is a critical issue.  

Few studies were carried out by researchers to investigate the relation between 

harmonic effects in rectifiers and output dc power [12], [13]. In [14], an attempt to 

recycle and harvest the harmonics for improving the power conversion efficiency of 

the rectifier by rerectifying the harmonics. An energy harvesting passive UHF RFID 

relying on the exploitation of the power carried by the third harmonic signal generated 

by the RFID chip to provide dc power to an associated sensor while simultaneously 

communicating with the reader is reported in [15]. Thus, a promising technology is to 

use harmonics generated by the rectifying element as a feedback signal from the Rx 

for providing the knowledge about the Rx node [18]–[20]. 

In this chapter, we present the design of a novel duplexing rectenna with harmonic 

feedback capability for WPT applications and it offers the potential to track the Rx for 

effective and efficient WPT. Fig. 8.1 shows the proposed duplexing rectenna system 

with localization capability for WPT. At the WPT Tx side, the power from the 

microwave generator at the fundamental frequency (f0) is amplified by a power 

amplifier. A set of phase shifters is used to control the radiation direction. In the Rx 

Fig. 8.1. Proposed duplexing rectenna system with harmonic feedback capability for localization 

in WPT. 
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side, a novel duplexing rectenna is designed to perform the WPT operation along with 

the feedback generation. More specifically, one antenna element can perform both 

harmonic feedback and WPT functions simultaneously. A harmonic receive antenna 

in the Tx side accepts the second harmonic signal (2f0) from the duplexing antenna, 

based on which the maximum radiation direction can be determined. As the Tx antenna 

array has high gain and narrow beamwidth, the duplexing rectenna requires a wide 

beamwidth in horizontal angle for accepting the WPT power and to send the feedback 

even in angles for demonstrating the antenna misalignment property. Then by 

controlling the phase-shifters of array to the direction of maximum feedback power, 

targeted WPT becomes possible. The rest of this chapter is structured as follows. 

Section 8.2 explains the design and operation principle of the proposed duplexing 

antenna. The measured results are also explained in this section, Section 8.3 describes 

the design and performance of the harmonic feedback rectifier. Then, experimental 

validation of the complete WPT system including antenna array and duplexing 

rectenna is performed in Section 8.4. Finally, conclusions are drawn in Section 8.5 

emphasizing the achievements of this research and future work directions. 

 Duplexing Antenna  

8.2.1. Antenna Structure 

The geometry of the proposed duplexing antenna is depicted in Fig. 8.2. In order to 

demonstrate the viability of this novel idea, we should select f0 and 2f0 ideally from 

the license free ISM bands. Checking the ISM bands, we can see that 13.56 MHz and 

Fig. 8.2. Proposed duplexing antenna. 
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27.12 MHz, as well as 61.1 GHz and 122 GHz are the ISM bands available for both f0 

and 2f0. However, in order to develop a demonstration system using a reasonably 

compact size and low loss, these frequencies are not selected on the basis of large 

wavelength (e.g., 13.56 MHz) and large attenuation (e.g., 61.1 GHz), at the end the 

ISM band frequency 0.915 GHz has been selected as the primary power transfer 

frequency for our optimized proof-of-concept prototype. Moreover, 915 MHz has been 

widely used for the studies and research in WPT applications as reported in [13], [18]. 

The proposed novel dipole antenna consists of a capacitive gap, a top loading and stub 

loading structure at each pole to realize as a compact dual-band dipole antenna which 

is printed on a Rogers RO4350B substrate with a relative permittivity of 3.48 and 

thickness of 1.52 mm. The capacitive gaps aided to generate the dual-band resonances 

at f0 and 2f0 frequencies and also to create similar radiation patterns in fundamental 

and harmonic band. Moreover, the proposed dual-band antenna is coupled to a 𝝀 

microstrip line resonator for the duplexing action.  Port 1 is used to excite the 

fundamental mode for receiving the 0.915 GHz signals to perform the WPT. Harmonic 

feedback is transmitted back through Port 2 at 1.83 GHz. All the physical dimensions 

of this antenna (after optimization to be discussed later) are tabulated in Table 8.1.   

8.2.2. Evolution of Dual-Band Antenna Design 

Dipole antennas are widely used in rectenna designs due to its broad beam width 

and structure simplicity. The target in this work is to design a half-wavelength dipole 

antenna that resonates at 0.915 GHz and 1.83 GHz for receiving RF power and sending 

feedback signals, respectively. The reason of choosing such frequencies is that the 

rectifier circuit generates a second harmonic signal which can be used for feedback 

radiation as will be discussed in detail in Section 8.3.  

The conventional center-fed dipole can only excite odd-order modes [21]. Thus, a 

conventional half-wavelength dipole at 0.915 GHz is not good as its second odd mode 

is at 2.745 GHz, a new design for these two frequencies is required. The proposed 

dual-band antenna is evolved from three reference antennas as shown in Fig. 3. 

Initially, the Ref 1 half-wavelength dipole at 0.61 GHz with a length of 202 mm is 

selected. The second odd mode frequency in this case is at 1.83 GHz. The second 

reference design is a dipole antenna with capacitive gaps as in Fig. 8.3. Each arm of 
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the dipole is divided into two equal segments (x1 = x2 = 50.5 mm) by a gap width of 

0.2 mm to provide a capacitive effect. The gap cuts off the flow of current and stores 

the electric field energy. According to the capacitive reactance 𝑋𝐶 , relation with 

frequency and capacitance C in [22], 

𝑋𝑐 = 1
𝜔𝐶⁄       (8.1) 

Table 8.1. Parameters of the proposed antenna 

 

 

Parameter Value 

(mm) 

Parameter Value 

(mm) 

Parameter Value (mm) 

L1 47.2 W1 0.8 Ar 25.4 

L2 17 W2 0.5 Wr 1 

L3 52 W3 1 Lf 37.2 

L4 38 W4 1 Wf 2.5 

Lm 7.5 Wm 9 G1 0.2 

Lx 23 Wx 9 G2 0.2 

D1 22 E1 1.6 D5 20 

D2 19 E2 0.4 E5 1 

D3 27 E3 1.5 Lr 43.3 

D4 38 E4 0.5 Ls 114 

 

Ws 150     

 

Fig. 8.3. Evolution of dual-band antenna design. 
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The capacitive gap reactance has much more influence on lower frequencies 

compared to higher frequencies. Furthermore, coupling becomes stronger with the 

decreasing gap width G1.  Therefore, resonance of the fundamental frequency of Ref 

2 antenna is shifted up to 0.915 GHz from the 0.61 GHz of Ref 1 design due to the 

capacitive gap effects as shown in Fig. 8.4. Fig. 8.5 (a) clearly reveals the frequency 

shift of fundamental mode.  
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Fig. 8.4. Smith chart of the reference designs 

 

Fig. 8.5. (a) S1,1 of Ref 1 and Ref 2 (b)Surface current distribution of Ref 1 and Ref 2 (c) Radiation 

pattern of Ref 1 and Ref 2. 
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The current distributions of the two resonant modes of the Ref 1 and 2 designs are 

given in Fig. 8.5(b). It can be confirmed that the Ref 2 has the shifted fundamental 

mode at 0.915 GHz. Moreover, the capacitive gaps aided to enhance the central lobe 

and suppress the grating lobes in harmonic mode as depicted in Fig 8.5(c). Therefore, 

the two resonant modes in Ref 2 have similar omnidirectional radiation pattern. 

However, the second resonance is slightly shifted away from 1.83 GHz frequency. 

Thus, top loading is introduced in the Ref 3 design, by making circular arcs at the end 

of each dipole arms. The circular arcs help to reduce the second segment length of each 

dipole arm, but it maximizes the volume of antenna in the “kr” sphere (“k” is the 

wavenumber and “r” is the radius of the smallest sphere that encloses the antenna) 

[23]. For a half-wavelength dipole,  

 

kr ≈ 2π⁄λ × λ⁄2 ≈ π⁄2     (8.2) 

 

and the impedance bandwidth is far below the Wheeler–Chu limit [24]. Thus, the 

electrical size of the dipole can be reduced with a T-shaped top loading, while 

maintaining an impedance bandwidth similar to that of the λ/2 dipole.  Hence, a kr of 

1 is utilized to minimize the length of the antenna.  Additionally, the resonance of the 

higher frequency band is shifted back to the 1.83 GHz due to the top loading. 

Unfortunately, this operation increases the real part of impedance due to the increase 

in overall length by the circular arcs. Further impedance matching is achieved in the 

proposed design by performing the stub loading in the gap region using the Smith chart 

analysis. Two stubs are used on either side of the gap in each dipole arm. This operation 

reduced the real part in the 1.83 GHz frequency band compared to Ref 3 and hence 

impedance matching becomes considerably simple. Dimensions of the stubs are 

optimized by analyzing the impedances in Smith chart with the aid of the Computer 

Simulation Technology (CST) software.  Thus, an antenna is realized with pass bands 

at 0.915 GHz and 1.83 GHz. To integrate the proposed antenna with microstrip 

rectifier, a coplanar strip (CPS) to microstrip balun is utilized. A truncated metal 

ground is used in the bottom plane of the substrate. This ground plane acts as a metal 

reflector and helps to obtain a beam width of around 1800 in the H-plane with increased 

gains.   
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8.2.3. Duplexing Antenna Design 

A duplexer is a device that allows the use of the single antenna by both transmitter 

and receiver [25]. Some researchers have attempted to realize the antenna with 

duplexing properties [25], [26]. A simple architecture of duplexing dipole antenna is 

implemented by using a 0.5λ microstrip line resonator coupled to the feed of the dual-

band antenna as shown in Fig. 8.2. Two resonances of the microstrip line are designed 

to work at 0.915 GHz and 1.83 GHz. For receiving the 0.915 GHz signal, a coupled 

Port 1 is positioned at the end of 0.5λ microstrip line. Fine-tuning of the port placement 

is needed to achieve the maximum coupling of fundamental mode with a good 

consideration of harmonic signal isolation. Another coupled port is defined at the 

middle of the microstrip line for the harmonic signal. For the harmonic signal, 0.5λ 

microstrip line acts like a λ microstrip resonator. Therefore, at the line center the 

harmonic signal can be coupled with a zero-fundamental signal. The width of the line 

resonator and the coupled lines are adjusted to maximize the coupling of fundamental 

and harmonic signals with proper isolation. Thus, the simple 0.5λ microstrip line 

resonator can be used with dual-band antenna to form a duplexing antenna. Fig. 8.6 

shows the surface current distribution of the duplexing antenna at different modes. Port 

1 has the ability to excite the fundamental mode at 0.915 GHz and Port 2 deals with 

the harmonic mode excitation. Surface current distribution clearly reveals that Port 1 

is completely isolated from the 1.83 GHz harmonic mode excitation and vice versa. 

Fig. 8.6. Surface current distribution of the duplexing antenna 
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8.2.4. Duplexing Antenna Performance 

To validate the predicted performance of this proposed duplexing antenna, a 

prototype was fabricated and measured. Fig. 8.7 shows the fabricated duplexing 

antenna. The proposed duplexing antenna has an overall dimension of 114 × 150 × 

1.52 mm3. Two SMA connectors are used to excite the two isolated bands of the 

fabricated antenna. Fig. 8.8 shows the simulated and measured S- parameter results of 

the duplexing antenna. A very good agreement between the measurements and 

simulations is achieved. The fundamental mode at 0.915 GHz is excited by Port 1. The 

measured bandwidth of the duplexing antenna is 60 MHz ranges from 0.895 GHz to 

0.955 GHz in the fundamental band. Correspondingly, Port 2 can excite the harmonic 

mode with a bandwidth of 90 MHz which ranges from 1.815 GHz to 1.905 GHz. The 

isolation between the ports 1 and 2 in the fundamental band is around 13 dB. So, there 

is a very small leakage of WPT power at 0.915 GHz from the antenna to port 2. 

However, the port 2 is in the output side of the rectifier and does not affect the 

Fig. 8.7. Fabricated duplexing antenna (a) Front view (b) Back view. 

Fig. 8.8. Simulated and measured S parameters of the duplexing antenna 
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performance and conversion efficiency of the rectifier. While in the harmonic band 

where power is crucial, the isolation is around 20 dB as shown in Fig. 8.8. 

Consequently, the power leakage is extremely small, and it does not affect the 

feedback power from the rectifier to antenna. The simulated 3-D radiation patterns of 

the proposed antenna with excitation at Port 1 and Port 2 are shown in Fig. 8.9(a). The 

half-power beamwidth of the duplexing antenna is 150.50 at 0.915 GHz and 177.60 at 

1.83 GHz. Fig. 8.9(b) depicts the simulated efficiency of the antenna. The duplexing 

antenna has achieved a total efficiency of 88% in fundamental band and 84% in 

harmonic band. Fig. 8.9(c) shows the simulated and measured realized gains of the 

antenna. Maximum measured gain of 4.83 dBi was obtained at 0.9 GHz. Similarly, 

4.68 dBi was measured at 1.833 GHz. It is interesting to note that both frequency bands 

have similar gains and radiation patterns with good isolation, making it as a good 

duplexing dipole antenna. 

 

Fig. 8.9. (a) Simulated 3-D radiation patterns with excitation at Port 1 and Port 2 respectively 

(b) Simulated efficiency (c) Realized gain of duplexing antenna. 
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 Harmonic Feedback Rectifier 

8.3.1. Analysis of Harmonic Generation 

A conventional rectenna block diagram is shown in Fig. 8.10. The RF power 

received from the antenna is converted to DC power by the rectifying circuit after 

passing through a filtering and matching network. A matching network (or bandpass 

filter) ensures that the antenna is matched to the rectifier and the harmonics generated 

by the rectifying element are not radiated back into the environment through the 

antenna [27]. Schottky diodes can be used as the rectifying element. An accurate model 

of the diode is required with a low threshold voltage, a high reverse breakdown 

voltage, a low junction resistance, and a low junction capacitance [28]. Current-voltage 

relationship through the nonlinear diode can be expressed as 

𝐼(𝑉) = 𝐼𝑠(exp(
𝑞𝑉

𝑛𝑘𝑇
) − 1)    (8.3) 

 

where q is the charge of an electron, k is Boltzmann’s constant, T is temperature, n is 

the ideality factor, and Is is the saturation current [14]. Let a sinusoidal signal input to 

the rectifier be  

𝑉 = 𝑉𝑠cos (𝜔0t)      (8.4) 

where 𝑉𝑠  is the amplitude and 𝜔0  is the frequency of the input signal. The output 

response of a nonlinear diode rectifier can be modelled as a Taylor series in terms of 

input signal voltage as 

 

𝑉0 = 𝑥0 + 𝑥1𝑉 + 𝑥2𝑉2 + 𝑥3𝑉3 + ⋯    (8.5) 

 

where 𝑥0, 𝑥1, 𝑥2,.. are the Taylor expansion coefficients [29]. For sinusoidal input in 

(8.4), Taylor series can be expanded as 

Fig. 8.10. Block diagram of a conventional rectifier 
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𝑉0 = 𝑥0 + 𝑥1𝑉𝑠cos (𝜔0t) + 𝑥2[𝑉𝑠cos (𝜔0t)]2 

+𝑥3[𝑉𝑠cos (𝜔0t)]3 + ⋯    (8.6) 

Since,  

𝑐𝑜𝑠2(𝜃) =
1

2
(1 + cos(2𝜃))     (8.7) 

and  

𝑐𝑜𝑠3(𝜃) =
3

4
cos( 𝜃) +

1

4
cos(3𝜃)    (8.8) 

 

𝑉0 = 𝑥0 + 𝑥1𝑉𝑠cos (𝜔0t) +
𝑥2

2
𝑉𝑠

2 +
𝑥2

2
𝑉𝑠

2 cos(2𝜔0t) 

+
3𝑥3

4
𝑉𝑠

3cos(𝜔0t) +
𝑥3

4
𝑉𝑠

3cos(3𝜔0t) + ⋯   (8.9) 

 

Thus, the output voltage contains DC rectified output and AC signals of frequency 

ω0, 2ω0 and 3ω0 (as well as higher order harmonics), which are usually filtered out 

with a simple low-pass filter. Moreover, the second and third order harmonics 

increases with increase in incident RF power. The second and third harmonics 

generated from the rectifier can be expressed as 

𝑉2𝜔0
=

𝑥2

2
𝑉𝑠

2cos (2𝜔0t)             (8.10) 

 

𝑉3𝜔0
=

𝑥3

4
𝑉𝑠

3cos (3𝜔0t)                         (8.11) 

  

In conventional rectenna design, a DC pass filter is used to obtain a ripple free DC 

signal by suppressing the fundamental and harmonic frequencies from the rectified 

output. DC pass filter also has a key role in determining the output impedance for 

maximizing the DC power. An important concern in the design of feedback rectifier is 

to ensure the efficient operation of primary function i.e., wireless power transfer. So, 

it is necessary to design the rectifier with high DC output power.  Another essential 

consideration is to avoid the use of external power or a part of rectified DC power [18]. 

As (8.10) reveals that the second harmonic power increases with rectifier input power 

and has higher value than third harmonic, this work proposed a second harmonic 

feedback rectifier. 
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Fig. 8.11 represents the proposed block diagram of the harmonic feedback rectifier. 

It demonstrates the RF to DC power rectification process and channelling the second 

harmonic from the rectifier output by enhancing and matching. A voltage doubler 

circuit is adopted for the design of this harmonic feedback rectifier. A second harmonic 

enhancing, and filtering part is commenced from the output side of diodes, before the 

DC pass filter. The power of the second harmonic is very crucial as it acts as a feedback 

signal. Therefore, great care is needed to enhance and match the impedance to the 

output feedback port. 

Fig. 8.11. Proposed block diagram of harmonic feedback rectifier. 

Fig. 8.12. Layout of harmonic feedback rectifier. (dimensions in mm) 
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8.3.2. Harmonic Feedback Rectifier Design 

A novel harmonic feedback rectifier is designed based on the above-mentioned 

requirements. The final layout is shown in Fig. 8.12. The harmonic feedback rectifier 

is designed to operate at 0.915 GHz which is printed on a Rogers RO4350B substrate 

with a relative permittivity of 3.48 and thickness of 1.52 mm. The design flow of the 

rectifier starts with determining the operating power level and expected output power. 

The operating input power for WPT application is typically 5 to 15 dBm [5]. Therefore, 

Schottky diode HSMS 2860B from Avago has been selected in the design. Moreover, 

the low junction capacitance and series resistance of this Schottky diode are also 

favorable for a high output DC power. In order to realize a high output voltage rectifier, 

a voltage doubler topology and a load resistance of 1000 Ω are selected. The Large 

Signal S-parameter (LSSP) and Harmonic Balance (HB) simulations are used to 

analyze the input impedance for impedance matching and conversion efficiency of the 

rectifier structure. A π- network of lumped components is used for filtering and 

matching of the fundamental frequency. It consists of two capacitors C1, C2 and an 

inductor L1 with values 1.1 pF, 0.3 pF and 15 nH, respectively, aiming to get the circuit 

matched at 0.915 GHz.  Capacitors C3 and C4 have the function of storing the energy 

rectified by the rectifying elements D1 and D2. Despite of this energy storage function, 

C3 works along with the input band pass filter in the sense that it acts as a DC block. 

Similarly, C4 in shunt with load resistor RL acts as the output low pass filter with a 

fcutoff, cutoff frequency 1/ (2π RLC4). Initially, both capacitor C3 and C4 are assigned 

to have a value of 20 pF to serve as a DC block filter. The chip capacitors and inductors 

Fig. 8.13. Effect of output capacitor C4 in harmonic power and efficiency. 

 

Fig. 8.14. Effect of output capacitor C4 in harmonic power and efficiency. 
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are modeled using S-parameter files provided by Murata and Coil craft. After the 

rectifier performance is optimized for required output voltage and power, the next step 

is to design the harmonic extraction from the output of voltage doubler. The DC pass 

filter on the output side is critical in this design because it has an important role in 

determining the second harmonic power [17]. The output capacitor C4 has significant 

role in controlling the ripples and smoothing the output DC voltage. Normally C4 with 

higher values can be directly used with RL for realizing the output low-pass filter to 

reduce the ripples in output voltage, by bypassing the harmonics to ground. But, in 

harmonic feedback rectifier the load resistance, RL and C4 can tune the power of 

harmonic signals. Variations of harmonic power and conversion efficiency as a 

function of capacitor C4 are shown in Fig. 8.13. By providing an input power of 10 

dBm to the rectifier, second harmonic power of -2 dBm can be observed with an output 

DC pass capacitor of 0.1 pF whereas third harmonic power is only -10 dBm which is 

about 8 dB smaller than the second harmonic. Furthermore, the propagation loss for 

higher modes is also more compared to lower frequencies. Therefore, second harmonic 

will be better as the feedback signal, as it is having more power. In the designed 

rectifier, output capacitor has a very low impact on the input impedance of the rectifier. 

Moreover, the rectifier is designed for moderately wide bandwidth. Thus, it is having  

relatively stable performance and good impedance matching for a change of C4 from 

0.1 to 1 pF. Efficiency is almost constant over 70 % for different output DC pass 

capacitor values. So, it provides the opportunity to tune the capacitor C4 for a better 

second harmonic power without disturbing the output power significantly. For 

realizing the harmonic feedback system, the second harmonic signal at the output of 

the rectifier is required to be enhanced and matched to the second port of the antenna.  

 

Table 8.2. Circuit components used in the rectifier design 

Component 

name 

Nominal value Part number and supplier 

C1 1.1 pF chip capacitor GRM0335C2A1R1CA01,Murata 

C2 0.3 pF chip capacitor GRM0335C2AR30BA01, Murata 

C3 20 pF chip capacitor GRM0335C2A200JA01, Murata 

C4 0.5 pF chip capacitor GRM0335C2AR50BA01, Murata 

C5 1.5 pF chip capacitor GRM0335C2A1R5CA01, Murata 

L1 15 nH chip inductor 0402HP-15NX_E_, Coilcraft 
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Capacitor C5 has the functions of blocking the rectified DC and allowing the 

impedance matching of the second harmonic signal. Through proper tuning of the 

output capacitor C4, bypass capacitor C5 and the shorted stub length, the feedback 

signal is constructively directed to the harmonic port of the rectifier. These operations 

in the feedback signal branch do not impair the power conversion efficiency of the 

rectifier. In this design, after careful optimization a 0.5 pF Murata capacitor is chosen 

as C4 and 1.5 pF as C5. This value can provide a good conversion efficiency and 

second harmonic power with less ripples in the output DC voltage. The values and part 

numbers of the circuit components are given in Table 8.2. Fig. 8.14 shows the effect 

of harmonic power and conversion efficiency as a function of input power. It can be 

clearly observed that the second and third harmonic power are increasing with input 

power and the second harmonic has higher power than third. As the capacitors C4 and 

C5 are tuned to enhance the second harmonic, it can be observed that the third 

harmonic is not increasing at a higher rate as in normal rectifiers. Layout level 

simulations are performed using electromagnetic (EM) simulator Momentum in ADS. 

Fig. 8.14. Effect of harmonic power and conversion efficiency with respect to input power level. 

 

Fig. 8.15. Fabricated harmonic feedback rectifier (a) Front view (b) Back view 
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8.3.3. Harmonic Feedback Rectifier Performance. 

For evaluating the performance of harmonic feedback rectifier, a prototype is 

fabricated. A fundamental signal port is placed on the edge of the circuit board while 

the second connector for harmonic power is connected through the substrate. The 

overall dimension of harmonic feedback rectifier is 25  40 mm2. The fabricated 

prototype is shown in Fig. 8.15. The experimental setup for rectifier measurement is 

illustrated in Fig. 8.16(). The reflection coefficient of the designed rectifier is depicted 

in Fig. 8.17. The impedance bandwidth of the harmonic feedback rectifier is 390 MHz 

ranges from 680 MHz to 1070 MHz at 5 dBm input power. A fundamental reflected 

Fig. 8.16. (a) Block diagram of measurement setup (b) experimental setup for rectifier 

measurement (c) Harmonic spectrum at 12 dBm 
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power of -23 dBm is observed with an input power of 5 dBm at the input of rectifier. 

Reflected power of fundamental is 8 dB lower compared to the extracted second 

harmonic power (-15 dBm).  A Keithley 2920 RF signal generator is used for signal 

generation at 0.915 GHz. The signal generator can provide a maximum output power 

of 13 dBm. Thus, a 40-dB power amplifier is used to amplify the signals for having 

complete access of the input power. The output power of the signal generator is varied 

from -41.5 to -19.5 dBm. A 3-dB attenuator is connected between the signal generator 

and power amplifier to protect the signal generator from any power surge and 

reflections. The input power from the power amplifier is estimated using a Keithley 

signal analyzer. After considering the 3-dB attenuator and the loss in cables, the power 

from the amplifier is estimated to be from -5 dBm to 17 dBm. The output voltage and 

second harmonic power are measured by varying the input power. Second harmonic 

power is measured using the Keithley signal analyzer. Fig. 8.18(a) plots the output 

voltage variation with the input power. The maximum output voltage of 5.2 V is 

obtained at 17 dBm with a 1000 Ω load resistor. Second harmonic power is linearly 

increasing with input power and reaches at -1 dBm for an input power of 16 dBm as 

in Fig. 8.18(b). It can be observed that the simulated and measured conversion 

efficiency has a difference in low power region around -5 dBm. The measured one 

achieved only 12% while the simulated is around 25% at -5 dBm. A similar difference 

can be observed in the harmonic signal also. These differences in low input power are 

due to the inherent property of the diode to work well in high input power (5-15 dBm) 

Fig. 8.17. Reflection coefficient of the harmonic feedback rectifier. 
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and partially due to the impedance mismatch at lower input powers. Moreover, the 

parasitic behavior of the SMD components used in the circuit and the fabrication errors 

are also contributed to the slight differences in simulated and measured second 

harmonic power. The rectifier RF to DC conversion efficiency is defined as 

 

𝜂 =
𝑉𝑜𝑢𝑡

2

𝑅𝐿𝑃𝑖𝑛
⁄  × 100 %      (8.12) 

where Vout is the DC voltage across the load resistor RL, Pin is the RF input power. 

Fig. 8.19 shows the simulated and measured conversion efficiency for various input 

power. The harmonic feedback rectifier achieved a peak conversion efficiency of 

71% at 15 dBm input power. 

 

Fig. 8.18. Performance of rectifier as a function of input power (a) Output voltage (b) Second 

harmonic power. 
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 Experimental Validation  

A prototype of the proposed rectenna is fabricated after careful co-simulation of the 

duplexing antenna and harmonic feedback rectifier. The rectenna is fabricated on a 

1.52 mm Rogers RO4350B substrate as shown in Fig. 8.20. A 4-element transmitter 

(Tx) antenna array is utilized with an overall width of 60 cm, to transmit the RF signal 

at 0.915 GHz. The array is fed by a 4-way power divider which is fed by a 40-dB gain 

microwave GaN power amplifier, which amplifies the power generated by the signal 

Fig. 8.19. RF to DC conversion efficiency versus input power. 

 

Fig. 8.20. Fabricated duplexing rectenna. 
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generator. A harmonic feedback receives antenna (Rx) with a beamwidth of 155° is 

placed below the antenna array with a spacing of 15 cm to receive the second harmonic 

feedback signal from the duplexing rectenna at 1.83 GHz. Fig. 8.21(a) shows the 

layout of the Tx antenna array element and Rx antenna. Reflection coefficient and 

efficiency of Tx antenna element and Rx antenna are depicted in Fig. 8.21(b). The 

design is the same but for different frequencies. They are Yagi-Uda antennas with a 

meandered dipole and director, and curved reflector. Both antennas are fabricated on 

FR4 substrate with a thickness 1.52 mm. Simulated radiation patterns of the Tx 

antenna array (at various beam-scanning angles) and Rx antenna are shown in Fig. 

8.22. The Tx antenna array has a gain of 12.5 dBi and the Rx antenna has a gain of 5.6 

dBi.  

Fig. 8.21. (a) Layout of Tx antenna element and Rx antenna (b) Reflection coefficient and 

efficiency of Tx and Rx antennas. 
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As explained in Section 8.3, a Keithley 2920 RF signal generator is utilized to 

generate the signal at 0.915 GHz, which fed to the power amplifier through a 3-dB 

Fig. 8.23. Flow chart of operations for targeted WPT using feedback power 

Fig. 8.22. Simulated radiation patterns of Tx antenna array (at various beam-scanning angles) 

and Rx antenna. 
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attenuator. The power from the 40-dB power amplifier is estimated to be from 20 dBm 

to 37 dBm. Then, the power is fed to the 4-way power splitter (6 dB loss) through the 

low pass filter. A maximum second harmonic power of -43.5 dBm from the Tx array 

was observed in the Rx antenna, with a maximum input power of 29 dBm. Thus, a low 

pass filter VLF1000 having high attenuation in stop band is utilized to reduce the 

second harmonic power to a very low power around -86.5 dBm (noise floor). The cable 

losses in the transmitter side and the insertion loss of low pass filter are estimated as 2 

dB. Finally, the RF signal with power in the range of 12 to 29 dBm is fed to the Tx 

antenna array elements. Thus, the maximum EIRP is in the range of 41.5 dBm.  In this 

measurement, distance R is set to be greater than 2.2 m, which satisfies the far field 

Fig. 8.24. (a) Block diagram (b) Experimental setup for antenna alignment using second 

harmonic feedback signal. 
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condition at 0.915 GHz. The transmitted continuous wave high-power signals in these 

experiments are only used as a demonstration in laboratory conditions, rather than real 

world application. In real world scenario, to meet the EIRP safety levels, it is possible 

to use modulated signals or multi-carrier signals to reduce the peak power levels. Fig. 

8.24 illustrates the experimental setup for antenna alignment using second harmonic 

feedback signal. The DC output voltage is measured as a function of the received 

power derived by Friis’ formula [30]. The power received in rectenna is therefore: 

𝑃𝑟 = 𝑃𝑡𝐺𝑡𝐺𝑟 (
𝜆0

4𝜋𝑅⁄ )
2

    (8.13) 

where Pt is the transmitted power, Pr is the received power, Gt is the transmitter 

antenna array’s gain, Gr is the receiver antenna gain, λ0 is the free space wavelength 

and R is the distance between the transmitter and the rectenna. The received power in 

the duplexing rectenna is in the range of -12 to 7 dBm. Fig. 8.23 describes the flowchart 

of operations for targeted WPT using feedback power. As observed in Section 8.3, the 

output DC power from the rectenna is proportional to the received feedback signal, it 

is possible to evaluate antenna misalignment by analyzing the feedback signal power.  

Thus, this duplexing rectenna based WPT system can determine the rectenna position 

by sweeping the Tx antenna array beam from-450 to 450 by controlling the phase 

shifters and analyzing the feedback power received by the Rx antenna at each beam 

positions. Initially, if the duplexing rectenna is misaligned with the Tx antenna array, 

the incident power on the rectenna will be low. Thus, a low feedback power will be 

recorded by the Rx antenna. Then, the Tx antenna array beam sweeping will record 

the corresponding relative feedback power at different beam directions. The peak value 

of the feedback power will be the position of the duplexing rectenna and hence the Tx 

antenna array and duplexing rectenna can align for maximum power transfer. Even 

though the Rx antenna is for the second harmonic, at the output of Rx antenna a 

maximum fundamental power of -36 dBm is observed. However, we have used the 

second harmonic power and neglected the fundamental power for the antenna 

alignment application by using a VBF-1840 bandpass filter centered around second 

harmonic. Fig. 8.25 shows the received second harmonic power and DC voltage 

measured at two different distance from the Tx antenna array and rectenna. The 

experiment was conducted in multiple times to improve the accuracy of results and to 

analyze the uncertainties. The measured harmonic feedback powers and output DC 
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voltages are shown in Figs. 8.25, 8.26 and 8.27 with error bars. Output DC voltage has 

a small error while repeating the experiments for accuracy. However, at low received 

feedback power conditions slightly more fluctuations can be observed at the output of 

Rx antenna output. As the received power in rectenna is increasing, the received 

second harmonic power and output voltage are also increasing. The maximum output 

voltage measured at R = 2.5 m is 1.65 V, which is limited by the input power applied 

to the antenna array to protect the low pass filter power rating. Feedback power of -

51.06 dBm is observed at R = 2.5 m, while at 3.5 m distance -56.95 dBm is measured.  

For analyzing the feedback power from rectenna as a function of horizontal antenna 

misalignment angle (between the transmitter antenna array and rectenna), the deviation 

angle β is varied in steps of 50.  R is kept as 2.5 m with a fixed transmitted power of 

28 dBm is fed to the Tx array elements. Fig 8.26 shows the measured feedback power 

in Rx antenna and DC voltage from rectenna for β values ranging from -450 to 450. It 

can be observed that the maximum received second harmonic power -52 dBm and the 

maximum output voltage 1.4 V are achieved when β approaches 0°. Thus, the 

maximum feedback power from harmonic receives antenna and peak DC output 

voltage occur simultaneously at the angle corresponding to the position of the rectenna. 

To improve the robustness of the proposed system, a fixed phase shifter is used to tilt 

the antenna beam to 300 from the initial direction. Then, deviation angle βis varied to 

analyze the received feedback power at different rectenna positions. 
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Fig. 8.25. Measured feedback power and DC voltage at R = 2.5 m and 3.5 m. 
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Fig. 8.26. Measured feedback power and DC voltage as a function of β.  
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Fig. 8.27. Measured feedback power and DC voltage with a 300 phase shifter as a function of 

deviation angle β. 

Fig. 8.27 shows the plot of measured feedback and DC voltage with a 300 phase 

shifter as a function of deviation angle β. It shows that the maximum second harmonic 

power as well as the output voltage can be achieved when the deviation angle and the 

beam direction coincide. Harmonic feedback power of -54.5 dBm is observed from the 

harmonic receive antenna output while β = 300. A maximum output voltage of 1.29 V 

is also observed in this specific β value. Therefore, it is possible to conclude that by 

scanning the Tx array and detecting the maximum feedback power received by the Rx 

antenna, the direction of rectenna can be determined. A comparison between our 

duplexing rectenna and some harmonic feedback rectenna designs is given in Table 

8.3. 
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Table 8.3. Comparison of the proposed rectenna and related designs 

 

Ref [9] [18]  [19]  [20] Proposed Rectenna 

Frequency (GHz) 2.45 0.915 2.45 2.6 0.915 

Rectenna elements 

studied 

Rectifier 

only 

Rectifier 

and 

amplifier  

Rectifier 

only 

Rectifier 

only 

Duplexing rectenna 

(Rectifier+antenna) 

Extra antenna for 

harmonic feedback 

Yes No No Yes No 

Harmonic feedback type Third -

feedback 

Second- 

feedback  

Third -

feedback 

Second- 

feedback 

Second- feedback 

RF to DC conversion 

efficiency (%) at 10 

dBm input power level  

NA  30  59  NA  65  

Harmonic power 

measured (dBm) at 10 

dBm input power level 

NA -33 -26 NA -6 

Maximum measured 

conversion efficiency 

(%) 

76 30 70.6 49.5 71 

Maximum harmonic 

power measured in 

rectifier (dBm) at input 

power (dBm) 

-21 at 7 -33 at 10 -12 at 20 -20 at 0 -1 at 17 

Feedback power 

measured in transmitter 

side (dBm) at distance 

(m) 

-53  at 

0.5  

- -65  at 

0.3  

-49  at 1  -51.06  at 2.5  

 

Distance coverage of 

feedback power 

 

 

Medium 

 

Low  

 

Low 

 

Medium 

 

High 

 

Our integrated duplexing rectenna uses one antenna element to perform both 

harmonic feedback and WPT functions simultaneously.  At a typical WPT power level 

of 10 dBm, the proposed duplexing rectenna can provide high RF to DC conversion 

efficiency with a reasonable feedback power. Moreover, the measured harmonic power 

of -1 dBm in rectifier is relatively high compared to other rectifier works. Thus, it is 

evident that our single antenna based rectenna can send desired feedback signals over 

a relatively long distance with a considerably high-power conversion efficiency. 

Therefore, this duplexing-antenna based harmonic feedback rectenna can work as a 

standalone system which can provide a feedback signal for rectenna alignment to 

achieve efficient WPT. 
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 Summary 

A novel duplexing rectenna with a harmonic feedback capability has been proposed 

for efficient WPT applications with the antenna alignment. The proposed duplexing 

rectenna can efficiently convert the incident RF power at 0.915 GHz to DC and also 

send a reasonable harmonic signal back to the RF transmitter at 1.83 GHz for tracking 

the position of rectenna to improve power transfer efficiency without the need of 

another antenna and transmitters. The fabricated novel duplexing antenna exhibited 

dual-band operation with similar radiation pattern for RF power reception and sending 

the harmonic feedback signals simultaneously. A harmonic feedback rectifier with a 

maximum measured conversion efficiency of 71% and a peak second harmonic power 

of -1 dBm at 17 dBm has been proposed. The proposed duplexing rectenna is better 

than other published feedback rectenna designs in terms of the overall conversion 

efficiency as well as the harmonic feedback power at a typical WPT power level of 10 

dBm. Experimental demonstration of rectenna alignment for optimum power transfer 

has been carried out by determining the maximum received feedback power. Thus, this 

complete WPT system based on a duplexing rectenna with feedback property is a very 

promising solution for future efficient WPT applications. 

 

References 

[1] M. Zorzi, A. Gluhak, S. Lange, and A. Bassi, “From today’s INTRAnet of things 

to a future INTERnet of things: A wireless-and mobility-related view,” IEEE 

Wireless Commun., vol. 17, no. 6, pp. 44-51, Dec. 2010. 

[2] M. Tabesh, N. Dolatsha, A. Arbabian, and A. Niknejad, “A power-harvesting 

pad-less millimeter-sized radio,” IEEE J. Solid-State Circuits, vol. 50, no. 4, pp. 

962-977, Apr. 2015. 

[3] M. Pinuela, P. D. Mitcheson, and S. Lucyszyn, “Ambient RF energy harvesting 

in urban and semi-urban environments,” IEEE Trans. Microw. Theory Techn., 

vol. 61, no. 7, pp. 2715-2726, Jul. 2013. 

[4] C. Song, Y. Huang, J. Zhou, J. Zhang, S. Yuan, and P. Carter, “A High-Efficiency 

Broadband Rectenna for Ambient Wireless Energy Harvesting,” IEEE Trans. 

Antennas Propag., vol. 63, no. 8, pp. 3486-3495, Aug. 2015. 



Chapter 8. High-Efficiency Wireless Power Transfer Using Duplexing Rectenna              Page | 176 

[5] S. Ladan, A. B. Guntupalli, and W. Ke, “A high-efficiency 24 GHz rectenna 

development towards millimeter-wave energy harvesting and wireless power 

transmission,” IEEE Trans. Circuits Syst. I Reg. Papers, vol. 61, no. 12, pp. 

3358-3366, Dec. 2014. 

[6] S. D. Joseph, Y. Huang, S. Hsu, M. Stanley, and C. Song, “A novel dual-

polarized millimeter-wave antenna array with harmonic rejection for wireless 

power transmission,” Proc. Eur. Conf. Antennas Propag., London, 2018, pp. 1-

3. 

[7] D. Masotti, A. Costanzo, M. Del Prete, and V. Rizzoli, “Time-modulation of 

linear arrays for real-time reconfigurable wireless power transmission,” IEEE 

Trans. Microw. Theory Techn., vol. 64, no. 2, pp. 331-342, Feb. 2016. 

[8] Z. A. Pour, L. Shafai, and B. Tabachnick, “A practical approach to locate offset 

reflector focal point and antenna misalignment using vectorial representation of 

far-field radiation patterns,” IEEE Trans. Antennas Propag., vol. 62, no. 2, pp. 

991–996, Feb. 2014. 

[9] H. Zhang, Y. X. Guo, S. P. Gao, and W. Wu, “Wireless power transfer antenna 

alignment using third harmonic,” IEEE Microw. Wireless Compon. Lett., vol. 28, 

no. 6, pp. 536–538, Jun. 2018.  

[10] S. N. Daskalakis, J. Kimionis, A. Collado, G. Goussetis, M. M. Tentzeris, and 

A. Georgiadis, “Ambient backscatters using FM broadcasting for low cost and 

low power wireless application,” IEEE Trans. Microw. Theory Techn., vol. 65, 

no.2, Dec 2017. 

[11] T. H. Lin, J. Bito, J. G. D. Hester, J. Kimionis, R. A. Bahr, and M. M. Tentzeris, 

“On-body long-range wireless backscattering sensing system using inkjet/3D-

printed flexible ambient RF energy harvesters capable of simultaneous DC and 

harmonics generation,” IEEE Trans. Microw. Theory Techn., vol. 65, no.2, Dec 

2017.  

[12] M. Roberg, T. Reveyrand, I. Ramos, E. A. Falkenstein, and Z. Popović, “High-

efficiency harmonically terminated diode and transistor rectifiers,” IEEE Trans. 

Microw. Theory Techn., vol. 60, no. 12, pp. 4043–4052, Dec. 2012.  

[13] J. Guo, H. Zhang, and X. Zhu, “Theoretical analysis of RF-DC conversion 

efficiency for class-F rectifiers,” IEEE Trans. Microw. Theory Techn., vol. 62, 

no. 4, pp. 977–985, Apr. 2014.  



Chapter 8. High-Efficiency Wireless Power Transfer Using Duplexing Rectenna              Page | 177 

[14] S. Ladan and K. Wu, “Nonlinear modeling and harmonic recycling of 

millimeter-wave rectifier circuit,” IEEE Trans. Microw. Theory Techn., vol. 63, 

no. 3, pp. 937–944, Mar. 2015. 

[15] D. Allane, G. A. Vera, Y. Duroc, R. Touhami, and S. Tedjini, “Harmonic power 

harvesting system for passive RFID sensor tags,” IEEE Trans. Microw. Theory 

Techn., vol. 64, no. 7, pp. 2347–2356, Jul. 2016. 

[16] T. Mitani, S. Kawashima, and N. Shinohara, “Experimental Study on a 

Retrodirective System Utilizing Harmonic Reradiation from Rectenna, ” IEICE 

Trans. Electron., vol. E102.C, no. 10, pp. 666-672, Oct. 2019.  

[17] N. Decarli, M. Del Prete, D. Masotti, D. Dardari, and A. Costanzo, “High-

accuracy localization of passive tags with multisine excitations,” IEEE Trans. 

Microw. Theory Techn., vol. 66, no. 12, pp. 5894–5908, Dec. 2018. 

[18] C. J. Peng, S. F. Yang, A. C. Huang, T. H. Huang, P. J. Chung, and F.  M. Wu, 

“Harmonic enhanced location detection technique for energy harvesting receiver 

with resonator coupling design,” Proc. IEEE Wireless Power Transf. Conf. 

(WPTC), May 2017, pp. 1–3. 

[19] H. Zhang, Y. X. Guo, S. P. Gao, Z. Zhong, and W. Wu, “Exploiting third 

harmonic of differential charge pump for wireless power transfer antenna 

alignment,” IEEE Microw. Wireless Compon. Lett., vol. 29, no. 1, pp. 71–73, Jan. 

2019. 

[20] T. Ngo, and T. Yang, “Harmonic-recycling Rectifier Design for Localization 

and Power Tuning,” Proc. IEEE Wireless Power Transf. Conf. (WPTC), 

Montreal, QC, Canada, 2018, pp. 1-4.  

[21] C. A. Balanis, “Antenna Theory: Analysis, and Design, 3rd ed,” Hoboken, NJ, 

USA: Wiley, 2005. 

[22] R. Ludwig and P. Bretchko, “RF Circuit Design: Theory and Applications,” 

Englewood Cliffs, NJ, USA: Prentice-Hall, 2000, pp. 210–220. 

[23] J. Chen, J. Ludwig, and S. Lim, “Design of a compact log-periodic dipole array 

using T-shaped top loadings,” IEEE Antennas Wireless Propag. Lett., vol. 16, pp. 

1585–1588, 2017.  

[24] D. F. Sievenpiper et al., “Experimental validation of performance limits and 

design guidelines for small antennas,” IEEE Trans. Antennas Propag., vol. 60, 

no. 1, pp. 8–19, Jan. 2012. 



Chapter 8. High-Efficiency Wireless Power Transfer Using Duplexing Rectenna              Page | 178 

[25] C. X. Mao, S. Gao, Y. Wang, F. Qin and Q. X. Chu, “Compact highly integrated 

planar duplex antenna for wireless communications,” IEEE Trans. Microw. 

Theory Techn., vol. 64, no. 7, pp. 2006–2013, Jul. 2016.   

[26] C. X. Mao, S. Gao and Y. Wang, “Dual-Band Full-Duplex Tx/Rx Antennas for 

Vehicular Communications,” IEEE Trans. Veh. Technol., vol. 67, no. 5, pp. 

4059–4070, May.2018.   

[27] R. Ibrahim et al., “Novel design for a rectenna to collect pulse waves at 2.4 

GHz,” IEEE Trans. Microw. Theory Techn., vol. 66, no. 1, pp. 357-365, Jan. 

2018.  

[28] C. R. Valenta and G. D. Durgin, “Harvesting wireless power: Survey of energy-

harvester conversion efficiency in far-field wireless power transfer systems,” 

IEEE Microw. Mag., vol. 15, no. 4, pp. 108-120, Jun. 2014.  

[29] D. M. Pozar, Microwave Engineering. Hoboken, NJ, USA: Wiley, 2009. 

[30] Y. Suh and K. Chang, “A high-efficiency dual-frequency rectenna for 2.45- and 

5.8-GHz wireless power transmission,” IEEE Trans. Microw. Theory Techn., vol. 

50, no. 7, pp. 1784-1789, July 2002. 



Appendix  Page | 179 

Chapter 9. Conclusions and Future 

Work 

This thesis has been mainly divided into two parts with the first part focused on 

developing rectennas for ambient energy harvesting and the second part focused on 

developing rectennas for wireless power transfer. The antenna and rectifier 

requirements for both applications are different and hence the challenges associated 

with them are different.  

An overview on the current state of the art of the rectenna designs has been 

introduced in the beginning. This had been followed by a brief familiarisation of 

rectenna for ambient energy harvesting and wireless power transfer in Chapter 2. 

Motivated by the potential of creating energy-harvesting enabled self-sustainable 

wireless sensors and low power electronic devices, wireless energy harvesting from 

ambient EM fields has becoming an emerging technology and has attracted an upsurge 

of research interests during the past ten years. However, nonlinear effects in rectennas 

are an important factor affecting the performance of ambient WEH systems. In WPT 

systems, available rectenna designs are not making use of the advantages of a 

dedicated RF transmitter. As a consequence, there are very few rectennas reported with 

good performance for the target applications. 

Although some of the designs discussed in this thesis are not completely suitable 

for implementation, the idea and the knowledge gained from these designs will still be 

useful for practical design guidance. 

 Key Contributions 

In this thesis, six main contributions for ambient energy harvesting and wireless 

power transfer have been achieved. Some results of this thesis have been peer reviewed 

by many top scientists and researchers in this field. The major contributions of this 

thesis are outlined in the following six sub-sections. 
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9.1.1. Broadband Rectenna  

In Chapter 2, the lack of broadband rectenna designs for harvesting energy from a 

large spectrum had been discussed. Considering the factors and the challenges, a novel 

broadband rectenna for wireless energy harvesting has been proposed in Chapter 3. A 

novel broadband Yagi-Uda antenna with a transmission lines-based broadband 

rectifier has been demonstrated. A highly compact broadband antenna with constant 

enhanced gain has been realized using curved reflectors, meandered dipoles and 

director. The novel three-stage transmission lines-based impedance matching 

technique has successfully demonstrated an improved conversion efficiency of more 

than 50% over a wide bandwidth of 1.12-2.43 GHz (FBW = 74%). The proposed 

design outperformed the existing designs in terms of frequency coverage and overall 

size under similar operating conditions. One journal paper has been published in IEEE 

ACCESS and two conference papers were presented in EuCAP 2018 and AWPT 2019 

based on this work. 

9.1.2. Highly Sensitive Dual-Band Rectenna 

A highly sensitive rectenna with omnidirectional radiation is a desirable feature for 

ambient energy harvesting. In addition, a simple rectenna with compact size and 

minimum matching elements was also desired for the ease of fabrication and lower 

cost. Considering these factors, a novel dual-band rectenna was proposed in Chapter 

4, combining a dipole antenna with folded stubs and a high sensitivity rectifier. An 

important contribution in this work is that we have developed a novel dual-mode 

dipole antenna with folded stubs. By introducing these stubs in the dipole antenna, the 

effective electrical length for the third-order mode has been increased, which shifts the 

third-harmonic frequency down and results in a dual-mode antenna with a wideband 

characteristic. A stable omnidirectional radiation pattern was achieved over the entire 

operating band from 2.95 to 4.75 GHz. Thus, the proposed broadband dipole antenna 

with a compact size (0.45𝝀0 × 0.15𝝀0), is a promising solution for future wideband 

applications. A dual-band antenna has been demonstrated to cover the 0.915 GHz and 

2.45 GHz based on the proposed dual-mode technique.  Another major contribution is 

that we have developed a novel single external inductor-based highly sensitive rectifier 

for very low power ambient energy harvesting. Based on the rectifier design, a dual-
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band rectifier has successfully proposed.  Finally, this design has demonstrated very 

high conversion efficiencies of 53% and 40% at a low input power of -15 dBm. It is 

the first dual-band rectenna design with high conversion efficiency at ambient 

environments. One journal paper on IET Microwave Antennas & Propagation 

currently has been submitted based on this work. 

9.1.3. High Efficiency RF Energy Harvester 

The motivation and the recent developments of IoT systems have been discussed in 

Section 5.1. Considering the power requirements for these IoT sensors, a high 

efficiency RF harvester has been proposed in Chapter 5. Instead of the conventional 

wideband antenna based rectenna, a novel combined harvesting topology has been 

proposed in this Chapter, where several dual-band and broadband antennas were 

utilized to harvest RF energy and fed to different RF branch. The DC output from each 

RF branch was initially connected in parallel and then, DC output from each rectenna 

was combined serially to produce maximum output DC voltage. The fabricated high 

sensitivity and high efficiency RF energy harvesting system comprised of five antenna 

elements to cover the ambient RF energy in 915-960 MHz, 1.8-2.7 GHz, and 3.4-3.7 

GHz frequency bands. Since many previous rectenna designs have focused on high 

input powers that are not suitable for energy harvesting from the real ambient 

environments. Five highly efficient dual branch rectifiers have successfully 

demonstrated an improved conversion efficiency at very low ambient power 

conditions. Under the similar condition, the overall efficiency and output power of this 

design were much higher than that of other designs reported in the literature. 

9.1.4. SWIPT Rectenna With AWEH Capability for 

WSN Nodes 

Wireless sensor networks require an uninterrupted power supply for powering the 

WSN nodes in order to perform data acquisition and communication with other nodes. 

Considering these aspects, a novel communication rectenna solution has been 

introduced to provide effective data and power transfer in wireless sensor nodes. The 

proposed design demonstrated simultaneous wireless information and power transfer 

along with the AWEH capability for facilitating uninterrupted power supply and data 
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transfer of WSN nodes. The proposed compact rectenna system has been designed 

with a dual polarized 2×1 square patch antenna array and a multisection bended 

broadband monopole antenna for performing SWIPT and AWEH. Fabricated 

multibranch broadband rectifier demonstrated a fractional bandwidth (FBW) of 85% 

(from 1.49 to 3.73 GHz) and a power conversion efficiency of more than 50% at a 0 

dBm input power level. Thus, the proposed communication rectenna array with 

ambient energy harvesting can be a promising candidate for future wireless sensor 

nodes. 

9.1.5. High Power GaN Rectifier 

Future unmanned and smart devices require a wireless power technique to supply 

actuators or wireless sensors. In Chapter 7, a novel GaN Schottky diode based high-

power microwave rectifier has been proposed. A GaN HEMT was converted to a 

Schottky diode by shorting the source and drain to make the cathode and gate as the 

anode. A novel low loss impedance matching has been proposed by exploiting the 

unavoidable inductance effects of bond wires used for providing the electrical 

connection between GaN chip and board. The fabricated GaN rectifier demonstrated a 

maximum efficiency of 61.2% and a high output voltage of 22.05 V at the optimized 

input power of 39 dBm. The proposed rectenna is better than other published designs 

in terms of the high-power operation as well as the peak voltage and power. One 

journal paper has been published in IEEE ACCESS based on this work. 

9.1.6. Duplexing Rectenna With Harmonic Feedback 

Capability 

A novel duplexing rectenna with a harmonic feedback capability for efficient WPT 

applications with the antenna alignment has been proposed in this chapter. Unlike the 

conventional WPT rectenna, this duplexing rectenna can efficiently convert the 

incident RF power at 0.915 GHz to DC and also send a reasonable harmonic signal 

back to the RF transmitter at 1.83 GHz for tracking the position of rectenna to improve 

power transfer efficiency without the need of another antenna and transmitters. The 

fabricated harmonic feedback rectifier has successfully demonstrated a maximum 

measured conversion efficiency of 71% and a peak second harmonic power of -1 dBm 
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at 17 dBm input power. Experimental demonstration of rectenna alignment for 

optimum power transfer has been carried out by determining the maximum received 

feedback power. It is the first duplexing rectenna design that can work as a standalone 

system to provide a feedback signal for rectenna alignment to achieve high efficiency 

WPT. Thus, this complete WPT system based on a duplexing rectenna with feedback 

property is a very promising solution for future efficient WPT applications. One 

journal paper has been published in IEEE Transactions on Microwave Theory and 

Techniques and one conference paper has been published in EuCAP 2020.  

 

 Future Work 

Based on the conclusions drawn and the limitations of the work presented, future 

work can be carried out in the following areas.  

• Development of new Schottky diodes with a lower loss, a smaller series 

resistance and a much higher saturation is an important future research 

direction in WEH and WPT applications. As discussed in Chapter 5, the high 

forward bias voltage, high series resistance and high junction capacitance of 

the diode limits the power sensitivity of the rectenna at the ambient power 

levels. Moreover, the relatively large parasitic capacitances in state-of-the-art 

semiconductor diodes lead to a strong nonlinearity and impedance matching 

difficulty. In the literature, zero-biased antimonite-based heterojunction 

backward diodes (Sb-HBDs) are shown to have extremely low junction 

parameters and superior I-V characteristics when the input power is very low. 

Furthermore, zero bias resistance in the rectification process of the spin-diodes 

could improve the rectification efficiency even at a very low-power level. 

Utilization of these diodes in the presented broadband rectenna designs in this 

thesis may significantly improve the energy captured from the ambient low 

power environments.  

• Frequency Selective Surfaces (FSS) for ambient energy harvesting is a major 

research direction. The excellent absorption characteristics of FSS is quite 

interesting. However, FSS designs have narrow bandwidth and also it uses 

rectifiers in every unit cell, which meant a considerable part of the collected 
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power was dissipated at the diodes. Therefore, FSS with high efficiency 

performance over broad spectrum is a promising research area.  

• MIMO WPT is another interesting possibility for optimized simultaneous 

wireless information and wireless power transfer in multipath communication 

channels. Recently, some fascinating studies were performed for the design of 

MIMO WPT via radio waves in multipass circumstances. Target detection is a 

major challenge in MIMO WPT. The retrodirective target-detecting method in 

the multipass circumstances is a possible technology for MIMO WPT.   

• Optical nano-rectennas for visible and infrared light energy harvesting is a 

latest research topic. Optical rectennas are fundamentally similar to microwave 

rectennas, however it is more difficult in practice to make an optical rectenna. 

Rectifying diodes operating in terahertz frequencies for visible light are only a 

few types of specialized diodes. As the operating frequency is high, optical 

antenna requires a challenging nanotechnology fabrication process. Moreover, 

an optical antenna typically absorbs very little power due to small size, and 

therefore works with low efficiency. Due to these challenges, optical rectennas 

have so far been restricted to laboratory demonstrations, typically with intense 

focused laser light producing a tiny but measurable amount of power. 

• Until now, the RF energy harvesting system using rectennas has not been 

commercialized by large companies. The reason is that the energy captured 

from the ambient EM fields is too low for a typical application, as mentioned 

in Chapter 1. Therefore, hybrid energy harvester has a considerable 

significance, which can harvest energy from vibration, solar, thermal and RF 

(ambient and/or dedicated) energies simultaneously. By selecting the optimal 

energy source from the ambience, the devices and sensors will become truly 

self-sustainable and standalone which is very important for smart home and 

IoT-related applications.  

The future work in rectenna design is not limited to the works proposed in this 

thesis. WPT is one of the most beneficial wireless technologies that have ever been 

developed. However, it will make a significant impact on every area where wireless 

transmission is inevitable.  
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Murata Capacitor - GRM0335C2A101GA01 
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Coilcraft inductor: 0402HP series 
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Coilcraft inductor: 0402HP series 
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Murata Capacitor - GRM0335C2A1R0CA01 
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Murata Capacitor - GRM0335C2AR70BA01 
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Murata Capacitor - GRM0335C1H5R1BA01 
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Murata Capacitor - GRM033R71A103KA01 
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Murata Capacitor - GRM0335C2A1R1CA01 
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Murata Capacitor - GRM0335C2AR30BA01 
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Murata Capacitor - GRM0335C2A200JA01 

 

 

 

 

 

 

 

 

 

 

 



Appendix  Page | 203 

 

Murata Capacitor - GRM0335C2AR50BA01 
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Avago - HSMS 286X 

 

 

 

 

 

 

 

 

 

 

 



Appendix  Page | 206 

 

Avago - HSMS 286X 

 

 

 

 

 

 

 

 

 

 

 



Appendix  Page | 207 

 

Avago - HSMS 286X 

 

 

 

 

 

 

 

 

 

 

 



Appendix  Page | 208 

 

Avago - HSMS 286X 

 

 

 

 

 

 

 

 


