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Abstract 

Ambient wireless energy harvesting (AWEH), by means of capturing RF (radio frequency) and 

microwave energy from ambient and converting it to electric energy, has become an emerging 

technology and attracted an upsurge of research interests during the past five years. It could 

become a good addition to complement the existing energy harvesting technologies for such as 

vibration, solar and wind energies. One of the ultimate objectives of using these energy 

harvesting technologies is to create self-sustainable, truly standalone wireless sensor platforms 

and low power devices for smart home, smart cities and IoT applications, which will have a 

significant impact on our life in the future. However, the optimal design of a rectifying-antenna, 

or rectenna (as one of the vital devices for AWEH systems), is still very challenging. A number 

of key issues and research problems have been identified for broadband rectenna designs, such 

as the low conversion efficiency and strong nonlinearity under the ambient power conditions. 

The purpose of this thesis is to present a comprehensive study into broadband rectennas, aiming 

at overcoming the most challenging research problems of this topic. This thesis is comprised 

of three main research areas. 

The first area under investigation focuses on how to improve the overall power conversion 

efficiency of a broadband rectenna at ambient low power levels. In AWEH applications, a 

precise knowledge of ambient electromagnetic fields is essential. Therefore, a citywide 

electromagnetic field measurement campaign was conducted at Liverpool to identify the 

suitable frequency bands as well as the average power density at different ambient 

environments for AWEH. A novel broadband rectenna was designed and optimized at the 

ambient power levels obtained from the measurement campaign. Several novel techniques have 

been introduced to improve the overall conversion efficiency of the rectenna. Experimental 

results show that the harvested power and overall efficiency of this broadband rectenna are 

much higher than that of previously reported designs. This design confirms the feasibility of 

capturing RF energy from a typical indoor office environment for low power applications. 

The second area concentrates on how to reduce the nonlinear effect of broadband rectennas, 

since the performance of most existing rectennas can be significantly affected by the input 

power and load impedance variations due to this effect. Two designs are presented in this part.  
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The first design is a novel six-band CP (circular-polarisation) rectenna using an improved 

impedance matching technique. A novel rectifier is introduced with a special matching network 

section to reduce the impedance mismatch caused by the load impedance variations. A 

miniaturized ultra-wideband CP receiving antenna is presented as well. Experimental results 

demonstrate that this design covers a wide frequency band (from 550 MHz to 2.5 GHz) and 

has constant conversion efficiency over a wide load impedance range (from 10 to 75 kΩ). The 

second design is an ultra-wide band rectenna using a hybrid resistance compression technique. 

The broadband matching network of this design is mixed with a resistance compression 

network to reduce the impedance variation of the rectifier. This design also demonstrates 

constantly high conversion efficiency and good impedance matching performance over a wide 

frequency band and load impedance range.  

The last area under investigation focuses on how to reduce the complexity of broadband 

rectennas. There are two designs presented in this part. In the first design, a cutting-edge 

technology to eliminate the need of an impedance matching network is introduced. A special 

broadband high impedance antenna is designed to conjugately match with the rectifier 

impedance directly. This design shows a very simple structure and design process. 

Experimental results demonstrate that this design without matching networks still achieves an 

excellent conversion efficiency, a good impedance matching performance and a reduced 

nonlinear effect. The second design is an adaptive rectenna with a wide band frequency-tunable 

feature. This design is also achieved without the need of impedance matching networks. The 

rectenna is configured with multiple output ports connected to a number of adaptive rectifier. 

Experiment results show that this design works well for a variety of frequencies, input powers 

and load impedance. Both designs show a much-simplified structure and reduced cost 

compared with other broadband rectenna designs. 

This thesis has successfully demonstrated a number of novel design methods for broadband 

rectennas. The most challenging issues such as the nonlinear effect and low conversion 

efficiency have been significantly overcome by using these presented technologies. The 

research and knowledge in this thesis should be of great significance to the future development 

of rectennas and have definitely increased the boundary of this topic to a new level.
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Chapter 1 Introduction 

As we are getting more and more dependent on electricity to perform even the most mundane 

daily tasks, our world has been facing a series of major energy-related challenging issues such 

as the incredibly high demand of energy-related accessories. On January 9, 2017, Barack 

Obama, the former president of the United of States, published a research article entitled “The 

irreversible momentum of clean energy” in Science [1]. He discussed the climate change, 

weather patterns disruption, and ocean acidification of our world caused by a continued and 

expanded industrialization as well as a seemingly endless emission of carbon dioxide (CO2) 

and other greenhouse gases. An important issue raised by this paper was that it is necessary to 

develop new energy harvesting technologies that could reduce the demand of energy-related 

accessories such as the batteries, cords and power equipment for the coming decades. Using 

renewable energy to substitute the traditional electric energy production could make a 

significant contribution to reduce environmental pollutions. 

 

Fig. 1-1. Available sources from nature and environment (e.g., heat, vibration, kinetic, 

light/solar, wind and electromagnetic waves etc.) for energy harvesting [3]. 
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Energy harvesting, by means of converting different types of energies to electric energy, has 

been investigated by many scientists during the past decades. There have been a number of 

technologies to capture energy from various sources such as solar, wind, thermal, vibration and 

tidal energies etc. (see Fig. 1-1). Among them, the commercialized energy harvesting systems 

are mostly based on solar and wind energies (e.g., solar panels and wind turbines) since they 

can produce a huge amount of energy from nature [2]-[8]. However, the solar and wind-based 

energy harvesting systems require some strict operating conditions while their performance is 

heavily dependent on these conditions such as the weather and time.  

In the recent years, there has been an upsurge of research interests in energy harvesting from 

ambient electromagnetic (EM) fields due to the rapid development of wireless industry [9]-

[13]. With the growth of cellular mobile networks, WiFi enabled applications and TV based 

entertainments, the power density of ambient electromagnetic fields is dramatically increasing 

which enables the RF powered applications. A figure produced by Texas Instrument is depicted 

in Fig. 1-2.  They compared the harvested power by different technologies and suggested some 

potential applications for these energy harvesting technologies. It was found that the energy 

captured from RF sources showed the lowest power density ranged from 0.001 to 0.1 μW/cm2. 

At present it can only be applied in some low power applications and sensors that consume 

very little energy.   

 

Fig. 1-2. Harvested power by different technologies and some potential applications [13].  
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However, a unique advantage of RF energy harvesting is that the power density of the ambient 

electromagnetic fields is statistically stable irrespective of the weather and environmental 

conditions (since the EM waves are broadcasted into the air through a multipath fading 

propagation environment). 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. 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 [14], [15].  

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

in Fig. 1-3 [16]. The electric energy can be captured from several ambient energy sources such 

as thermal, solar, vibration and RF/EM etc., and then stored in energy storage devices, such as 

a battery or a super capacitor. A power management unit (PMU) optimizes the collected power 

level through matching and optimizing the duty cycle in a power-efficient way. The lifetime of 

the main power sources (such as a battery) can be extended by introducing energy-harvesting 

systems that effectively recharge the storage element. While the main power source can be also 

removed when there is a sufficient energy to drive the whole system for a truly standalone 

(“battery-less”) autonomous operation. 

With the aid of RF energy harvesting, these low power sensors and devices could become self-

sustainable and therefore eliminate the need of a battery replacement and save maintenance 

costs. From a long-term point of view, reducing the demand of batteries could also help with 

the environmental protection. 

 

Fig. 1-3. Structure of a typical hybrid energy-harvesting wireless sensor platform [16]. 
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1.1 Motivation of This Work 

Rectifying-antennas (also known as rectennas) are the key 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. 

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

for a fixed incident power level and load impedance. The incident power levels for these 

designs were usually higher than 10 mW (up to several kilowatts). However, the ambient EM 

fields are of relatively low power density, typically below 10 nW/cm2, and 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, in order 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 also with good power conversion efficiency at the ambient power 

levels.  

So far, there have been about 160 journal papers and 550 conference papers published in the 

IEEE XPLORE about rectennas [17]. Among them, only 15 journal papers and 50 conference 

papers (less than 1/10 of the total number) have focused on broadband rectennas whilst very 

few of them have presented good performance for ambient wireless energy harvesting (AWEH) 

applications. The reason is that the design of broadband rectennas is extremely challenging due 

to the utilization of nonlinear elements (diodes) of the rectifying circuit. Different from a 

passive antenna system (only as a function of frequency), the impedance of the rectifier 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 [18]). Such a rectifying-antenna is 

called the 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. The RF-DC power conversion efficiency of the rectenna over the broadband is 

typically lower than 5% when the input power level is below -20 dBm. At present, there are no 

designs that can harvest energy efficiently from the ambient broadband signals (such as mobile, 

DTV and WiFi signals).  
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Moreover, due to the nonlinearity of the circuit, the performance (e.g., conversion efficiency, 

impedance matching efficiency) of broadband rectennas is very sensitive to the variations of 

input power level and load impedance. Most existing rectennas were optimized for a fixed 

condition as mentioned earlier. Thus they cannot work well in a real wireless sensor platform 

(as depicted in Fig. 1-3), since the load of the rectenna is normally connected to a variety of 

devices (such as energy storage elements, boost converters and PMU) that usually have a 

varying resistive load impedance. The efficiency of conventional rectennas can be significantly 

affected by changing the load devices. Currently, there are no good methods to solve the 

problem on rectenna performance due to the load impedance variation. 

The aforementioned problems are the major challenging issues that would restrict the 

application of rectennas in practical energy harvesting systems and wireless sensor platforms. 

There are some other issues such as the polarization of the receiving antenna should cope with 

the randomness of ambient wireless signals (that are normally of arbitrary polarization) to avoid 

the power loss due to the polarization mismatch. In addition, the design process of broadband 

rectennas is normally quite complicated, thus the structure of reported rectennas was relatively 

complex which could increase 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 

(e.g., solar panels).  

The aim of this work is to overcome the aforementioned research challenges and problems. 

The objectives of the research in this thesis are: 

 To conduct a citywide EM field measurement campaign. The aim is to identify the 

available frequency bands for AWEH application and meanwhile figure out the average 

power density in different ambient environments. 

 To develop a broadband rectenna that can work well at different ambient low power 

levels. 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 method of reducing the impact on conversion efficiency and impedance 

matching performance of broadband rectennas due to the nonlinear effects of the 

rectifier resulted from power and load impedance variations.  

 To develop a broadband receiving antenna for the system that can receive ambient 

wireless signals with arbitrary polarization. 
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 To develop a method of reducing the complexity of broadband rectennas so that the 

cost of the rectenna system can be significantly reduced.  

 To develop a novel rectenna structure that is adaptive to a wide frequency band, a wide 

input power level and load impedance range. The aim is to extend the suitability of such 

rectennas in different systems and applications.  

 

1.2  Thesis Outline 

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

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

effect (performance variation) and a much-simplified structure for the target WPT and AWEH 

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 AWEH 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 

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

separate sections.  

 Chapter 3 discusses the methodology and results of an EM field measurement 

campaign. Using the measurement data, a novel broadband high efficiency rectenna is 

designed for AWEH applications. The antenna is configured with a dual-polarization 

capability and embedded with a harmonic rejection property. This broadband rectenna 

demonstrates a significant improvement on its power conversion efficiency at ambient 

low power levels and shows the feasibility of energy harvesting at an indoor ambient 

environment.  

 Chapter 4 presents a multiband rectenna design using a novel improved impedance 

matching network. This design covers six frequency bands and demonstrates a reduced 

nonlinear effect against a wide load impedance range. An ultra-wideband circularly 

polarized receiving antenna is proposed. Different from the majority of existing designs 

that are optimized for a fixed load resistance, for the first time, this design shows 
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consistent efficiency over a wide frequency band and load impedance range. It also 

demonstrates the highest harvested power by a single rectenna in the literature (at 

typical ambient environments/under similar conditions).  

 Chapter 5 discusses a novel hybrid resistance compression technique for reducing the 

impedance variation (due to nonlinearity) of broadband rectennas. It is the first design 

that applies the resistance compression network in a broadband matching network. This 

broadband rectenna demonstrates consistent efficiency over the widest fractional 

bandwidth and load impedance range in the literature. 

 Chapter 6 describes a cutting-edge technology to eliminate the need of impedance 

matching networks for broadband rectennas. For the first time, it demonstrates that the 

antenna can be directly matched with the rectifier through a special high impedance 

conjugate matching system. This novel broadband rectenna has a very simple structure 

and shows a reduced nonlinear effect by using such a high impedance matching system. 

This rectenna demonstrates a consistently high efficiency over a wide frequency band, 

input power and load impedance range. It also shows a good capability of configuring 

with different types of diodes without the need of a matching network. This design 

methodology overcomes the drawbacks of broadband rectennas.  

 Chapter 7 presents a novel adaptive rectenna design that can cope with a variety of 

operating frequencies, input power levels and load impedance. The operating frequency 

band of this design can be manually tuned over a wide band through a number of 

shorting pins loaded on a patch antenna. Also, it is realized without the introduction of 

complex matching networks. The antenna is configured with a random polarization 

receiving capability and a number of adaptive rectifier for a wide input power range. 

This design extends the suitability of broadband rectennas in different applications and 

systems.  

  Finally, Chapter 8 provides a summary of the major contributions of this thesis. In 

addition, some future work recommendations for this research topic are suggested. 
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Chapter 2 Literature Review 

2.1 History of Wireless Power Transfer 

The theoretical foundation of WPT dates back to 1819 when H. C. Oersted discovered that a 

magnetic field could be generated from an electric current flow [1]. However, most existing 

theories at that time such as the Ampere’s Law and Faraday’s Law were derived for modelling 

the basic property of magnetic field. It was not until 1864, the introduction of Maxwell’s 

Equations provided a clearer picture about how electric and magnetic fields were generated 

and altered by each other [2]. His book entitled “A Treatise on Electricity and Magnetism” was 

later published in 1873, unified the study of electricity and magnetism (which are known to be 

regulated by the same force since then). These historic progresses established the theoretical 

foundation of electromagnetism. The development of WPT was mostly based on the same 

theoretical foundation of electromagnetism.  

As time went on, another technical breakthrough appeared in 1888, which was the first 

experimentally demonstrated existence of electromagnetic radiation by Heinrich Hertz, who 

used induction coils connected with an oscillator to transmit electricity over a tiny gap [3]. 

Three years later, the father of alternating current (AC) electricity, Nikola Tesla, repeated and 

then expanded on Heinrich Hertz's experiments. He found that the high frequency current 

overheated the iron core and melted the insulation between the primary and secondary windings 

in the Ruhmkorff coil originally used in Hertz’s setup.  To fix this problem, Tesla changed the 

design so that there was an air gap instead of insulating material between the primary and 

secondary windings and the iron core could therefore be moved to different positions in or out 

of the coil [4]. In 1899, he developed the famous “Tesla coil” which was resonated at a 

frequency of 150 kHz and was fed with 300 kW of low-frequency power obtained from the 

Colorado Springs Electric Company [5]. He became the first person to conduct experiments of 

WPT based on microwave technology. A picture of Tesla’s experiment is depicted in Fig. 2-1 

which was known as an evidence of the first experiment of power transmission without wires. 

In 1901, Tesla constructed the Wardenclyffe Tower (also known as the Tesla tower, shown in 

Fig. 2-2) to transfer electrical energy without cords through the ionosphere [7].  Tesla intended 

to transmit messages, telephony and even facsimile images across the Atlantic to England and 
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to ships at sea based on his theories of using the earth to conduct the signals. But, because of 

the technology limitation such as the low system efficiency due to large-scale electric field, 

this idea has not been further investigated and commercialized [8].  

During 1920s and 1930s, magnetrons were invented to convert the electricity to microwaves, 

which enabled the wireless power transmission over large distances [9]. While the development 

of radar in The 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 the development of WPT. It was more than a decade after The World 

War II that the development of WPT was almost abandoned.  

 

 

Fig. 2-1. Tesla’s experiment of power transmission via radio waves using tesla coil in 

springs laboratory, Colorado, 1899 [6]. 
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Fig. 2-2. Image of Wardenclyffe Tower located in Shoreham, Long Island, New York, 

1904 [8].  

 

Fig. 2-3. W. C. Brown’s microwave-powered helicopter in flight 60 ft above a transmitting 

antenna. The helicopter was demonstrated to media in October 1964 [10].  



Chapter 2: Literature Review 

P a g e | 13  

 

 

Fig. 2-4. The first ground-to-ground MPT experiment in 1975 at the Venus Site of the 

JPL Goldstone Facility [11]. 

Years and years after, it was until 1964, W. C. Brown realized the conversion of microwaves 

to electricity using 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 [10]. This 

experiment confirmed the practicality of microwave powered applications thus stimulated the 

research interest on this topic during the 1970s and 80s. In 1975, Brown, Richard Dickinson 

and his team succeeded in the largest microwave power transmission (MPT) demonstration at 

the Venus Site of the JPL Goldstone Facility (Fig. 2-4). They transmitted 450 kW power using 

a 2.388 GHz parabolic antenna (with a diameter of 26 m) and the received the power across a 

distance of 1 mile using a rectenna array (with a size of 3.4 m × 7.2 m).  The rectified DC 

power was 30 kW with a rectifying efficiency of 82.5% [11]. 

Another major motivation for MPT research in the 1970s and 80s was to develop a solar power 

satellite (SPS), which was conceived in 1968 by Peter Glaser [12]. The satellite would harvest 

energy from the sunlight using solar cells and beam it down to Earth as microwaves to huge 

rectennas, which would then convert it to electrical energy on the electric power grid. In 1983, 

based on this idea, Japan launched the microwave ionosphere nonlinear interaction experiment 

(MINIX), a rocket experiment to test transmission of high power microwaves through the 

ionosphere [13]. In the MINIX experiment, the researchers used a cooker-type 800 W, 2.45 

GHz magnetron for a microwave transmitter. A picture of this experiment is shown in Fig. 2-

5.  
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                                    (a)                                                                    (b) 

Fig. 2-5. The first rocket SPS experiment by H. Matsumoto in Japan in 1983, called the 

MINIX project. (a) Photo of mother and daughter rockets. (b) Photo of the experiment 

[13]. 

 

Fig. 2-6. The demonstration of the Witricity system [14]. 
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During the same period, the near-field non-radiative coupling-based power transfer was not 

popularly investigated and therefore developed slowly. It was until 2007, nearly 100 years later 

after the birth of tesla coil, a group of researchers at the Massachusetts Institute of Technology 

demonstrated a new approach for transmitting energy over larger distances using resonant 

inductive coupling, providing 60 W to a lamp placed 2 m from the transmitter with an 

efficiency of 40% [14]. A picture of the demonstration of this experiment is given in Fig. 2-6. 

Based on this technology, the wireless power consortium (WPC) was established in 2008 to 

develop wireless charging of mobile devices [15]. They established the “Qi” standard for 

inductive coupling WPT in December 2010 [16], [17]. An example of Qi charging pads is 

shown in Fig. 2-7, which have been widely used for wireless charging applications nowadays.  

 

Fig. 2-7. Qi inductive charging pad [17]. 

 

Fig. 2-8. A brief history of wireless power transmission. 
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Fig. 2-8 depicts a brief development history of the WPT as discussed above. In summary, the 

WPT technologies can be broadly classified into two categories – the non-radiative coupling 

based WPT and the radiative RF-based WPT. More specifically, the former technology consists 

of three types of WPT techniques:  inductive coupling [18], magnetic resonance coupling [14] 

and capacitive coupling [19]. While the latter technology can be further sorted into directive 

RF power beamforming and non-directive RF power transfer [20], [21]. The comparison of 

different WPT technologies is given in Table 2-1. Some important properties are listed for the 

RF radiation, inductive coupling and resonance coupling technologies. The readers can refer 

to [22] and [23] for more detailed discussions on coupling-based WPT technologies. In the next 

section of this chapter, we will mainly discuss the RF-based WPT and AWEH using rectennas.  

Table 2-1. Comparison of different WPT technologies 

 RF radiation/ RF 

energy harvesting 

Inductive coupling Magnetic 

resonance coupling 

Field region Far-field  

radiative 

Near-field  

non-radiative 

Near-field  

non-radiative 

Method Antennas Coils Resonators 

 

Effective distance 

Dependent on 

frequency and power 

level, typically from 

several meters up to 

kilometres 

Normally from a few 

millimeters to a few 

centimeters 

From a few 

centimeters to a few 

meters 

 

Efficiency 

From 1% up to 85% 

when the power is 

between -30 dBm 

and +20 dBm 

From 10% to 60% 

when the frequency 

is from 15 kHz to 

500 kHz 

From 20% to 90% 

when the distance is 

between 3 m to 50 

cm. 

 

Applications 

Low power sensors, 

energy harvesting 

wireless sensor 

networks, RFID etc. 

Contactless cards, 

mobile phone 

charging pads etc. 

Electric vehicles, 

medium range 

wireless charging 

etc. 
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2.2 Overview of Rectennas Studies 

 Rectennas for High Power WPT 

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 [24]-[32]. For example, K. Chang et al. developed the first 35 GHz rectenna 

with an incident power of 60 mW and a maximum conversion efficiency of 35% [24]. Other 

designs were mainly for ISM 2.4 GHz and 5.8 GHz bands. In [29], a high-efficiency 5.8 GHz 

rectenna was designed for 50 mW input power with a maximum conversion efficiency of 82%. 

The structure of this design is given in Fig. 2-9. A low pass filter was used to match a dipole 

antenna with a single shunt rectifying diode. The rectified DC power was delivered to a 327 Ω 

load resistor through a DC pass filter. Based on a similar configuration, a dual-band rectenna 

was reported in [32] that had resonant frequencies at 2.4 and 5.8 GHz. As shown in Fig. 2-10, 

two dipole antennas were connected to a series of band-stop filters, and coupled to a Schottky 

barrier diode. The conversion efficiency of this design was up to 84% when the input power to 

the rectifier was 80 mW. It was demonstrated that the filters for harmonic rejection used in this 

design were the key elements to increase the conversion efficiency. The reason for such 

improvements was that the higher-order harmonic signals generated by the rectifier were 

blocked by the low-pass filter 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 were delivered to the load as well. 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. 

 

Fig. 2-9. The 5.8-GHz rectenna configuration proposed in [29]. 
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Fig. 2-10. The dual band 2.4 and 5.8 GHz rectenna reported in [32]. 

During the same period, a few rectenna arrays were reported with the aim to improve the RF 

power received by the antenna and meanwhile to increase the output power delivered to the 

load. Some examples of such rectenna arrays are depicted in Fig. 2-11. In [33], 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. In 2003, a high efficiency C-band 

circularly polarized rectenna array was reported [34]. As shown in Fig. 2-11 (b), each receiving 

CP antenna had a realized gain of 11 dB and a better than 1 dB axial ratio with a fractional 

bandwidth of 4.7%. This design achieved 81% conversion efficiency at 5.71 GHz and used a 

CPS band-reject filter (BRF) to suppress the re-radiated harmonics by about 19 dB. A similar 

design was reported in [36] and shown in Fig. 2-11(d). This rectenna array worked well at 5.8 

GHz with a CP feature to avoid the polarization mismatch of a linear polarization (LP) design. 

It achieved more than 73% conversion efficiency at a power level of 10 mW.  

In [34], the first broadband rectenna array was reported with an operating frequency band from 

2 to 18 GHz. The idea was basically to employ a travelling wave wideband spiral antenna 

coupled to a single rectifying diode directly. However, due to the strong nonlinearity and 

complex impedance of the diodes, this design showed strong impedance mismatch between the  



Chapter 2: Literature Review 

P a g e | 19  

 

 

(a)                                                                        (b) 

        

                                   (c)                                                                           (d)         

Fig. 2-11. (a) The large rectenna array with 256 rectenna elements reported in [33]. (b) 

The C-band circularly polarized rectenna array shown in [34]. (c) A broadband spiral 

rectenna array reported in [35]. (d) The 5.8 GHz circularly polarized rectenna array 

shown in [36].  

antenna and rectifier. The maximum conversion efficiency was only 20% when the input power 

was 17 dBm. A picture of this 64-element rectenna array is shown in Fig. 2-11 (c). 

Circularly polarized rectennas or rectenna arrays with harmonic rejection were demonstrated 

to have good performance for WPT applications [37]-[43], since the loss due to the polarization 
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mismatch between the transmitting antenna and receiving rectenna can be removed and the re-

radiation 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 is a single band design and optimized for relatively high input powers (e.g., 

from 10 mW to 10 W). 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 different. 

Up to now, there are no good enough methods to design a rectenna that can work well for a 

range of input power levels and load impedance.  

 

 Rectennas for Low Power Energy Harvesting 

The idea of ambient RF energy harvesting (also known as wireless energy harvesting) has 

emerged in the recent years (after 2010). It is motivated by the rapid development of consumer 

communication market, where an increasing number of RF base stations for communications 

have been gradually mapped around the world to ensure a wide network coverage. From the 

data reported in 2012 [44], there have been about 12 million cellular base stations deployed in 

the world and each station radiates around 4 W isotropic power. Moreover, according to [45], 

WiFi 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 obvious that there has been a decent amount of RF powers broadcasted into the air through 

various sources (such as radio, DTV, WiFi 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. While 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. 2-12 for typical ambient environments 

(exclude the locations that are very close to RF power stations). It is shown that the ambient 

RF power densities over the broadband are generally below 10 nW/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. 
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There have been some rectennas for low power RF energy harvesting reported in the literature. 

The diodes for energy harvesting applications should be carefully selected since some diodes 

are of high power consumption that may not be very significant for high power WPT 

applications, but may negatively affect the performance of low power AWEH. In [48], 

researchers compared the performance of different types of diodes typically used for rectenna 

designs. The best conversion efficiency curve achieved by each single diode is shown in Fig. 

2-13. 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 large series resistance created by the conventional semiconductor configuration of 

these diodes.  

A 2.4 GHz dual-polarized rectenna for low power energy harvesting was reported in [49]. This 

design was aimed to harvest the ambient WiFi energy with a maximum conversion efficiency 

of 38.2% at an ambient power density of 1.5 μW/cm2. However, it was found that the harvested 

power from a single band using such a rectenna was very low (less than 1 μW) and therefore 

not acceptable for most applications [50]-[52]. In order to increase the harvested power from 

the rectenna, some dual-band rectennas were reported in [53]-[55]. As depicted in Fig. 2-14, a 

dual band folded dipole rectenna was presented with conversion efficiency of 37% and 30% at 

frequency bands of 915 MHz and 2.45 GHz respectively [53]. The input power for this design 

was -9 dBm and the load resistor used for the rectenna was 2.2 kΩ. Another dual-band rectenna 

was designed using a broadband Yagi antenna array and reported in [56]. This design 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. 2-15. It demonstrated a conversion 

efficiency of 40% and a 400 mV measured output voltage across a 5 kΩ load resistor.  

It was demonstrated that the output power from a dual-band rectenna was much higher than 

that from a single band one. Therefore, by extending the operating frequency band of the 

rectenna, the conversion efficiency and output power can be significantly improved. But, due 

to the strong nonlinearity of the rectifying circuits, the impedance of the rectifier normally 

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

rectennas cover more than three bands is extremely challenging.  
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Fig. 2-12. Power densities measured on a street nearby the Waterloo train station, 

London, U.K. The measurement method (max-hold measurements over three sweeps) is 

not accurate enough to provide a quantitative information, but these data are 

representative of what spectra can be expected in an urban environment. (Data excerpted 

from [47].) 

 

Fig. 2-13. State-of-the-art microwave rectifier circuits (measurements) using different 

types of rectifying diodes [48]. 
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Fig. 2-14. A folded dipole rectenna: (a) design of the top and side view and (b) fabricated 

rectenna [53]. 

A multiband rectenna was reported in [57] to cover 900 MHz, 1750 MHz, 2150 MHz and 2450 

MHz bands. The structure of this design is given in Fig. 2-16. It can be seen that the multiband 

matching network of this design was achieved by cascading a number of microstripline-based 

L-networks. However, due to the high loss of such a matching network with cascaded circuit 

components, the conversion efficiency of this design was lower than 30% when the input power 

to the rectifier was around 100 μW. Another broadband design employed the similar matching 

network configuration intended to cover a frequency band from 0.9 to 2.5 GHz [58]. But, the 

conversion efficiency over the frequency band was lower than 8% which confirmed the 

challenges of broadband rectenna designs. In [59], a new configuration was introduced to 

improve the overall efficiency of multiband rectennas. As shown in Fig. 2-17, the overall 

conversion efficiency was 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.  
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Fig. 2-15. The dual-band Yagi rectenna presented in [56] and the measurement setup on 

the top of a building. 

 

Fig. 2-16. Multiband rectenna with broadband phase shifter and multiband matching 

network [57].  
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Fig. 2-17. The multiband rectenna configuration in [59]. The overall conversion efficiency 

was improved by using such a stacked rectifier array structure.  

 Techniques to Reduce the Performance Variation of Rectennas  

Another major challenge of rectenna design is to overcome the effect due to the strong 

nonlinearity of rectennas. As we have summarized in section 2.2.1, the input impedance of the 

rectifier would vary significantly as a function of frequency, power and load. Thus the 

conversion efficiency of the rectenna can be influenced by the impedance mismatch caused by 

such variations. Most reported broadband rectennas for AWEH were optimized for a fixed load 

resistance and input power level. They had very limited capability to deal with the 

aforementioned nonlinear effects. To overcome this problem, a special matching network 

called the resistance compression network, for reducing the impedance variation of the rectifier 

versus load impedance variation of the circuit, was introduced in [60] for the first time. As 

depicted in Fig. 2-18, the network consists of two circuit branches that exhibit an opposite 

phase response (180 degrees difference) between each other. The input impedance of the 

network could experience smaller variation when the load impedance of the circuit varies 

significantly. It was demonstrated that this approach can significantly reduce the nonlinear 

effect of the rectenna. Following this idea, a dual-band rectenna using such a network was 

reported in [61], a single band differentially fed rectifier with a resistance compression network 

was introduced in [62] and a transmission line-based resistance compression rectifier was 

presented in [63] for 2.45 GHz WPT application. The structures and layouts of these designs 

are shown in Fig. 2-19. 
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(a)                                                                         (b) 

 

(c) 

 

(d) 

Fig. 2-18. Resistance compression circuits. Each of these circuits provides a compression 

in apparent input resistance. At the resonant frequency of the LC tank the input 

resistance Zin varies over a narrow range as the matched resistors R vary over a wide 

range. (a) Two elements lumped-element case. (b) Two elements transmission line case. 

(c) Four elements case. (d) Design example of a 100 MHz DC-DC converter using 

resistance compression network [60].  
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                               (a)                                              (b)                                        (c) 

Fig. 2-19. (a) Dual band rectifier for 0.915 and 2.45 GHz application using lumped-

element based resistance compression unit cells [61]. (b) Differential rectifier with 

resistance compression network [62]. (c) Transmission line-based resistance compression 

rectifier for 2.45 GHz WPT [63].  

 

                                   (a)                                                                            (b) 

Fig. 2-20. The RF-DC-DC rectifying system for constant efficiency over large load ranges. 

(a) The rectifier design for 2.45 GHz. (b) The buck-boost converter that was connected to 

the output of the rectifier [65].  
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Moreover, in [64], a novel resistor emulation approach for replacing the load resistor of a 

conventional rectenna by a boost converter with a low power controller was presented. The 

proposed RF energy harvesting system employed a 2.4 GHz dual linearly polarized 6 cm × 6 

cm patch rectenna, a boost converter and controller designed with commercially available 

components, and a 4.2-V thin-film Lithium battery. It was demonstrated that the harvested 

power for battery charging ranged from 420 to 8 μW for a rectenna output power ranged from 

545 to 23 μW, respectively. Based on this idea, an RF-DC-DC rectifying system was proposed 

to achieve a constant efficiency over a wide load impedance range [65]. A buck-boost converter 

was connected to the rectenna to emulate the load resistor. The overall efficiency was more 

than 60% when the load resistance varied from 100 to 5000 Ω and the input power changed 

from 40 to 100 mW. The system configuration of this design is given in Fig. 2-20. Some other 

designs such as a load modulated rectifier with a circuit start-up strategy [66], adaptive 

rectifiers with optimal power selection [67] and hybrid power harvesting rectifiers with a 

vibration energy supply [68] were proposed with the aim to reduce the impact of the circuit 

nonlinearity for low power RF energy harvesting, but most of them introduced a complex 

circuit structure and additional elements that will increased the total cost and loss of the design. 

Up to now, there are no good enough methods to overcome the aforementioned problems. 

2.3 Summary 

In this chapter, some historical milestones and significant achievements in WPT and AWEH 

technologies have been reviewed. It has been clearly shown that the research of WPT and 

AWEH is of great significance to the modern industry and it will still be an important research 

topic for the coming decades. The studies of rectennas for WPT and AWEH applications have 

been highlighted and discussed in detail. It was found that the majority of existing rectennas in 

the literature have not been focused on broadband rectennas due to the difficulty and 

complexities in the design. Also, most existing 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. 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 High-Efficiency Broadband Rectennas 

for Ambient Wireless Energy Harvesting 

First of all, as a starting point of this work, the characteristics of the ambient radio-frequency 

energy are studied in this chapter. The results are then used to aid the design of a new rectenna 

for ambient wireless energy harvesting over the frequency band identified from this research. 

A novel two-branch impedance matching circuit is introduced to enhance the performance and 

efficiency of the rectenna at a relatively low ambient input power level. A new broadband dual-

polarized cross-dipole antenna is proposed which has embedded harmonic rejection property 

and can reject the second and third harmonics to further improve the rectenna efficiency. The 

measured power sensitivity of this design is down to −35 dBm and the conversion efficiency 

reaches 55% when the input power to the rectifier is −10 dBm. It is demonstrated that the output 

power from the proposed rectenna is higher than the other published designs with a similar 

antenna size under the same ambient condition. The proposed broadband rectenna could be 

used to power many low-power electronic devices and sensors and found a range of potential 

applications. 

3.1 Introduction 

With the explosive and rapid development of wireless technologies, the ambient wireless power 

density is growing since there is an increasing number of various electromagnetic power 

sources such as the cellular mobile base stations, digital TV towers, and Wi-Fi routers. The 

idea of utilizing the radio-frequency (RF) energy to power low-power electronic devices has 

gained a lot of popularity in recent years in order to replace the battery and save maintenance 

cost. Wireless energy harvesting using rectifying antenna (rectenna) technologies is a feasible 

solution to convert the ambient RF power to a usable DC power. Thus, a lot of progress has 

been made in the research of the rectenna, which is the most widely adopted device for the 

wireless power transmission (WPT) and energy harvesting over the past 10 years or so. Various 

designs, such as single-band rectennas and arrays [1]–[7], multiband rectennas [8]–[12], and 

broadband rectenna arrays [13], have already been investigated and different antennas and 
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rectifier designs have also been analyzed and summarized in such as [14] and [15]. The overall 

performance of a rectenna is normally determined by the performance of the antenna and the 

conversion efficiency of the rectifying circuit. A single narrow-band design is conducive to 

achieve high efficiency but the amount of the DC output power is limited. A multiband or a 

broadband design or a rectenna array can accumulate more power from the weak ambient 

sources and produce more output power than that from a narrow-band rectenna, but the trade-

offs might be a decreased overall efficiency and an increased dimension. At present, the main 

challenge of wireless energy harvesting is how to improve the power conversion efficiency at 

low-input power levels over a broad frequency band.  

There have been some approaches to improve the antenna performance using such as the 

polarization diversity [16]–[18]. The power conversion efficiency can be improved by using a 

filter between the antenna and the rectifier to reject the higher order harmonics generated by 

the nonlinear rectifying circuit [19]. Some designs in such as [20] and [21] using an antenna- 

filter structure have embedded the harmonic-rejection property on the receiving antenna to 

replace a filter. Additionally, in order to handle the instability of ambient incident signals, the 

potential of utilizing an adaptive rectifier to match the dynamic input power level is discussed 

in [22] and [23]. It is found that most reported rectennas are not optimized for the ambient 

signal levels in reality. The desired input power levels for most of these designs are much 

higher than the ambient input power levels.  

In this chapter, we propose a novel broadband rectenna for RF energy harvesting which works 

well from 1.8 to 2.5 GHz (to cover the U.K. GSM-1800/4G, 3G/UMTS-2100, and WLAN 

bands). The rectenna is designed and optimized for relatively low input powers (−35 to −10 

dBm) as we have found in our measurement campaign (the details of the campaign will be 

introduced in Section 3.2). This design is quite different from the conventional rectenna design 

in terms of the incident power level as well as the bandwidth. The power sensitivity is enhanced 

by a new rectifier circuit which is aimed to reduce the RF power consumption. In addition, a 

novel impedance matching circuit is introduced to match the broadband rectenna with various 

low input power levels. The harmonic rejection property is embedded on the antenna to make 

the size more compact and improve the overall efficiency. The rectenna is fabricated and tested. 

The measured results show that the rectenna has good sensitivity at low input power levels. 

The minimum detectable input power level of this design is −35 dBm. With a similar input 

power level, our measured output DC power is higher than the other published results. The rest 

of this chapter is organized as follows. Section 3.3 explains the configuration of the rectenna 
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includes the design of an improved broadband rectifier and the design of a broadband dual-

polarization antenna with harmonic-rejection. Section 3.4 describes the experimental results of 

the rectenna. Finally, a summary is drawn in Section 3.5. 

3.2 Liverpool EM Field Measurement Campaign 

Some researchers have conducted the field measurement survey in order to identify the 

frequency band and power density of the ambient electromagnetic fields [24], [25]. The 

measured frequency band was relatively broad (from 500 MHz to 3 GHz) and the difference in 

reported power levels was quite significant. In order to gain a better understanding of the 

ambient wireless energy, we have also conducted a field measurement campaign in the city 

centre area of Liverpool in the U.K. The surveyed area was selected according to the mobile 

radio coverage map which was available on the Internet as shown in Fig. 3-1 [26]. As expected, 

the signal strength in the city centre area is the strongest. Therefore, the city centre of Liverpool 

was the main area for the measurement. Two broadband antennas (R&S®HL223 and 

R&S®HF906) and an Agilent portable spectrum analyzer were used to obtain the data from 

200 MHz to 5 GHz [27], [28]. The experiment setup is shown in Fig. 3-2. At each individual 

measurement location, the maximum received power for three different polarizations was 

recorded by changing the direction of the receiving antenna. The sweep time of each 

measurement was set as 5 minutes in order to get the analyser sufficiently swept. The trace of 

the received signal spectrum on the instrument was set as “Maximum Hold”.  

Fig. 3-3 shows the detailed locations (marked in the Google map) where the measurements 

were conducted. Each marker in the map was linked to the measured results including the 

frequency band and received power level. According to the difference of the measured ambient 

RF power density, the areas were divided into three categories; 1) the places such as the 

squares, gardens and car parks were classified as the outdoor scenario with the highest received 

power; 2) offices, restaurants and domestic areas were classified as the indoor scenario with 

the weakest signals; 3) some special locations such as the train stations, museums and 

cathedrals had the medium level of power, thus they were defined as a new category – the semi-

outdoor scenario. Each category contains 30 measurements in completely random and different 

locations. The measurements were conducted between 8:00 and 19:00 during week days. The 

total period of this experiment was around 3.5 months (from Jan. 2014 to Mar. 2014).  
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Fig. 3-1. The mobile radio coverage heat map of the city of Liverpool, UK. The data was 

collected from opensignals.com [26]. 

 

Fig. 3-2. The experiment setup of the field measurement campaign. 
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Fig. 3-3. The detailed measurement locations and data information recorded in the 

Google map with three scenarios: indoor, outdoor and semi-indoor.  

The received power level (signal spectrum in dBm) is then converted to the ambient RF power 

density (dBm/m2) by using the antenna factor (obtained from the datasheet of R&S®HL223 

and R&S®HF906) and conversion theory in [29]. The measured ambient RF power densities 

over the frequency band from 200 to 1300 MHz (measured by using the log-periodic antenna) 

and the frequency band from 1 to 5 GHz (measured by using the horn antenna) are shown in 

Figs. 3-4, 3-5 and 3-6 for outdoor scenario, semi-outdoor scenario, and indoor scenario 

respectively. It can be seen that the RF powers at T-DAB band around 200 MHz, DTV bands 

from 400 to 800 MHz, GSM/CDMA bands around 900 MHz and 1800 MHz, UMTS band 

around 2100 MHz and Wi-Fi band around 2450 MHz were observed. The outdoor scenario 

shows the highest ambient RF power density (up to -5 dBm/m2). The indoor scenario shows a 

relatively low RF power density where the power density is lower than -25 dBm/m2 for most 

frequency bands. The average power density over the entire band of interest is shown in Fig. 

3-7 for the three cases. In summary, the available frequency band for ambient wireless energy 

harvesting is from 200 to 2500 MHz while the input power of interest is from -35 to -10 dBm 

for the typical ambient outdoor and indoor environments. The following sections will introduce 

the design of a broadband rectenna according to the aforementioned specifications.  
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(a) 

 

(b) 

Fig. 3-4 The measured ambient RF power density over the frequency band from (a) 200 

to 1300 MHz and (b) 1 to 5 GHz for outdoor scenario. 

 



Chapter 3: High-Efficiency Broadband Rectennas for Ambient Wireless Energy Harvesting 

P a g e | 41  

 

 

(a) 

 

(b) 

Fig. 3-5. The measured ambient RF power density over the frequency band from (a) 

200 to 1300 MHz and (b) 1 to 5 GHz for semi-outdoor scenario. 
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(a) 

 

(b) 

Fig. 3-6. The measured ambient RF power density over the frequency band from (a) 200 

to 1300 MHz and (b) 1 to 5 GHz for indoor scenario. 
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Fig. 3-7. The average power density over the frequency band of interest for outdoor, semi-

outdoor and indoor cases.  

3.3 Rectenna Design 

In order to increase the output power from a rectenna, a novel high-efficiency broadband 

rectenna is proposed and shown in Fig. 3-8 with the optimized dimensions. A planar dual-

polarized antenna is built on a low-cost FR4 substrate with a relative permittivity of 4.4 and a 

thickness of 1.6 mm. The rectifying circuit is built on the Duroid 5880 substrate with a relative 

permittivity of 2.2 and a thickness of 1.575 mm [shown in Fig. 3-8 (a)]. The antenna and the 

rectifier are linked by a 50-Ω microstrip line which is built on a FR4 board with an H-shaped 

slot filter on the ground plane. A flower-shaped slot filter is embedded on the antenna patch. 

Both filters are used to suppress the second and third-order harmonics produced by the rectifier 

in order to improve the overall power conversion efficiency of the rectenna. The fabricated 

prototype is shown in Figs. 3-8 (c) and (d). The overall dimension of the rectenna is 70 × 70 × 

13.2 mm3. 
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(a) 

 

(b) 

 

   (c)                                                            (d) 

Fig. 3-8. (a) 3-D model of the proposed rectenna. (b) Side view of the proposed rectenna. 

(c) Front side of the fabricated prototype. (d) Back side of the fabricated prototype. 
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 Rectifier Design 

The rectifying circuit is a vital part of a rectenna since it decides the RF–to-DC conversion 

efficiency. A good rectifier must have a low power consumption, good power sensitivity, and 

good power handling capability [30]. Normally, a rectifying circuit consists of an impedance 

matching circuit for delivering the maximum power, a rectifying element (diode) to perform 

the RF-to-DC conversion, a DC-pass filter for smoothing the ripple of output DC and a load 

(resistor).  

 

Fig. 3-9. Configuration of a conventional single series diode rectifying circuit. 

A conventional single series diode rectifying circuit is depicted in Fig. 3-9. The RF power 

received by the antenna is attenuated passing through the impedance matching circuit and the 

diode. The remaining power is converted to the DC power. The capacitor C1 acts as a high-

pass filter and energy storage element. However, in this scenario, only the positive half cycle 

of the wave can be rectified by the diode and the negative half cycle is rejected. The single 

series diode configuration (which is different from the single shunt diode configuration) is not 

efficient for ambient RF energy harvesting since the incident power density is relatively low 

which does not satisfy the biasing requirement of the circuit. Also, the breakdown voltage 

(maximum achievable voltage for the saturation condition) of the single diode rectifier is 

limited which could affect the power handling capability of the circuit [32]. Thus, an improved 

configuration, a voltage doubler rectifier is proposed and shown in Fig. 3-10 which may also 

be considered as a modification of the single shunt diode configuration. The positive half cycle 

of the wave is rectified by the series diode D1 and the energy is stored in C1. The negative half 

cycle of the wave is rectified by the shunt diode D2 and the energy is stored in C2. The energy 

in C2 can be transferred to C1 so that the voltage across C1 is approximately two times of the 

peak voltage in the single series diode configuration. The breakdown voltage of the rectifier is 
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increased hence the theoretical maximum conversion efficiency of the rectifier is also 

improved. Moreover, the biasing voltage of D1 is provided by using part of the rectified wave 

from D2, which reduces the input RF power requirement (hence to improve the power 

sensitivity). In order to improve the sensitivity and efficiency further, a full-wave rectifier, 

named Greinachar [31], is selected for our rectenna design. It is equivalent to a two-stage 

voltage doubler circuit formed in a bridge type and the topology is given in Fig. 3-11. There 

are two branches with two diodes in each branch. The biasing voltage of each diode can be 

partially produced by the output of the previous diode. The total RF power consumption is 

reduced by using the new configuration. The power sensitivity is improved and a good power 

handling capability is achieved by using the mechanism of full-wave rectification. A proper 

choice of the diode is also critical 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 a weak input signal (forward bias voltage: 60–120 mV 

at 0.1 mA) [32].  

 

Fig. 3-10. Configuration of a conventional voltage doubler rectifying circuit. 

The impedance matching circuit is a crucial and also difficult part of this design. Due to the 

nonlinearity of the rectifier, the input impedance of the rectifier varies with the frequency, input 

power level, and load resistance. Different from the conventional rectenna design for a fixed 

frequency and input power level, the rectifying circuit for energy harvesting needs to match 

with the dynamic conditions of the ambient input signal. The impedance needs to be matched 

not only as a function of frequency, but also as a function of the input power level. Thus, a 

novel two-branch impedance matching circuit has been designed and optimized to meet the 

requirement using the advanced design system (ADS) software. 
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Fig. 3-11. Configuration of the novel full-wave Greinacher rectifying circuit with two-

branch impedance matching circuit. 

 

Fig. 3-12. Topology of the proposed rectifying circuit with a two-branch impedance 

matching network. The parameters are in unit: mm. 
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Fig. 3-13. Measured and simulated S11 of the rectifier for two power levels. 

 

The final design is shown in Fig. 3-12. The upper branch consists of a radial stub, a short stub, 

and a 6 nH chip inductor and is aimed to get the circuit matched around 1.8 and 2.5 GHz. The 

lower branch consists of a bent short stub and a 1.8 nH chip inductor and is aimed to get the 

circuit matched around 2.1 GHz. The four chip capacitors are selected as 100 nF and the diodes 

are two pairs of Schottky diodes. A nonlinear spice model with parasitic for the Schottky diode, 

provided by Skyworks Solutions Inc. [32], is used in the simulation. The chip capacitors and 

inductors are modelled using S-parameter files provided by Murata and Coilcraft. The initial 

design was produced for the −35 dBm input power with input impedance of 16.4–153.5j Ω at 

1.8 GHz, 13.2–122.3j Ω at 2.1 GHz, and 10.7–90j Ω at 2.5 GHz. The harmonic balance 

simulation of ADS was then employed to optimize the matching network to higher input power 

levels (up to −10 dBm). An accurate EM tuning was also used to optimize the parameters of 

the matching network.  

As shown in Fig. 3-13, after the optimization, the reflection coefficient S11 of the rectifier for 

the power levels of interest is less than −6 dB over the entire frequency band and less than −10 

dB for the three center frequencies. Since the impedance matching circuit was built on two 

different branches, the size of the circuit was small and compact. The designed circuit was 
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printed on a 32 × 32 mm2 PCB board. The RF-to-DC conversion efficiency of the rectifier can 

be expressed as 

LRFin
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                                  (3.1) 

 

where PDC is the output power in DC, Pin-RF is the input RF power to the rectifier (from the 

signal generator), VDC is the output voltage, IDC is the DC current, and RL is the load resistance. 

By sweeping the load resistance from 1 to 100 kΩ during the circuit optimization, the optimal 

load is found to be 14.7 kΩ so that the conversion efficiency is the highest. An RF signal 

generator was used as the source of input to the rectifier during the measurement. The measured 

and simulated RF-to-DC conversion efficiency (with the optimal load) at the three centre 

frequencies as a function of the input power is depicted in Fig. 3-14. A good agreement between 

the simulated and measured results has been achieved at frequencies 1.85 GHz and 2.15 GHz, 

while the measured conversion efficiency is smaller than the simulated at 2.45 GHz—this 

might be due to the loss of the diodes and the PCB at higher frequencies and the unavailable 

parasitic behaviour of the SMD components. The conversion efficiency is increased from 5% 

(at −35 dBm input) to 55% (at −10 dBm input), which demonstrates that the proposed rectifier 

is with good power sensitivity and is highly efficient for the relatively low input power. The 

measured maximum efficiency is about 70% at 2.15 GHz when the input power to the rectifier 

is 0 dBm. The frequency-dependent conversion efficiency of the rectifier at three input power 

levels is depicted in Fig. 3-15. It can be seen that the conversion efficiency of the proposed 

rectifier over the desired frequency band (1.8–2.5 GHz) is greater than 40%, 20%, and 5% at 

the input power level of −10 dBm, −20 dBm, and −30 dBm, respectively.  

For a better evaluation, a comparison with some recent rectifier designs is given in Table 3-1 

where the most important parameters such as the frequency, bandwidth, RF–DC conversion 

efficiency, and the input power level are presented. If we consider that a broadband device 

should have a fractional bandwidth of 15%, our device seems to be the only one which works 

well over a wide bandwidth and has very high conversion efficiency when the input power 

level is low. It is better than the other published results in terms of the overall performance. 
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Fig. 3-14. Measured and simulated RF-to-DC conversion efficiency of the rectifier versus 

input power at three frequencies. Load resistance: 14.7 kΩ. 

 

Fig. 3-15. Measured and simulated RF-to-DC conversion efficiency versus frequency at 

three input power levels. Load resistance: 14.7 kΩ. 
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TABLE 3-1 Comparison with previous rectifiers 
 

Ref. Operating 
frequency 

(GHz) 

Bandwidth 

(MHz) 

Measured 
maximum 

efficiency (%) 

Input power level of 
interest (dBm) 

 

[3] 2.45 100  

(2400 – 2500) 

67 -25 to -5 

[34] 2.45 NA* 

 

70 20 to 30 

[35] 2.45 NA* 80 13 to 20 

 

[7] 0.9 NA* 

 

75 -7 to 10 

[8] 1.8. 2.2 150  

(1800 – 1900,  

2050 – 2200) 

55 -30 to -10 

[36] 0.9/2.45 

 

NA* 88/77 -10 to 20 

[10] 0.915, 2.45 NA* 

 

50 -15 to 0 

This 
work 

1.8 – 2.5 700  

(1800 – 2500) 

70 -35 to -10 

*NA: Not Available.  
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 Antenna Design 

 

(a) 

 

(b) 

Fig. 3-16. Cross-dipole reference antenna is converted to an antenna-filter structure. (a) 

Front view. (b) Side view. R = 19.2 mm, L = 28.3 mm, W1 = 2.5 mm, H1 = 2.5 mm. 

Parameters are in unit: mm. 

The antenna for wireless energy harvesting normally has special requirements because of the 

randomness of the ambient RF signal. A cross dipole antenna is selected due to its dual-

polarization and broad beam-width which are suitable for incoming waves with arbitrary 

polarization and incident angles [33]. Additionally, the harmonic-rejection property is desirable 

since the rectifier can produce higher order harmonic signals which may be radiated by the 

antenna to reduce power conversion efficiency. The bandwidth of interest is 1.8– 2.5 GHz (to 

cover the GSM1800 (downlink), 3G and WiFi bands according to the results in Section 3.2), 

thus the second and third harmonic frequencies are 3.6–5 GHz and 5.4–7.5 GHz, respectively. 

The conventional approach for the harmonic rejection is to use a low/band pass filter between 
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the antenna and the rectifier to reject the higher order harmonics. It is much more difficult to 

reject a broadband signal rather than a narrow-band signal. The broadband filter may increase 

the overall dimensions of the rectenna and the insertion loss significantly [17]. Thus, a novel 

approach is developed to integrate the antenna and the filter structures.  

As shown in Fig. 3-16 (a), the reference antenna (the starting point) consists of two pairs of 

planar cross dipoles. By cutting a flower-shaped slot on each sector/pole, the surface current 

length can be changed. Moreover, there are three “petals” on the slot, the impedance at the 

second harmonic frequencies can be increased/decreased by tuning the circumference of the 

slot. An H-shaped slot is produced on the ground plane of the antenna micro-strip feed line 

which is at the back and orthogonal to the antenna, as shown in Fig. 3-16 (b). The impedance 

at the third-order harmonic frequencies can be changed by modifying the size and position of 

the H-shaped slot. The antenna is optimized using the CST Microwave Studio. After 

optimization, the higher order harmonic signals are suppressed and the optimal parameters of 

the antenna are given in Fig. 3-16. The simulated and measured reflection coefficients (S11) are 

shown in Figs. 3-17 (a) and (b). 

It can be seen that the reference antenna works well (S11 < −10 dB) over the desired frequency 

band 1.8–2.5 GHz but it also has small reflection coefficients (< −7 dB) over the second and 

third harmonic frequencies (3.6 GHz to 7.5 GHz) which means there is very limited band 

rejection for the higher order harmonic frequencies. By introducing the slot on the reference 

antenna, the antenna impedance is mismatched at the second harmonic frequency band between 

3.6 and 5 GHz. But the frequencies for the third harmonics are not covered. By adding an H-

slot on the feed line, the third harmonic signals can be rejected as shown in Fig. 3-17 (b). The 

measured S11 for the complete antenna system is greater than −1.5 dB at the most frequencies 

from 3.6 to 7.5 GHz (except 4.2 GHz) and is less than −10 dB at the desired bandwidth from 

1.8 to 2.5 GHz. A good agreement between the simulated and measured S11 of the proposed 

antenna is demonstrated. It is important to reject both the second- and third-order harmonics 

since both of them could produce significant loss in reality. Fig. 3-18 (a) shows that the 

simulated S11 over the higher harmonic frequency band with different dimensions of the flower-

shaped slot on the planar antenna.  
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(a) 

 

(b) 

Fig. 3-17. S11 of four different antennas. (a) Fundamental frequency band. (b) Higher 

order harmonic frequency band. 
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(a) 

 

(b) 

Fig. 3-18 Simulated S11 with different values of (a) R and L; (b) H1 and W1. 
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Increasing the values of R and L as shown in Fig. 3-16 (a), the circumference of the slot is 

increased and the change of S11 is quite significant at second harmonic frequencies. The values 

of S11 are increased from −4 dB at 3.25 GHz, −5 dB at 4.3 GHz, and −4.5 dB at 4.9 GHz to 

−2.1 dB, −3 dB, and −1.25 dB, respectively. When R = 19.2 mm and L = 28.3 mm, the result 

is the optimal since the S11 starts to decrease with the increase of these dimensions. The 

simulated reflection coefficient with different dimensions of the H-slot is depicted in Fig. 3-18 

(b). By increasing the height and width of the H-shape slot, the S11 is changed from a low level 

of −2.5 dB to a high level of −1.25 dB at the third-order harmonic band (from 5.4 to 7.5 GHz). 

The optimal result is achieved with H1 = 5 mm and W1 = 2.5 mm. The simulated 3-D radiation 

pattern of the proposed antenna at 2.45 GHz is shown in Fig. 3-19. It can be seen that both the 

co-polarization and cross-polarization radiated fields of the antenna are high which means the 

antenna is able to receive RF waves with either vertical polarization or horizontal polarization 

and has demonstrated that the antenna is indeed dual polarization. Additionally, the radiation 

pattern is shown to be bidirectional with a broad beam-width, thus the antenna can receive 

incident signals from many different angles. Therefore the antenna is very suitable for wireless 

energy harvesting. The simulated and measured 2-D patterns of the antenna at 1.85 GHz, 2.15 

GHz and 2.45 GHz are shown in Figs. 3-20, 3-21, and 3-22 respectively. The half-power beam-

width is 109◦ at 1.85 GHz, 95.6◦ at 2.15 GHz, and 87.5◦ at 2.45 GHz. The simulated and 

measured realized gains of the antenna are plotted in Fig. 3-23. 

 

Fig. 3-19. Simulated 3-D radiation patterns at 2.45 GHz. 
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Fig. 3-20. Measured and simulated 2-D radiation patterns at 1.85 GHz. 

 

Fig. 3-21. Measured and simulated 2-D radiation patterns at 2.15 GHz. 
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Fig. 3-22. Measured and simulated 2-D radiation patterns at 2.45 GHz. 

 

 

Fig. 3-23. Simulated and measured realized gains versus frequency.  
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3.4 Rectenna Measurement and Comparison 

Having optimized both the antenna and the rectifier, the rectenna was made. The measurement 

of the proposed rectenna was conducted in two phases. 1) Using a known power source: A 

broadband antenna was connected to an RF signal generator to transmit signals from 1 to 3 

GHz with a step size of 50 MHz. A power amplifier with a maximum gain of 30 dB was used 

so that the maximum available transmit power was up to 43 dBm (since the maximum output 

power of the signal generator is 13 dBm) . A fabricated prototype antenna was first used to 

receive the signals at various power levels at a distance of 1 m (in the antenna far field). The 

received RF power was measured using a spectrum analyzer and the corresponding 

transmitting power was recorded. The antenna was then replaced by the rectenna at the same 

location. The output DC voltage across the load was obtained. The corresponding received 

power was tunable from −35 to 0 dBm by changing the transmitting power. The output DC 

power in dBm can be calculated by 

)10(log10)( 3
2

10 
L

DC
DC R

V
dBmP                                          (3.2) 

where VDC is the measured output voltage and RL is the optimal load (14.7 kΩ). The measured 

output DC power and conversion efficiency of the rectenna as a function of the received RF 

power and frequency are depicted in Fig. 3-24 (a) and (b). From 1.8 to 2.5 GHz, the measured 

highest DC power was about −12.6 dBm when the RF power received by the antenna was −10 

dBm. The corresponding conversion efficiency was 54.9%. When the received power was as 

low as −35 dBm, the highest DC power was found to be −46.8 dBm with a conversion 

efficiency of 6.6%. The maximum measured conversion efficiency was found to be 70% when 

the received power was 0 dBm.  

2) With an ambient power source: To evaluate the performance of the new broadband rectenna 

in reality, we selected a typical indoor office environment with a relatively low ambient RF 

power density to conduct the measurement. First, we used the proposed antenna and a spectrum 

analyzer to measure the amount of the received power. The typical received power in dBm as 

a function of frequency is depicted in Fig. 3-25. It can be seen that the power is mainly 

distributed at three frequency bands which are GSM-1800/4G, UMTS-2100/3G, and Wi-Fi. 

The input power level over the entire band (from 1.7 to 2.5 GHz) is around −37 to −32 dBm.  
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(a) 

 

(b) 

Fig. 3-24 (a) Measured output DC power of the rectenna as a function of the received RF 

power and frequency. (b) Measured conversion efficiency of the rectenna. 
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Fig. 3-25. Measured received power (using the spectrum analyser) of the antenna in 

reality in an office. 

 

Fig. 3-26. Total power in the band (time-varying) measured by using a wideband power 

sensor. 

The total power in the band of interest was measured by using a wideband power sensor 

provided by Rothde & Schwarz [37], as shown in Fig. 3-26. The measured total power in the 

band received by antenna was varying between −20 and −12 dBm as a function of time. The 

average total power in the band was around −14.3 dBm. Second, the antenna was replaced by 

the rectenna and the output voltage was measured using a voltage meter, as shown in Fig. 3-

27. The measured output voltage was around 250–300 mV. Using (2), the DC power was found 

to be −23.7 to −22.1 dBm which seems to be higher than the incident power levels of −37 to 
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−32 dBm. This is because our rectenna is of a broad bandwidth and has combined received 

power over its band into DC power, the summation (the total power) is therefore larger than 

the input power at a specific frequency. If the average total received power in the band is 

divided by the output DC power, the overall power conversion efficiency in this scenario was 

around 16.6%. In the same condition, the rectenna was also measured in multiple times by 

changing the load resistor. The measured overall conversion efficiency versus different load 

from 5 to 30 kΩ is depicted in Fig. 3-28 with an error bar. The variability of the result was due 

to the difference of the measured DC power. It can be seen that the highest overall conversion 

efficiency was achieved with the optimal load of around 15 kΩ. A comparison between our 

rectenna design and some related designs is given in Table 3-2. It can be seen that the majority 

of the previous work is for single-band, dual-band, or multiband operation. This work provides 

a broadband design with higher conversion efficiency. The dimension of our design is smaller 

than most of the previous designs in term of the volume. If we assume all these rectennas were 

placed at the same place with the same ambient low input power level at each frequency band, 

say −30 dBm, the expected measured output DC power levels are given in the last column, it 

is evident that our design has produced the highest DC output power due to its high conversion 

efficiency and wide frequency bandwidth. Most of the published designs are not able to 

produce sufficient output DC power at such a low ambient power level. 

 

Fig. 3-27. Rectenna measurement in a typical indoor ambience with a voltage meter. 

 



Chapter 3: High-Efficiency Broadband Rectennas for Ambient Wireless Energy Harvesting 

P a g e | 63  

 

 

Fig. 3-28. Measured overall conversion efficiency versus different load with error bar. 

3.5 Summary 

An EM field measurement campaign has been conducted at the city of Liverpool to identify 

the suitable frequency bands and average RF power density for different ambient environments. 

Based on these measurement data, a high-efficient broadband rectenna has been proposed for 

ambient wireless energy harvesting. A novel broadband rectifying circuit with a new 

impedance matching circuit has been designed to match with the ambient RF signals with a 

relatively low power density. The power sensitivity has been improved by using a full-wave 

rectifier circuit configuration. A broadband dual-polarization cross dipole antenna has been 

designed to enhance the antenna receiving capability. The harmonic rejection property has been 

embedded in an integrated antenna by using a novel slot-cutting approach in order to improve 

the overall efficiency and keep the overall size as small as possible. The simulated and 

measured results have shown that the rectenna has maximum conversion efficiency of around 

55% for −10 dBm input power from 1.8 to 2.5 GHz. The power sensitivity is down to −35 

dBm. The rectified DC power can be well above the incident power from any single resource 

due to the broadband operation and high efficient design. Considering the high DC power 

output of this design in a relatively low power density environment, this rectenna can be used 

for efficient wireless energy harvesting for a range of wireless sensor and network applications.  
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Table 3-2. Comparison of the proposed rectenna and related design 

Ref. 
Frequency 

(GHz) 

Dimension 

(mm3) 

Maximum 
conversion 

efficiency @ 
-10 dBm 

input 

Measured 
maximum 
conversion 
efficiency 

Received 
wave 
type 

Measured DC 
power@ ambient 
input power level 

(dBm) 

[1] Single-band 

2.45 

80×87 

×0.635 

70 % 70 % CW* Meas. -40 @ -30 

[8] Dual-band 

1.8,  2.2 

300×380 

×1.6 

50 % 50 % MW* Meas. -24.5 @ -30 

 

[9] Multi-band 

0.9 , 1.75 
2.15, 2.45 

155×155 

×7.2 

16 % 60 % CW* NA* 

 

[10] Dual-band 

0.915, 2.45 

60×60 

×60 

35 % 50 % CW* NA* 

[11] Dual-band 

0.915, 2.45 

61.5×48 

×0.025 

56.2 % 56.2 % CW* NA* 

 

This 
work 

Broad-band 

1.8 – 2.5 

70×70 

×13.2 

55 % 70 % MW* Meas. -19.7 @ -30 

 

*CW: Continuous Wave. 

*MW: Modulated Wave. 

*NA: Not Available 
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Chapter 4 A Novel Six-Band Dual CP Rectenna 

Using Improved Impedance Matching Technique for 

Ambient RF Energy Harvesting 

In Chapter 3, we have improved the power conversion efficiency of the rectenna at very low 

input power levels and have also increased the harvested DC power from the broadband 

rectenna for energy harvesting. However, the rectenna in Chapter 3 was optimized for a fixed 

load resistance (14.7 kΩ). Due to the nonlinearity and complex input impedance of the 

rectifying circuit, the performance of a multiband and/or broadband rectenna can be easily 

affected by variation in the input power level and load impedance. Therefore, in this chapter, 

an improved impedance matching technique is introduced, which is aimed to improve the 

performance of the rectifier with a varying load impedance. A broadband dual CP receiving 

antenna is proposed, which has a very wide bandwidth (from 0.55 to 2.5 GHz) and a compact 

size. An annular ring structure and a novel feeding technique are employed in order to reduce 

the size and improve the antenna performance. As a result, the proposed rectenna is the first 

design that covers six frequency bands, including part of the digital TV and most cellular 

mobile and WLAN bands in the U.K., while the optimal load impedance range for constant 

conversion efficiency is from 10 to 75 kΩ. The measured results show that the maximum 

harvested DC power of the rectenna in typical outdoor and indoor environments are 26 and 8 

μW, respectively; it can therefore be applied to a range of low-power wireless applications. 

4.1 Introduction 

Self-sustainable low-power electronic devices for applications such as the Internet of Things, 

smart cities, and wireless sensor networks have attracted significant attention in the past few 

years. There is an increasing demand for energy harvesting technologies with the aim to replace 

the battery and save maintenance cost. Radio-frequency (RF) energy harvesting from the 

ambient electromagnetic (EM) waves is one of the most favourable technologies for supplying 

continuous power to these standalone devices [1]. The concept of RF energy harvesting was 

raised in the early 1990s, while rectifying antenna (rectenna) technology has been employed to 
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convert microwave power into DC power much earlier [2]. Generally, a rectenna consists of a 

receiving antenna and a rectifying circuit. The overall RF-to-DC conversion efficiency is the 

most vital parameter to evaluate the performance of a rectenna. Some rectennas have achieved 

very high conversion efficiency (e.g., >80%) [3]–[6]. However, these designs were mainly for 

a single narrow frequency band and required a relatively high input power level (such as 10 

dBm [3], 0 dBm [4], 13 dBm [5], and 6 dBm [6]), which is not appropriate for ambient RF 

energy harvesting. Ambient EM signals are normally available at low levels and distributed in 

multiple frequency bands. Some designs combine the output DC powers from different single-

band rectennas [31], but the overall conversion efficiency is low and still limited by the intrinsic 

power consumption of the rectenna. Thus, the design of a 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 rectifier, the input impedance of the circuit varies as a function 

of the frequency, input power level, and load impedance. Thus the multiband or broadband 

design is very challenging. Some dual-band, multiband, and broadband rectennas have been 

proposed [7]–[13], but there are various limitations. In some applications, the output of a 

rectenna is directly connected to a device such as a DC-to-DC converter, a power management 

unit, or a supercapacitor in order to manage and store the DC power properly. In these cases, 

the load of the rectenna is time varying, which results in the variation of the input impedance 

of the rectifier [15], [16]. For the conventional rectenna design with a fixed load resistance, the 

overall conversion efficiency over the broadband is low due to the impedance mismatch. To 

solve this problem, some approaches (such as the resistance compression network, and the 

resistance controlled DC–DC converter to keep the conversion efficiency stable in a wide range 

of load) have been reported in [14]–[20].  

Since the ambient EM waves are normally of arbitrary polarization and random incident angles, 

the antenna for RF energy harvesting should be of omnidirectional radiation pattern and wide 

operational frequency band. Some antennas such as the microstrip patch [3], dipole [9], spiral 

[11], loop [4], and cross dipole [13] for energy harvesting application have been proposed in 

the literature. Wideband dual linear polarization (LP) or CP antennas have achieved the best 

performance. Most reported rectennas are optimized to a fixed load, but very few designs can 

produce a constant conversion efficiency with a varying load as is used in practice. In addition, 

so far no published designs can efficiently harvest energy from the digital TV (DTV), cellular 

mobile, and WiFi bands (from 0.47 to 2.5 GHz) simultaneously.  
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Thus in this chapter, we propose a novel rectenna using an improved impedance matching 

technique. First of all, the characteristics of the nonlinearity of the rectifier are studied. The 

novel matching network is then designed and optimized to match the impedance at six 

frequency bands, which cover the U.K. DTV channel 30–37 (550–600 MHz), 55–62 and 

LTE/4G (750–800 MHz), GSM900 (850–910 MHz), GSM1800/4G (1850–1900 MHz), 

UMTS/3G (2150–2200 MHz), and WiFi (2400–2450 MHz) at the ambient input power levels 

that are typically from −30 to −5 dBm. An additional section is added to the matching network 

in order to maintain the good performance of the rectifier with a wide range of load, from 10 

to 75 kΩ (which are the typical values for many sensors). A broadband dual LP cross dipole is 

modified as a frequency-independent dual CP cross dipole by introducing a self-

complementary log-periodic structure and a novel feeding structure. In addition, an annular 

ring is used to reduce the antenna size. The simulated maximum conversion efficiency of the 

rectenna at a single frequency is about 67% with −5 dBm input power. To the best of our 

knowledge, the proposed rectenna is the first design that covers a wide frequency and load 

impedance range with a relatively constant high conversion efficiency.  

The rest of this chapter is organized as follows. Section 4.2 introduces nonlinear analysis of 

the rectifier circuit and details about the improved impedance matching technique. A 

broadband dual CP receiving antenna design is discussed in Section 4.3. The experimental 

results of the rectenna including indoor and outdoor measurements are presented in Section 

4.4. Finally, a summary is drawn in Section 4.5. 

4.2 Six Band Novel Rectifier Design 

 Nonlinear Analysis of the Rectifier Input Impedance 

There have been various types of rectifier topologies such as single series diode rectifiers, 

single shunt diode rectifiers, voltage doubler rectifiers, and bright type rectifiers. 

Comprehensive comparisons of different rectifier circuits have been made in [21] and [22]. 

The single-stage standard full-wave voltage doubler rectifier is a good choice for RF energy 

harvesting, since it has a higher efficiency and output power compared to a single series half-

wave rectifier. In addition, it can minimize the extra losses introduced by multistage rectifiers, 

which is significant at low-power levels. The configuration of a voltage doubler rectifier is 

shown in Fig. 4-1.  
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Fig. 4-1. Configuration of a voltage doubler rectifier circuit. 

Let a sinusoidal signal input to the rectifier be vin = Vac sin ωt, where Vac is the amplitude and 

ω is the frequency of the input signal. The negative half cycle of the wave is rectified by the 

shunt diode D2 and the energy is stored in C2. The positive half cycle is rectified by the series 

diode D1 and the energy is store in C1. During the next period, the energy in C2 is transferred 

to C1 and then discharged to the load resistor RL. Thus the output DC voltage can be calculated 

by 

                                                 (4.1) 

where VDC is the output voltage and VF is the forward bias voltage of the diode. From [12], the 

instantaneous current flow through the diode expressed in terms of the time-varying input is 

shown in (4.2), where IS is the saturation current of the diode, VT is the thermal voltage, and m 

is the ideality factor 

                                    (4.2) 

Using the modified Bessel function series expansion, similar to [15] 

                      (4.3) 

The current through the diode ID can be expressed as the sum of the DC component and the 

harmonic contributions as shown in (4.4). The fundamental DC component of the diode current 

IDC-diode is then extracted as in (4.5) 

                                            + 
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                      (4.4) 

                           (4.5) 

Since the equivalent impedance of the diode equals the voltage difference across the diode 

terminals (VF) divided by the current flow into the diode from (4.5), the input impedance of the 

diode can be expressed as 

                               (4.6) 

It is noted that the current through the diode is still of a non-linear function of the voltage across 

its terminals. Thus, as shown in (4.6), the input impedance of the diode depends on the input 

power level (Vac) as well as the angular frequency (ω). In addition, since the output voltage can 

be calculated by VDC = IDC×RL , where IDC is the output DC current and RL is the load resistance, 

the input impedance of the diode is also strongly influenced by the value of the load. In order 

to gain a better understanding of the nonlinear input impedance of the voltage doubler rectifier, 

a circuit was designed and analyzed using the large signal S-parameter (LSSP) simulation using 

the ADS software. The diode selected is a Schottky diode SMS7630 due to its low forward bias 

voltage and high saturation current. A nonlinear SPICE model with parasitic elements, 

provided by Skyworks Solution Inc. [23] was used in the simulation. The value of the selected 

capacitors is 100 nF which is a typical value for this application and the value of the capacitors 

will not affect the input impedance of the rectifier. The function of the capacitor is to store the 

energy and smooth the output DC waveform. The simulated input impedance of the voltage 

doubler rectifier, including the real part and imaginary part, are shown in Fig. 4-2 (a) and (b) 

as a function of the frequency and input power level, respectively.  
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(a) 

 

(b) 

Fig. 4-2. Input impedance of the voltage doubler rectifier versus frequency and input 

power level for load resistance of 25 kΩ. (a) Real part. (b) Imaginary part. 
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(a) 

 

(b) 

Fig. 4-3. Input impedance of the voltage doubler rectifier versus frequency and load 

resistance with the input power level at −30 dBm. (a) Real part. (b) Imaginary part. 
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The input impedance as a function of the frequency and the load are also shown in Fig. 4-3 (a) 

and (b). It can be seen that the real part of the input impedance changes significantly (from 10 

to 300 Ω) against the frequency when the input power level is high (e.g., >−5 dBm), and load 

resistance is small (e.g., < 15 kΩ). The imaginary part of the impedance is not very sensitive 

to the variations in the input power level and the load resistance, but it changes rapidly from 

−100 (at 3 GHz) to −700 Ω (at 0.55 GHz), which posts challenges in the matching network 

design. 

 Improved Impedance Matching Technique 

The impedance matching circuit is very crucial since it affects how much power can be 

delivered from the input to the junction of the diode. The conventional matching circuit for the 

rectifier is normally optimized for a fixed specific operating condition, including frequency, 

input power level, and load impedance. From the analysis in Section 4.2.1, it is noted that the 

conventional rectenna is not efficient for RF energy harvesting due to the varying operating 

conditions. Thus, a novel impedance matching approach is proposed to improve the overall 

performance of the rectenna. The entire design process is explained as follows.  

 

Fig. 4-4. Initial dual-band bandpass matching network with input power levels of interest 

from −30 to −5 dBm 

First of all, as a starting point, a dual-band bandpass impedance matching network is designed 

to match the input impedance of a single-voltage doubler rectifier to a resistive port (50 Ω). To 

achieve the bandpass response and the dual-band impedance matching, the matching network 

should consist of an LC bandpass matching topology (fourth order) at the first frequency and 

a modified L-network (second order) to cover the second frequency. Thus, the proposed 

matching network is a sixth-order lumped-element matching network. As shown in Fig. 4-4, 
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the initial matching network consists of a shunt LC pair (L1, C1), a series LC pair (L2, C2), a 

shunt inductor (L3), and a series inductor (L4), which aims to get the rectifier matched at two 

frequency bands as well as a range of ambient input power levels (−30 to −5 dBm). Different 

from the conventional dual-band bandpass impedance matching network that normally consists 

of two shunt and series LC pairs (eighth order) [15], the proposed matching network has 

reduced the number of circuit elements and has a simpler topology. The nonlinear input 

impedance of the voltage doubler rectifier, similar to Figs. 4-2 and 4-3, is exported as a 

touchstone S1P file. The Impedance Matching Toolkits in the ADS software is then employed 

to choose the values of the inductors and capacitors. The centre frequencies are optimized at 

550 and 750 MHz while the desired bandwidth is set as 50 MHz at each band. In addition, the 

matching network is also optimized to have a bandpass response in order to reject higher order 

harmonics generated by the nonlinear elements and improve the overall conversion efficiency.  

 

Fig. 4-5. Proposed matching network with performance maintained for a range of load 

impedances from 1 to 100 kΩ. 

Secondly, an additional section including a microstrip transmission line with a dimension of 

WTL × LTL and a shunt radial stub with width W, length L, and angle β is inserted between the 

inductors L3 and L4, as shown in Fig. 4-5. The function of this additional section is to maintain 

the performance of the rectifier over a wide range of load values. The impedance mismatch 

caused by the variation in the load, as shown in Fig. 4-3 (a) and (b), can be reduced by tuning 

the dimensions of the microstrip line at different loads. Thus, the LSSP and the Harmonic 

Balance (HB) simulation in ADS are employed to optimize the reflection coefficient S11 and 

conversion efficiency as a function of the load resistance from 1 to 100 kΩ. Note that the 

performance of the initial matching network should be maintained after adding this additional 

section. This can be achieved by setting additional goals during the optimization. Thirdly, in 
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order to design the matching network to cover six frequency bands, the initial dual-band 

matching network is used as a unit cell (Cell 1) and two additional cells (Cell 2 and Cell 3) are 

proposed accordingly. Cells 2 and 3 are designed using the same approaches as introduced in 

the previous steps, but the centre frequencies are modified to 900 MHz, 1.85 GHz, 2.15 GHz 

and 2.45 GHz, respectively. As shown in Fig. 4-6, the three cells are distributed in three 

branches, each branch is connected to a single voltage doubler circuit as we have proposed in 

Section 4.2.1. The three voltage doubler rectifiers are connected in series in order to obtain a 

higher output voltage. The input RF signal can only pass through the cell with the right 

frequency but will be rejected by the other cells. If one of the three branches is broken (open 

circuit), the other two cells can still work well.  

 

Fig. 4-6. Proposed six-band rectifier with an improved impedance matching network. 

 

In addition, due to the nonlinearity of the rectifier, the input impedance of the rectifier will be 

changed if we modify the circuit topology. Thus, the whole matching network including three 

unit cells is then re-optimized for the desired six centre frequencies as well as the input power 

level and the load range. The S11 and conversion efficiency of the proposed rectifier are 
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optimized for a range of conditions such as different input power levels, multiple frequency 

bands, and a wide range of load. The nonlinear effects on the input impedance have been fully 

considered thus the performance of the rectifier is maintained for various conditions. In order 

to improve the accuracy, the lumped elements were replaced by real product models including 

S-parameter files provided by the supplier such as Murata and Coilcraft. An EM simulation 

was conducted to analyze the dielectric loss of the substrate and insertion loss of the microstrip 

line. The optimized parameters after optimization are given in Table 4-1. The final topology of 

the proposed rectifier is shown in Fig. 4-7 with a fabricated example. The substrate is Duriod 

5880, with a relative permittivity of 2.2 and a thickness of 1.575 mm. 

 

Table 4-1. The optimized parameters of the proposed rectifier 

Parameters Cell 1 Cell 2 Cell 3 

L1 9.87 nH 5.84 nH 21.31 nH 

C1 2.5 pF 26.3 pF 3.9 pF 

L2 3.18 nH 1.34 nH 52.18 nH 

C2 4 pF 26.9 pF 2.3 pF 

L3 12.43 nH 51.69 nH 17.33 nH 

L4 20.49 nH 15 nH 13.74 nH 

WTL 1.5 mm 1.5 mm 1.5 mm 

LTL 4 mm 4 mm 1 mm 

W 2 mm 1.3 mm 1.5 mm 

L 5.93 mm 2.93 mm 4.48 mm 

β 103ᵒ 106ᵒ 94ᵒ 
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Fig. 4-7. Topology and fabricated prototype of the proposed six-band rectifier. The size 

of the PCB is 3.5 × 4.5 cm2 

 

 Rectifier Performance 

The simulated and measured reflection coefficients of the proposed rectifier at three input 

power levels are depicted in Fig. 4-8 (a) and (b). A load resistance of 25 kΩ is selected for the 

initial study, since it has been the typical load value for many wireless sensors [28], [30]. It can 

be seen that the proposed rectifier covers the desired six bands for different input power levels 

of interest. The results agree well at the frequency bands around 550, 750, 900, and 1850 MHz, 

while the measured S11 at 2150 and 2450 MHz has shifted to cover a wide bandwidth between 

2.2 and 2.4 GHz. This is probably due to the unknown parasitic behaviour of the SMD 

components used in the circuit. The exact values of chip inductors and capacitors are normally 

a function of frequency. To reduce the influences, products with similar values but different 

series numbers can be used to replace the components with large values and designed for high 

frequencies (e.g. L > 20 nH, C > 15 pF, and f > 1 GHz) while multiple identical prototypes can 

be made to obtain better performance. The RF-to-DC conversion efficiency can be obtained 

using 

                                                  (4.7) 

where PDC is the output DC power, and Pin-RF is the input RF power to the rectifier (from the 

signal generator).  
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(a) 

 

(b) 

Fig. 4-8. Measured and simulated S11 of the proposed rectifier at three input power levels 

for load resistance of 25 kΩ. (a) Lower three bands. (b) Higher three bands. 
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(a) 

 

(b) 

Fig. 4-9. (a) Measured and simulated RF-to-DC conversion efficiency of the proposed 

rectifier at three input power levels for load resistance of 25 kΩ. (b) Simulated RF-to-DC 

conversion efficiency of the proposed rectifier at four different load values with the input 

power level at −10 dBm. 
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Fig. 4-10. Measured and simulated S11 of the proposed rectifier versus input power level 

at two frequencies for load resistance of 25 kΩ. 

The simulated and measured conversion efficiency as a function of frequency is depicted in 

Fig. 4-9 (a) at three input power levels. At the same power level, it can be seen that the 

efficiency at lower frequencies (0.5–1 GHz) is greater than the efficiency at higher frequencies 

(1.8–2.5 GHz). This is due to the higher loss of diodes and the PCB at higher frequencies. Then, 

the 25 kΩ load resistance is replaced by other values. The simulated conversion efficiency 

versus frequency at four different load resistances is shown in Fig. 4-9 (b). It can be seen that 

the efficiency over the frequency bands of interest is well maintained for a range of load values 

from 10 to 80 kΩ. The simulated and measured S11 as a function of input power level is shown 

in Fig. 4-10 at two different frequencies. It can be seen that the rectifier is well matched for 

input power levels between −30 dBm and −5 dBm at 0.9 GHz while the optimal input power 

level at 1.85 GHz is from −20 to −5 dBm.  

The conversion efficiency at these two frequencies as a function of input power level is given 

in Fig. 4-11 (a). It can be seen that the maximum efficiency at 0.9 GHz is of around 67% with 

−5 dBm input while the maximum efficiency at 1.85 GHz is of around 53% with −10 dBm 

input. The simulated conversion efficiency versus input power level at different load 

resistances is depicted in Fig. 4-11 (b). It can be seen that, for the load value from 10 to 80 kΩ,  
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(a) 

 

(b) 

Fig. 4-11. (a) Measured and simulated RF-to-DC conversion efficiency of the proposed 

rectifier versus input power level at two frequencies for load resistance of 25 kΩ. (b) 

Simulated RF-to-DC conversion efficiency of the proposed rectifier versus input power 

level at four different load values. The frequency is 0.9 GHz. 
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the efficiency is relatively stable for input power level from −30 dBm to −15 dBm, and varies 

between 40% and 60% for input power level from −15 dBm to −5 dBm. In addition, the multi-

tone input signals can enhance the overall conversion efficiency of the rectifier which has been 

demonstrated in [7] and [12]. The simultaneous multiband input power equals the sum of RF 

powers at each tone, which can be expressed as 

                                                       (4.8) 

where Pm is the multiband power, Pfi is the power at each tone, and n is the number of tones. 

The conversion efficiency of the simultaneous multiband input can be obtained by 

                                                        (4.9) 

where ηm is the conversion efficiency, and PLoss is the power consumption of the diodes and 

circuit. Meanwhile, for the combination of separate single-band inputs, the conversion 

efficiency (ηs) can be expressed as the sum of output DC power divided by the total input RF 

power as 

 

     =                                                                           (4.10) 

It should be noted that the power consumption (PLoss and PLoss*) in the aforementioned two 

scenarios might not be identical due to the differences in impedance matching performance. 

But, it can still be seen that the conversion efficiency of the simultaneous multiband input is 

greater than that of the combination of separate single-band input powers in most cases. The 

simulated conversion efficiency of the proposed rectifier for single frequency input signal, 

three-tone input signals and six-tone input signals is depicted in Fig. 4-12. It can be seen that 

the maximum conversion efficiency is up to 80% if the rectenna can receive the signals at the 

six bands simultaneously. In this case, the overall conversion efficiency improvement is about 

20%. To demonstrate that the performance of the rectifier is maintained for a wide range of 

load resistance, the simulated and measured S11 at two frequencies and two input power levels 

is plotted in Fig. 4-13 as a function of the load resistance. The frequencies and input power 

levels in this scenario are 0.9 GHz, 1.85 GHz, −10 dBm, and −20 dBm, respectively. 
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Fig. 4-12. Simulated RF-to-DC conversion efficiency of the proposed rectifier versus 

input power level for multitone input signals. The load resistance is 25 kΩ. 

 

It can be seen that, at different frequencies and input power levels, the rectifier works well over 

a wide range of load impedance from 10 kΩ to 80 kΩ which demonstrates that the influences 

of the varying load have been reduced. The load-dependent conversion efficiency at two 

frequencies and two input power levels is depicted in Fig. 4-14. It can be seen that the efficiency 

is greater than 50% (at 0.9 GHz, −10 dBm input) and 40% (at 1.85 GHz, −10 dBm input), 

respectively for the load resistance between 10 kΩ and 75 kΩ. The efficiency is greater than 

30% (at 0.9 GHz, −20 dBm input) and 20% (at 1.85 GHz, −20 dBm input) for a load range 

from 15 kΩ to 90 kΩ. It is demonstrated that the performance of the rectifier is indeed 

maintained for a wide range of load resistance which is very significant in many real 

applications.  
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Fig. 4-13. Simulated and measured S11 of the proposed rectifier versus load resistance at 

two frequencies and two input power levels. 

 

Fig. 4-14. Simulated and measured RF-to-DC conversion efficiency of the proposed 

rectifier versus load resistance at two frequencies and two input power levels. 
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4.3 Broadband Dual CP Receiving Antenna Design 

A bow-tie shape planar cross dipole antenna is proposed as the starting point of the receiving 

antenna design due to its wide bandwidth, bidirectional radiation pattern, and dual LP 

characteristics. The proposed antenna is made on an FR4 substrate with relative permittivity of 

4.4 and a thickness of 1.6 mm. The size of the PCB is selected as 160×160 mm2 which equals 

0.29λ0 × 0.29λ0 at 550 MHz. The radius and angle of the bowtie shape are selected as 75 mm 

and 85°, respectively. As shown in Fig. 4-15 (a), two pairs of bow-tie dipoles are produced on 

both sides of the PCB and orthogonal to each other. The inner conductor of the 50 Ω coaxial 

cable is fed to the top metal of the antenna while the outer conductor is connected to the bottom 

metal. The simulated S11 of the reference bow-tie cross dipole antenna is depicted in Fig. 4-16. 

It can be seen that the proposed bow-tie cross dipole resonates at 1 GHz with a wide bandwidth 

(400 MHz) but the impedance matching performance is not very good (S11 > −8 dB). In order 

to cover a broader bandwidth at higher frequencies (up to 2.5 GHz), the bow-tie cross dipole 

is modified to a frequency-independent log-periodic cross dipole, as shown in Fig. 4-15 (a). 

The number of teeth (n) is selected as 18 and the spacing factor (τ ) is chosen as 0.9. From the 

theory [24], the radius of the nth teeth (Rn) is obtained by using the radius of the (n − 1)th teeth 

(Rn−1) multiplied by the spacing factor as 

                                                           (4.11) 

The lowest resonate frequency of the self-complementary log-periodic antenna is normally 

determined by the radius of the outermost teeth, which is approximately λ0/4 in length. Thus, 

as shown in Fig. 4-16, the cut-off frequency of the proposed log-periodic cross dipole (R1 = 75 

mm) is around 1 GHz, while the active region is between 1 and 2.5 GHz. However, the average 

level of the simulated S11 is around −7.5 dB, which means the impedance is not well matched. 

In order to improve the performance of the antenna, a novel feeding structure used in [25], 

which can produce the dual CP radiation field and improve the performance of a conventional 

cross dipole is employed. As shown in Fig. 4-15 (a), the pair of dipoles is linked by a printed 

vacant-quarter ring structure in order to generate a 90° phase delay and produce the right-hand 

circular polarization (RHCP) radiation field at the front side of the antenna and the left-hand 

circular polarization (LHCP) radiation field at the back side. 
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(a) 

 

(b) 

Fig. 4-15. (a) Evolution of the design; a bow-tie shaped cross dipole is modified to a self-

complementary log-periodic cross dipole with a novel feeding and annular ring structure. 

(b) Proposed antenna with the optimized dimensions in two views. 
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Fig. 4-16. Simulated S11 of the three different antennas and simulated and measured S11 

of the proposed antenna. 

 

Fig. 4-17. Simulated axial ratio of the two antennas and measured axial ratio of the 

proposed antenna. 
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 The simulated S11 and axial ratio of the antenna using the novel feeding mechanism are 

depicted in Figs. 4-16 and 4-17, respectively. It can be seen that the matching performance has 

been improved using this novel feeding technique. The average level of S11 over the bandwidth 

has been improved from −7.5 to −12 dB. In addition, the CP bandwidths of the proposed 

antenna for axial ratio (AR) less than 3 dB are 1.55–1.65, 1.85–1.95, 2.05–2.15, and 2.25–2.4 

GHz. The value of AR over 1.6–2.5 GHz is lower than 5 dB. To cover the frequency bands 

below 1 GHz, an annular ring structure is produced on the PCB with a gap of 0.5 mm to the 

outermost edge of the antenna. The annular ring is divided into half and printed on both sides 

of the PCB and electrically connected using two conducting holes as shown in Fig. 4-15 (b). 

The complete ring is coupled to the edge of the antenna and becomes a radiator at the lower 

frequencies [26]. The surface current distribution at the frequencies of interest is shown in Fig. 

4-18. It can be seen that the current flows through the ring structure and the outer teeth of the 

antenna when the frequency is below 1 GHz, which verifies the proposed idea.  

 

Fig. 4-18. Simulated current distribution at the frequencies of interest. 

The final design of the proposed antenna is shown in Fig. 4-15 (b) with the optimized 

dimensions. The simulated and measured S11 and axial ratio of the proposed antenna are 

depicted in Figs. 4-16 and 4-17. It can be seen that the results agree reasonably well and an 

additional band from 550 to 950 MHz is created by adding this ring structure. The CP 

bandwidth also covers the lower frequencies (0.65–0.75, and 0.9 GHz). Since the sizes of the 

PCB and the self-complementary log-periodic structure are fixed, the only parameter that 

influences the performance is the gap between the antenna and the annular ring. For a range of 
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values from 0.3 to 1 mm, the effects on the performance are relatively small, thus the parametric 

study is not shown here. The simulated and measured realized gains of the antenna are shown 

in Fig. 4-19. The simulated 3-D radiation patterns of the antenna at 550 MHz and 2.45 GHz 

are shown in Fig. 4-20. It is shown that the proposed antenna covers the desired frequencies 

and has dual CP characteristics for most of the frequencies (except 0.55 and 2.45 GHz), and it 

also has a bidirectional radiation pattern and a compact size. The half-power beamwidth of the 

antenna is 120° at 0.55, 106.3°at 0.75, 102° at 0.9, 83.6° at 1.85, 80.4° at 2.15, and 82.2° at 

2.45 GHz, respectively. 

 

Fig. 4-19. Simulated and measured realized gains of the antenna. The fabricated 

prototype antenna is shown as well. 

 

Fig. 4-20. Simulated 3-D radiation patterns at two frequencies. 
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4.4 Rectenna Measurement 

Having optimized the rectenna, the proposed six-band dual CP rectenna was fabricated. The 

performance of the rectenna was directly evaluated in reality, including the indoor and outdoor 

environments. A typical office at the University of Liverpool was selected to evaluate the 

rectenna as an indoor ambient environment. The office has a floor height of 3 m and an area of 

30 m2 approximately. A public square at the city center of Liverpool was chosen to evaluate 

the rectenna as an outdoor ambient environment. The square is not in the line-of-sight of any 

high-power RF sources such as DTV towers and mobile base stations.  

First of all, the proposed broadband dual CP receiving antenna was connected to a portable 

spectrum analyzer to receive ambient signals. The received ambient signal levels as a function 

of frequency are depicted in Fig. 4-21 (a) and (b) for indoor and outdoor scenarios. It can be 

seen that the DTV signals at the band around 550 MHz cannot be observed in this scenario. 

For cellular mobile bands, the signal level in outdoor measurement was about −35 to −25 dBm, 

while the level at the indoor environment was lower, from −45 to −35 dBm. In addition, due to 

the limits of the WiFi router distribution, the received WiFi signals were only available at low 

levels around −37 dBm at the indoor environment. Using the same approach as proposed in 

[13], the total received power over the bandwidth was determined using a wideband power 

sensor and the average total power was obtained by recording the power as a function of time. 

It is found that the average total received power in the frequency bands of interest was around 

−11.4 dBm in the outdoor scenario and −13.6 dBm in the indoor scenario, respectively. 

Secondly, the proposed rectifier was connected to the antenna and the output voltage was 

measured using a voltage meter. As shown in Figs. 4-21 (a) and (b), the measured output 

voltage was around 600 mV in the outdoor scenario with a load value of 15 kΩ, while the 

voltage was about 400 mV at the indoor environment with a load value of 30 kΩ. The 

corresponding harvested DC power in the outdoor and indoor environments was around 24 and 

5.6 μW, respectively. To demonstrate that the performance of the rectenna is maintained for a 

wide range of load impedance, the output DC voltage was also measured by changing the load 

resistance from 5 to 100 kΩ. The measured maximum harvested DC powers in the indoor and 

outdoor ambient environments were 26 (load resistance: 36 kΩ) and 8 μW (load resistance: 45 

kΩ), respectively.  
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(a) 

 

(b) 

Fig. 4-21. Measured received power versus frequency and measured output voltage of the 

proposed rectenna in (a) outdoor ambient environment and (b) indoor ambient 

environment. 
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The overall conversion efficiency was calculated as the fraction of the output power and the 

average total received power in the band as we have obtained in the previous steps, which can 

be expressed as  

                                                (12) 

where PDC is the output power, Paverage is the average total received power in the band (outdoor: 

−11.4 dBm, indoor: −13.6 dBm), VDC is the output voltage, and RL is the load. In order to 

improve the accuracy of the results, the experiment was conducted multiple times and the 

overall conversion efficiency is shown in Fig. 4-22 with an error bar. It can be seen that for a 

wide range of load between 10 and 75 kΩ, the measured overall conversion efficiency is up to 

26% for the outdoor environment and 13% for the indoor environment. At such a low power 

level (e.g., −30 dBm), the measured efficiency of the proposed rectenna is much higher than 

the conversion efficiency of many conventional single-band rectennas (e.g., < 5%). In addition, 

the same advantage could be obtained if the input power level becomes higher (up to −5 dBm). 

The simulated maximum conversion efficiency of the rectenna at a single frequency input is 

about 67% (at −5 dBm input), while the efficiency can go up to 80% for simultaneous 

multiband input signals.  

 

Fig. 4-22. Measured overall RF-to-DC conversion efficiency with an error bar for indoor 

and outdoor scenarios. 
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A comparison between our rectenna design and some recent rectenna designs is given in Table 

4-2. It can be seen that our design is the only one that can harvest energy from the ambient 

signals at six frequency bands simultaneously. If we compare their harvested DC powers at a 

typical outdoor ambient RF power level (−15 dBm), the measured/simulated output powers 

from other designs are much smaller than ours. Although the measured results have shown that 

the proposed rectenna is only effective at five frequency bands, the measured harvested DC 

power of our device is still the highest. In addition, our design has a random polarization 

receiving capability, which can improve the overall performance. Most of the published 

designs are optimized to a fixed load and the conversion efficiency is heavily dependent on the 

varying conditions. Our device has a stable performance for a wide range of loads, from 10 to 

75 kΩ, which covers the equivalent load impedance of many wireless sensors and monitors 

[27]–[30]. The proposed rectenna is better than the other published designs in terms of the 

overall performance, and thus is a very good candidate for RF energy harvesting for many real-

world applications. 

4.5 Summary 

A novel six-band dual CP rectenna has been proposed using an improved impedance matching 

technique. The newly designed matching network can maintain the excellent performance of 

the rectenna in various conditions such as multiple frequency bands, different input power 

levels, and a wide range of loads. This is very important for wireless energy harvesting. A 

broadband dual CP receiving antenna has been proposed. A novel feeding structure has been 

used to generate the dual CP radiation field and improve the performance, while an annular 

ring structure has been proposed to cover the lower frequency bands. The simulated maximum 

conversion efficiency at a single frequency has been obtained at 67% with −5 dBm input at 0.9 

GHz. The optimal load range in which the performance of the rectenna is maintained is from 

10 to 75 kΩ for the load impedance. The measured results have shown that the overall 

conversion efficiency is about 26% and 13% in a typical outdoor and indoor ambient 

environment, respectively. The proposed rectenna is better than the other published designs in 

terms of the overall conversion efficiency as well as the coverage of frequency band and load 

range. Considering the outstanding performance of the rectenna with different conditions, the 

proposed design is very suitable for many real-world low-power devices and can therefore be 

applied in many battery-free wireless applications. 
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Chapter 5 Improved Ultra-Wideband Rectennas 

Using Hybrid Resistance Compression Technique 

In chapter 4, the nonlinear effect of the multiband rectenna has been significantly reduced by 

using an improved impedance matching network. But the trade-off might be the introduction 

of additional matching circuit components. As an alternative approach, this chapter presents a 

novel hybrid resistance compression technique (HRCT) to improve the performance of 

broadband rectennas. The HRCT can offer resistance compression characteristic by reducing 

the nonlinear effects of the rectifier and provide improved impedance matching performance 

over a wide frequency range. Two ultra-wideband rectennas (with/without using the HRCT) 

have been designed, made and tested. The proposed rectennas have a very wide bandwidth 

from 450 to 900 MHz (covers the entire DTV, LTE700 and GSM900 bands in the UK) with 

relatively high conversion efficiency (up to 77%). The HRCT can maintain the high efficiency 

of the rectenna in a wide load impedance range (from 5 to 80 kΩ). The measured harvested DC 

power of the rectenna from an outdoor ambient environment is about 66.7 μW with an overall 

conversion efficiency of 42.2% which is therefore suitable for wireless energy harvesting to 

power low power electronic devices with different load impedance. 

5.1 Introduction 

Ambient wireless energy harvesting using broadband and multiband rectennas has emerged in 

recent years and attracted a lot of interest due to its advantages of accumulating more energy 

from the weak ambient power sources and producing a higher output power than that from a 

narrow band rectenna [1]. As demonstrated in Chapter 3, harvesting energy from different 

channels and different sources simultaneously can significantly improve the overall conversion 

efficiency of the rectenna (which is very significant at ambient low power levels) [2]. However, 

it is well known that the design of broadband and multiband rectennas is normally very 

challenging due to the strong nonlinear effect (performance variation) of the rectifier. So far, 

there are very few multiband or broadband rectennas reported with a relatively good 
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performance [3]–[8]. The performance of broadband rectennas can be easily affected by the 

variation in such as the input power level and load impedance as discussed earlier.   

A resistance compression network (RCN) is a special network that can reduce the sensitivity 

and performance variation of electronic devices such as amplifiers, DC-DC converters and 

rectifiers [9]–[13]. The large variation of load impedance can be compressed using this 

technique which results in the 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 [9]. But, the performance of RCN heavily relies on the operating frequency 

of the network. The resistance compression characteristics are normally realized at limited 

operating frequencies. Consequently, most reported RCNs are single band RCNs [9], [11], and 

only one reported design is a dual-band RCN [13] but the available frequency bandwidth is 

narrow.  

 In this chapter, we propose a novel hybrid resistance compression technique (HRCT) that is 

aimed to improve the performance of broadband rectennas. A broadband impedance network 

is first proposed and introduced in Section 5.2 where the rectenna in this network has a very 

wide bandwidth from 450 to 900 MHz with relatively high conversion efficiency (up to 77%). 

Then, the broadband impedance matching network is mixed with a RCN to form an HRCT. 

The HRCT can offer resistance compression as well as improved impedance matching 

performance over the frequency band of interest. The theory and rectenna design example using 

the proposed HRCT are discussed in Section 5.3. The improved rectenna (using the HRCT) is 

still of a broad bandwidth (470 to 880 MHz) and high efficiency. An important feature is that 

the conversion efficiency of the improved rectenna is more stable than that of the original 

rectenna when the load impedance varies in a wide range (from 5 to 80 kΩ). Section 5.4 

introduces the measured performance of both rectennas in an outdoor ambient environment, 

where an output harvested power of 66.7 μW was measured. The improved rectenna has a more 

consistent performance than the original one in terms of overall conversion efficiency. Finally, 

a summary is are in Section 5.5. To the best of our knowledge, it is the first time to apply the 

resistance compression technique in broadband rectenna designs. 
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(a) 

 

(b) 

Fig. 5-1. Proposed impedance matching networks for broadband rectennas. (a) The LC 

bandpass matching topology. (b) The LC bandpass and modified L-network matching 

topology. 

5.2 Ultra-Wideband Rectifier Design 

The design of an impedance matching network for broadband rectennas is very challenging 

since the input impedance of the rectifier varies significantly as a function of frequency, input 

power and load impedance [14]. It is required to optimize the matching network under the 

aforementioned conditions. As a consequence, the broadband rectennas in [3]–[5] introduced 

a complicated design procedure and therefore reported complex matching networks. In this 

work, we aim to design a simple broadband matching network using a new method. The 

proposed matching network can achieve good performance over a wide frequency band, input 

power level and load impedance range.  
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 As a starting point of the design, a simple yet efficient matching network is proposed for ultra-

wideband rectennas (with a fractional bandwidth > 30%). The network is based on a shunt and 

series LC bandpass matching topology, as shown in Fig. 5-1 (a). This matching topology can 

work well over a given frequency band (between f0 and f1) by selecting appropriate values for 

the lumped elements (e.g., inductors and capacitors) [13]. Secondly, a modified L-network is 

added to the LC bandpass matching topology to enhance the performance as shown in Fig. 5-

1 (b), which is similar to [4]. The operating frequency of this L-network is set as the center 

frequency of the frequency band of interest, where fc = (f1 + f0)/2. The performance of the 

complete broadband matching network can be improved by optimizing the values of 

components according to the frequency band.  

As an example, we have designed an ultra-wideband rectifier using the proposed matching 

network. The start frequency (f0) and stop frequency (f1) are selected as 450 MHz and 900 MHz 

respectively, thus the center frequency (fc) is 675 MHz and the fractional bandwidth (FBW) is 

about 67%. The reason for selecting this frequency band is that it covers the entire DTV bands 

in the U.K. (channels 21–68 from 470 to 850 MHz) as well as the mobile LTE700 and GSM900 

bands. Therefore, the proposed rectenna would be very suitable for wireless energy harvesting 

from 48 DTV channels (8 MHz bandwidth of each) and two mobile bands (about 50 MHz 

bandwidth of each) simultaneously.  

 

 

Fig. 5-2. Configuration of the proposed rectenna using the bandpass and L-network 

matching topology. 
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The configuration of the proposed rectenna is shown in Fig. 5-2, where a standard 1-stage 

voltage doubler rectifier is selected due to its high conversion efficiency [14]. The rectifying 

diodes are SMS7630 from Skyworks. The ADS software is employed to design and optimize 

the rectifier. The Large Signal S-parameter (LSSP) simulation and Harmonic Balance (HB) 

simulation are used to optimize the values of the components [as shown in Fig. 5-1 (b)]. In 

addition to the operating frequency, the effects of the input power to the diode impedance 

should also be taken into account. The input power of the rectifier is optimized for a range of 

input power levels from -30 to 0 dBm (to match with the typical ambient signal levels). Note 

that here the rectifier is only optimized for a wide frequency band and input power range, since 

the rectifier performance vs. load can be enhanced by using the resistance compression 

technique (which will be discussed in the following sections).  Thus a typical load resistor of 5 

kΩ is selected in the simulation. After the rectifier has been optimized, the ideal lumped-

element is replaced by using real product models provided by the suppliers (such as Coilcraft 

and Murata). An accurate EM tuning is conducted to improve the accuracy of the results. The 

final values and part numbers of the chip inductors and capacitors are given in Table 5-1. The 

topology of the proposed rectifier is shown in Fig. 5-3. A fabricated example is shown as well. 

The substrate is Rogers Duriod5880 with a relative permittivity of 2.2 and a thickness of 1.575 

mm.  

 

Fig. 5-3. Topology of the proposed ultra-wideband rectifier and the fabricated prototype. 

The size of the PCB is 3.5 × 1 cm2. 
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Table 5-1. Circuit components used in the design 

Component name Nominal Value Part number and supplier 

L1 

 

6.8 nH chip inductor 0603HP6N8, Coilcraft 

C1 

 

3.8 pF chip capacitor GRM1885C1H3R8, Murata 

L2 1.8 nH chip inductor 0603HP1N8, Coilcraft 

 

C2 2.5 pF chip capacitor GRM1885C1H2R5, Murata 

 

L3 22 nH chip inductor 0603HP22N, Coilcraft 

 

L4 

 

68 nH chip inductor 0603HP68N, Coilcraft 

CR 100 nF chip capacitor GRM188R71H104, Murata 
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(a) 

 

(b) 

Fig. 5-4. The measured and simulated (a) S11 and (b) RF-DC conversion efficiency of the 

rectifier versus frequency at three different input power levels. 
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The simulated and measured reflection coefficients S11 and RF-DC conversion efficiency of 

the rectifier are shown in Figs. 5-4 (a) and (b) as a function of frequency for different input 

power levels. The conversion efficiency is obtained using 

                                                         (5.1) 

where PDC is the output DC power and Pin-RF is the input RF power to the rectifier (from the 

signal generator). It can be seen that the rectifier is of a very wide bandwidth (from 0.45 to 0.9 

GHz) and works well at the desired input power levels. The conversion efficiency is high over 

the band of interest. The measured efficiency is a bit smaller (about 5%) than the simulated 

results. This is because that the loss of the components and diodes in reality is higher than the 

loss of the product models used in the simulation. The measured and simulated conversion 

efficiency versus the input power level at two frequencies are depicted in Fig. 5-5.  

 

Fig. 5-5. The measured and simulated RF-DC conversion efficiency of the rectifier versus 

input power level at 0.68 GHz and 0.85 GHz. 

It can be seen that the efficiency increases linearly with the input power (from -30 to 0 dBm). 

The peak efficiency (up to 77%) is achieved at -1 dBm input power, then the efficiency starts 

to decrease due to the breakdown of the diodes. The measured and simulated conversion 

efficiency at the desired frequencies are depicted in Fig. 5-6 for different load resistances. Since 

the load resistance in the optimization is 5 kΩ, it is found that the highest efficiency in all cases 
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is achieved for the load impedance of around 5 kΩ. The efficiency decreases rapidly when the 

load impedance is larger than 5 kΩ. This is due to the impedance mismatch caused by the 

nonlinear effects of the rectifier. It is required to solve this problem for wireless energy 

harvesting in many applications [15]. 

 

Fig. 5-6. The measured and simulated RF-DC conversion efficiency of the rectifier versus 

load resistance at three different frequencies. The input power level is -1 dBm. 

5.3 Hybrid Resistance Compression Technique 

To overcome the aforementioned drawback and reduce the nonlinear effects of the ultra-

wideband rectifier, a novel hybrid resistance compression technique (HRCT) is introduced in 

this Section. The fundamental circuit model of a typical RCN is shown in Fig. 5-7, where the 

network consists of two branches that exhibit opposite phase response of the input impedance 

at a given frequency. In this way, the input impedance of the network (Zin) could experience 

small variations when the load impedance (RL) varies significantly [9]. Such RCNs can be used 

to reduce the sensitivity of many nonlinear circuits, such as rectifiers, amplifiers and DC-DC 

converters [10]. However, since the performance of the RCN is heavily dependent on the 

operating frequency, the available frequency bandwidth of the RCN is normally very narrow 

(e.g., FBW < 10%). Most reported designs are therefore single band RCNs [9]–[11].  
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Fig. 5-7. Fundamental circuit model of a resistance compression network. 

 

Fig. 5-8. The proposed matching network using the HRCT, the LC bandpass matching 

topology is converted on the second branch to achieve opposite phase response (ɸ and -

ɸ) of the input impedance.    

Here we propose an HRCT with the aim to extend the frequency bandwidth of RCNs. Based 

on the initial broadband matching network proposed in Section II, a secondary network is 

introduced. As shown in Fig. 5-8, the initial network is placed on the upper branch while the 

second network is configured on the lower branch. It is noted that the two networks use the 

identical circuit components, but a slightly transformed order for some of the components.  

From [13], the opposite phase response in such 4th order shunt and series LC networks (as 



Chapter 5: Improved Ultra-Wideband Rectennas Using Hybrid Resistance Compression Technique 

P a g e | 111  

 

shown in Fig. 5-1 (a)) can be achieved by reversing their input and output ports. Thus, the shunt 

and series LC bandpass matching topology (in the initial network) is converted to a series and 

shunt CL bandpass matching topology (in the secondary network). The initial network shows 

a positive phase response (ɸ) of the input impedance over the covered frequency band (between 

f0 and f1), while the second network achieves opposite phase response (-ɸ) for the frequency 

band of interest. Meanwhile, the modified L-networks for impedance matching in both 

branches are maintained. Thus, the proposed matching network may have resistance 

compression characteristics (opposite phase response of the input impedance) within the 

frequency band of interest, and have an enhanced impedance matching performance at the 

center frequency. The RCN is mixed with impedance matching network to form an HRCT. 

 

Fig. 5-9. Configuration of the improved broadband rectenna using the HRCT. 

The configuration of the proposed rectenna using the novel HRCT is shown in Fig. 5-9, where 

the circuit components and diodes are the same as shown in Section 5.2 and Table 5-1.  Two 

identical voltage doubler rectifiers are connected to the output ports of the network. The outputs 

of the rectifiers are connected in series in order to increase the output voltage [4]. The proposed 

HRCT can offer resistance compression as well as impedance matching performance. The 

topology and fabricated example of the improved broadband rectifier using such HRCT are 

shown in Fig. 5-10. The substrate is still Rogers Duriod5880. It is noted that the final circuit 

has an input power divider on the PCB. However, since the matching network is designed based 

on lumped-element network, the effect of the power divider on the input impedance of the 

rectifier is relatively small. Here the width of the microstrip lines is selected as 1.5 mm.  
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Fig. 5-10. Topology of the improved broadband rectenna using the HRCT and the 

fabricated prototype rectifier. The size of PCB is 4.5 × 2.5 cm2. 

 

The measured and simulated S11 and RF-DC conversion efficiency of the rectifiers with and 

without using the HRCT are shown in Fig. 5-11 (a) as a function of frequency. The input power 

is -10 dBm (total channel power of the outdoor DTV signal [16]). It can be seen that the 

improved rectifier (using the HRCT) is still of a broad bandwidth with relatively high 

conversion efficiency over the band of interest. The bandwidth of the improved rectifier is from 

0.47 to 0.88 GHz, which is slightly narrower than the bandwidth of the initial rectifier (without 

using the HRCT). This is probably due to the parasitic behavior of the SMD components used 

in the circuit. In addition, the simulated conversion efficiency of both rectifiers for three 

different input power levels are shown in Fig. 5-11 (b). The efficiency is about 75% at 0 dBm 

but about 25% at 5 dBm. This is partially due to the breakdown of the diodes and partially due 

to the impedance mismatch at higher input powers.  
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(a) 

 

(b) 

Fig. 5-11. The measured and simulated (a) S11 and (b) RF-DC conversion efficiency of the 

rectifiers with/without using the HRCT versus frequency. The input power level is -10 

dBm and load resistance is 5 kΩ. The simulated conversion efficiency for the input power 

level at 0 and 5 dBm is shown as well. 
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Fig. 5-12. The measured and simulated RF-DC conversion efficiency for the rectifiers 

with/without using the HRCT versus load resistance. The input power level is -10 dBm 

and the frequency is 0.68 GHz. 

 

The measured and simulated conversion efficiency versus load resistance of the two rectifiers 

are shown in Fig. 5-12. The frequency is at the center frequency of the band (0.68 GHz). It can 

be seen that the improved rectifier has relatively consistent efficiency (over 40%) for the load 

resistance from 5 to 60 kΩ. The peak efficiency is about 60% for the load resistance of 15 kΩ. 

The efficiency roll-off of the initial rectifier (vs. load) has been significantly suppressed. The 

HRCT has indeed compressed the variation of the load resistance and reduced the non-linear 

effects of the rectifier. The contour plots of the simulated and measured conversion efficiency 

of the rectifier using the HRCT are shown in Figs. 5-13 (a) and (b). It can be seen that the 

improved rectifier has consistent efficiency (e.g. > 40%) over the frequency band of interest 

(0.5 – 0.9 GHz) and a wide load impedance range (5 – 50 kΩ). It demonstrates that the proposed 

HRCT has indeed extended the frequency bandwidth of the RCN. The rectenna using the 

HRCT can be broadband and of high conversion efficiency over a wide load impedance range, 

which is highly significant for wireless energy harvesting in many real-world applications 

(different equivalent load values). 
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(a) 

 

(b) 

Fig. 5-13. The simulated (a) and measured (b) RF-DC conversion efficiency of the rectifier 

using the HRCT versus load resistance and frequency. The input power level is -10 dBm. 
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5.4 Rectenna Measurement in Reality 

The rectifier was connected to an ultra-wideband circular polarization (CP) receiving antenna 

(as proposed in chapter 3) to form a broadband rectenna. The receiving antenna has a very wide 

bandwidth (from 0.5 to 2.5 GHz) and an average gain of around 3.5 dBi over the frequency 

band. The performance of the rectenna was directly evaluated in reality, where an outdoor 

ambient environment in Liverpool, UK was selected. As shown in Fig. 5-14, the measurement 

location was in a relatively open environment without a cluster of tall buildings that may block 

the wireless signals. The received power by the antenna (as presented in Chapter 4, Section 

4.3) versus frequency was measured by using a portable spectrum analyzer and the results are 

shown in Fig. 5-15. It can be seen that the powers at DTV channels 21-31, 39-65, LTE700 and 

GSM900 bands were observed with an average power level of around -35 dBm over the 

frequency band.  

 

Fig. 5-14. The rectenna measurement in an outdoor ambient environment. 
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Fig. 5-15. The measured received power (in dBm) versus frequency of the broadband 

rectenna. 

 

Fig. 5-16. The measured overall RF-DC conversion efficiency of the rectennas 

with/without using the HRCT. The results are shown with error bars. 
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The average total channel power (DTV+LTE+GSM) was obtained using the same approach as 

proposed in chapter 2, where a wideband power sensor was employed to record the power as a 

function of time. As a result, the average total channel power in this scenario was found to be 

around -8 dBm (158 μW). The output DC voltage of the rectennas with/without using the 

HRCT was measured by using a voltage meter and the harvested DC power was obtained using 

PDC = V2/RL, where RL is the load resistance. As shown in Fig. 5-14, the measured output 

voltage of the rectenna using the HRCT was about 1 V (load resistance is 15 kΩ for the 

maximum conversion efficiency). Thus the harvested DC power was found to be 66.7 μW. The 

overall conversion efficiency of the rectenna can be calculated using 

                                                      (5.2) 

where PT is the total channel power (158 μW). Thus in this scenario, the overall conversion 

efficiency was about 42.2%. Moreover, the rectennas with and without using the HRCT were 

measured by using different load resistances from 1 to 80 kΩ. The experiment was conducted 

in multiple times to improve the accuracy of results. The overall conversion efficiency is shown 

in Fig. 5-16 with error bars. It can be seen that the efficiency of the rectenna without using the 

HRCT reaches the peak value (50%) at 5 kΩ load resistance, and decreases rapidly for larger 

load resistance (from 15 to 80 kΩ). The rectenna using the HRCT can maintain the efficiency 

in a wide load impedance range (from 5 to 80 kΩ), where the efficiency is always higher than 

30%. The HRCT can improve the conversion up to 20% when the load resistance is 80 kΩ. In 

addition, the error bar of the results using the HRCT is smaller than the error bar of the results 

without using the HRCT. It demonstrates that the non-linear effect of the broadband rectenna 

has indeed been reduced by the HRCT. A more consistent performance is obtained which is of 

great importance for wireless energy harvesting used in practice. 

A comparison between the rectennas in this chapter and some other related rectifiers and 

rectennas is given in Table 5-2. It can be seen that our rectennas have achieved higher 

conversion efficiency at lower incident power levels over a very large fractional bandwidth. 

Moreover, the rectenna design using the proposed HRCT has achieved constant efficiency over 

the widest load impedance range among others. The proposed HRCT can indeed improve the 

performance of broadband rectennas. 
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Table 5-2. Comparison with other related designs 

Ref. 

(year) 

Frequency (GHz) FBW 

(%) 

Maximum 

conversion 

efficiency (%) 

OLR* SoA* 

[3] 

(2015) 

Four-band 

0.9, 1.8, 2.1, 2.4 

22 65 at 0 dBm 11 10 × 10 

[4] 

(2016) 

Six-band 

0.55, 0.75, 0.9, 
1.85, 2.15, 2.45 

 

10 

 

67 at -5 dBm 

 

10–75 

 

16 × 16 

[5] 

(2015) 

Broad-band 

1.8 – 2.5 

32.5 70 at 0 dBm 14.7 7 × 7 

[7] 

(2016) 

Broad-band 

0.47 – 0.99 

71 70 at 10 dBm 3, 5.5, 7, 
12.2 

NA 

[8] 

(2016) 

Broad-band 

0.6 – 1.15 

62.9 80 at 40 dBm 0.034 NA 

[13] 

(2014) 

Dual-band 

0.915, 2.45 

5 70 at 0 dBm 0.5–3 NA 

This work 
without 
HRCT 

Broad-band 

0.45 – 0.9 

66.7 77 at -1 dBm 5 16 × 16 

This 
work 
with 

HRCT 

Broad-band 

0.47 – 0.88 

 

61 

 

75 at -1 dBm 

 

5–80 

 

16 × 16 

 

*OLR: Optimal load impedance range with maintained performance (kΩ). 

*SoA: Size of the receiving antenna (cm2). 
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5.5 Summary 

A novel hybrid resistance compression technique has been proposed to improve the 

performance of broadband rectennas. The HRCT can offer resistance compression and 

improved impedance matching performance in a wide frequency band. The nonlinear effect of 

the broadband rectenna can be significantly reduced by using the HRCT. Two ultra-wideband 

rectennas (with/without using the HRCT) have been made and compared. The measured results 

have shown that the rectennas have covered the DTV, LTE700, and GSM900 bands (from 0.45 

to 0.9 GHz) with a relatively high conversion efficiency (up to 77%). The HRCT can maintain 

the conversion efficiency in a wide load impedance range, which is from 5 to 80 kΩ. The 

measured harvested DC power of the rectennas from an outdoor (open) environment was 66.7 

μW. Meanwhile, the proposed rectenna using the HRCT has relative consistent conversion 

efficiency in a wide frequency and load impedance range. Thus it is very suitable for wireless 

energy harvesting in many real world low power applications, such as wireless sensors, digital 

clocks, smoke alarms, DC-DC converters, and power management units that normally have 

different equivalent load impedance. 
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Chapter 6 Matching Network Elimination in 

Broadband Rectennas for High-Efficiency Wireless 

Power Transfer and Energy Harvesting 

In the previous chapters, the performance of the broadband and multiband rectennas was 

mainly improved by modifying the impedance matching networks or using novel impedance 

matching techniques. It was found that the design of such matching networks was relatively 

challenging and the design process was therefore quite complex. Different from the rectenna 

designs in Chapters 3, 4 and 5, a novel design concept for a broadband high efficiency rectenna 

without using matching networks is presented in this chapter. An off-center-fed dipole antenna 

with relatively high input impedance over a wide frequency band is proposed. The antenna 

impedance can be tuned to the desired value and directly provides a complex conjugate match 

to the impedance of a rectifier. The received RF power by the antenna can be delivered to the 

rectifier efficiently without using impedance matching networks, thus the proposed rectenna is 

of a simple structure, low cost and compact size. In addition, the rectenna can work well in 

different operating conditions and using different types of rectifying diodes. A rectenna 

example has been designed and made based on this concept. The measured results show that 

the rectenna is of high power conversion efficiency (over 60%) in two wide bands, which are 

0.9–1.1 GHz and 1.8–2.5 GHz respectively, for mobile, Wi-Fi and ISM bands. Moreover, by 

using different diodes, the rectenna can maintain its wide bandwidth and high efficiency over 

a wide range of input power levels (from 0 to 23 dBm) and load values (from 200 to 2000 Ω).  

It is therefore suitable for high efficiency wireless power transfer or energy harvesting 

applications. The proposed rectenna is general and simple in structure without the need for a 

matching network hence is of great significance for many applications. 

6.1 Introduction 

Impedance matching is a basic but crucial concept in electronics and electrical engineering, 

since it can maximize the power transfer from a source to a load or minimize the signal 

reflection from a load.  In the wireless industry today, there have been many devices (such as 
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oscillators, inverters, amplifiers, rectifiers, power dividers, boost converters) and systems that 

have a high demand for impedance matching networks. A number of techniques for the network 

design have been reported [1]–[6]. Among them, rectifiers and power amplifiers normally 

utilize nonlinear elements such as diodes and transistors in circuits. Hence their input 

impedance varies with the frequency, input power and load impedance. The impedance 

matching networks for such nonlinear circuits become very challenging to design. 

 Wireless power transfer (WPT) and wireless energy harvesting (WEH) have attracted 

significant attention in the past few years [7]–[10]. In both radiative and inductive wireless 

power transmissions, the rectifiers are a vital device for converting AC or RF power to DC 

power, while impedance matching networks are required to achieve high conversion efficiency 

[9]. A rectifying antenna (rectenna) is one of the most popular devices for WPT and WEH 

applications, and much progress has been made [11]–[19]. Multiband and broadband rectennas 

[15]–[19] can receive or harvest RF power from different sources and from different channels 

simultaneously, thus they outperform the conventional single band rectennas [11]–[14] in terms 

of overall conversion efficiency as well as total output power. However, as discussed in the 

previous chapters, the design of the impedance matching network for broadband or multiband 

rectennas is very challenging, and the structure of the matching network is relatively complex 

which may increase the cost and loss, and also introduce errors in manufacture.  

Some techniques such as resistance compression networks (as introduced in Chapter 5) and 

frequency selective networks (as introduced in Chapter 4), have been developed to reduce the 

non-linear effects of the rectenna [20]–[24] so that the performance can be maintained in 

different operating conditions. But, they all require introduction of further circuit components 

in the matching network which increases the complexity of the overall design. Using more 

components could increase the loss and decrease the overall efficiency. A need for rectennas 

with simple structures and competitive performance exists. It is desirable that the impedance 

matching network is eliminated or simplified, but the received RF power at different frequency 

bands can still be delivered to the rectifier with relatively high RF-DC conversion efficiency. 

Most rectenna designs use a standard antenna with 50 Ω impedance to match with a rectifier. 

Thus either the operating bandwidth is narrow [25], or the conversion efficiency over the 

broadband is low, typically < 20% [26]. So far there doesn’t seem to have designs without 

matching networks that can produce high conversion efficiency over a wide frequency band, 
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and there are no available approaches that can tune the antenna impedance to the desired value 

to match with the impedance of the rectifier.  

In this chapter, we propose a novel methodology for a high efficiency broadband rectenna 

without the use of a matching network. The concept and operating mechanism are introduced 

in Section 6.2. The approaches for designing a broadband high impedance antenna are 

discussed in Section 6.3. The rectenna integration that can eliminate the use of matching 

networks is shown in Section 6.4. The experimental validations and measurements of a 

fabricated rectenna example are shown in Section 6.5. To the best of our knowledge, the 

proposed design is the first broadband rectenna without using matching networks and having 

achieved good performance; that is, high RF-DC conversion efficiency and improved linearity 

over a wide frequency band, a range of input power levels and load impedance. 

6.2 Novelty of This Work 

A conventional rectifying antenna system, as shown in Fig. 6-1, normally consists of five 

different parts:  

1) A receiving antenna which is configured to receive RF signals from a predetermined source 

(WPT) or to receive random signals in the ambient environment (WEH). The input impedance 

of the antenna is usually matched to a standard 50 Ω; 

2) A band pass filter to reject the higher order harmonic signals generated by the rectifier, 

since the signals could be radiated by the antenna which might reduce the overall conversion 

efficiency and cause interference. The filter can either be embedded with the antenna to 

produce a filtering-antenna structure [27] or be integrated with the impedance matching 

network [18] to make the complete design simple and compact; 

3) An impedance matching network which is configured to match the complex impedance 

of the rectifier to a resistive port (e.g. 50 Ω). Thus the power of the received signals could be 

fully delivered to the rectifier; 

4) A rectifier which is configured to convert RF power to DC power. The input impedance of 

the rectifier varies in a wide range of values and the impedance is very sensitive to the variation 

of frequency, input power and load impedance; 
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5) A load which could typically be a resistor, a DC-to-DC boost converter for realizing a higher 

output voltage, or a super capacitor to store energy. 

 

 

Fig. 6-1. Configuration of a conventional rectifying antenna system with impedance 

matching networks. 

In previous studies [18], [24], the impedance of the rectifier was analysed under different 

operating conditions such as a wide frequency range (e.g., 0.5 – 3 GHz), a range of input powers 

(e.g., -40 to 0 dBm) and a wide load impedance range (e.g., 1 to 100 kΩ). It is concluded that 

the input impedance of the rectifier varies significantly (20 to 400 Ω for the real part, 0 to -700 

Ω for the imaginary part) over these operating conditions. Furthermore, due to nonlinear effect 

of the circuit, the impedance of a rectifier would also vary with different types of rectifying 

diodes and different circuit topologies. However, as shown in Fig. 6-1, most parts are connected 

by using a 50 Ω port in the conventional rectenna configuration. Therefore, the design of the 

impedance matching network is usually the most challenging part, particularly in multiband or 

broadband rectennas. Thus, in our previous work as introduced in chapter 3–5, the structures 

of the impedance matching networks were complex for broadband and multiband rectennas, 

while the number of circuit components  used in the matching network were very large (i.e., 

over 25 elements) to reduce the non-linear effects and produce a consistent performance. 

Consequently, the complex matching networks may introduce errors from manufacture, 

increase the cost and loss, and create additional problems. 
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Fig. 6-2. .  Configuration of the proposed rectifying antenna without using impedance 

matching networks. 

In this work, we propose a novel method for broadband or multiband rectenna designs. The 

aim is to eliminate the need for impedance matching networks and to improve the overall 

performance of the rectenna. As shown in Fig. 6-2, the proposed new configuration only 

consists of three parts, wherein the antenna is changed to a special high impedance antenna 

which is very different from conventional ones. The impedance of the antenna is around 200 

to 300 Ω for the real part and 0 to 300 Ω for the imaginary part in desired frequency band. The 

value of the antenna impedance (X – jY) may directly conjugate match with the input 

impedance of a specific rectifier (X + jY) within the desired frequency range but mismatch at 

other frequencies (to produce a filtering response for harmonic rejection), as depicted in Fig. 

6-2. Thus a matching network can be eliminated and the proposed rectenna can offer high 

conversion efficiency over a broad bandwidth. Moreover, since both the rectifier and the 

antenna are of relatively high input impedance, the effects on the reflection coefficient (S11) of 

the rectenna caused by the impedance variation of the nonlinear elements (rectifying diodes) 

may not be very significant. Therefore, compared with the conventional 50 Ω (low impedance) 

matching system, the performance variation caused by the non-linear effects (diodes 

impedance variation due to the nonlinear relationship between the voltage and current) of the 

rectenna can be significantly reduced by using this new configuration. The rectenna may have 

a good performance in a range of operating conditions such as different input power levels, 

different load values, or even different types of rectifying diodes. In addition, the proposed 

rectenna configuration can reduce the total cost and avoid fabrication errors due to its very 

simple structure. 
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6.3 High Impedance Antenna Design 

 Off-Center-Fed Dipole Theory 

There have been various types of high impedance antennas reported in literature [28] [29], but 

none of them can provide a relatively high impedance over a wide frequency range which is 

very important for realizing the proposed broadband high efficiency rectenna. There are no 

available approaches that can tune the antenna impedance over a wide frequency band to the 

desired values. Consequently, if these high impedance antennas were used without matching 

networks, the bandwidth of the rectenna could become very narrow.  

Here, we propose a wide frequency range high impedance antenna, the off-center-fed dipole 

(OCFD) antenna.  

 

Fig. 6-3. The half wavelength center-fed symmetrical dipole and the off-center-fed 

asymmetrical dipole. 

As depicted in Fig. 6-3, the OCFD antenna is different from a conventional center-fed 

symmetrical dipole antenna, where the two dipole arms are asymmetrical and have unequal 

lengths. The typical application of the OCFD is to realize a multiband antenna, since the 

resonant center-fed dipole has its fundamental frequency at f0 and harmonics at 3 f0, 5 f0, 7 f0, 

and so on. While the OCFD can resonate at f0, 2 f0, 4 f0, and 8 f0 by offsetting the feed by λ/4 

from the center [30]. Such OCFDs are very popular in the amateur radio community. Recently, 

some researchers use the OCFD to create a 90-degree phase delay and generate circular 

polarization radiation field for the antenna [31]. But, one of the major problems of the OCFD 

is that the radiation resistance of the antenna could be very high, thus it is required to use a 4:1 

or 6:1 balun transformer to convert the impedance to the feeding port 50 ohms resistance [32]. 
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This is a disadvantage for most of those applications using OCFDs (in a conventional 50 Ω 

feed system), but we may take advantage of this feature in the proposed rectenna design. The 

OCFD antenna may be well matched to a rectifier without using matching networks since the 

rectifiers are normally of high input impedance as well. If we assume a half wavelength center-

fed dipole and an OCFD having the same total length and radiating the same power, as shown 

in Fig. 6-3. The currents at the feed points for the symmetrical and asymmetrical dipoles are IS 

and IAS respectively. From [38], the relationship between the currents can be expressed as 

                                                        (6.1) 

where α is the measured angle from one end in electrical degrees (between 0 and π as shown in 

Fig. 6-3). Thus, the power radiated by both antennas can be calculated as 

                                                              (6.2) 

                                                         (6.3) 

where RS and RAS are the radiation resistances of the center-fed dipole and the OCFD 

respectively. Since we have assumed PS = PAS, thus we can obtain 

                                                              (6.4) 

Using (1), the relationship between the radiation resistances RS and RAS can be written as  

                                                         (6.5) 

Thus, when α = 90º or (π/2), the dipole is center-fed since sinα = 1 and RS = RAS. It is 

demonstrated that the value of RAS is always larger than the value of RS if the dipole is off-

center-fed. In addition, we could tune the radiation resistance of the OCFD to a desired value 

by changing the value of sinα (position of the feed point).  
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Table 6-1. Simulated input impedance of the Off-center-fed dipole 

Long arm 
(mm) 

Short arm 
(mm) 

Real part 

at f0 (Ω) 

Imaginary part 

at f0 (Ω) 

90 10 320 -213 

80 20 165 -30 

70 30 102 -0.8 

60 40 79 5.6 

50 50 73 6.4 

 

 In order to gain a better understanding, we study a simple OCFD antenna in free space with 

the aid of the CST software. Assume that the arms of the dipole are made by perfect electric 

conductor (PEC) wires with a diameter of 1 mm. The total length of the OCFD is 100 mm 

while the feeding port separation is 1 mm. If the antenna is considered as a typical half 

wavelength dipole, then the fundamental frequency should be about 1.5 GHz. The computed 

real part and imaginary part of the input impedance of the OCFD at 1.5 GHz are given in Table 

6-1 for different feed locations. As can be seen from the table, the radiation resistance of the 

dipole is 73 Ω when the two arms have the same length. By changing the feed position, the 

radiation resistance can be increased where the value is about 320 Ω for the long arm being 90 

mm and the short arm being 10 mm. Compared with the impedance of a symmetrical dipole 

(73 Ω), the OCFD has increased the impedance value up to 4.4 times. The imaginary part of 

the input impedance is around 0 ~ 6 Ω and the ratio of the long arm over the short arm is less 

than 7/3. Therefore, if the symmetrical dipole is of a broad bandwidth, the OCFD may produce 

relatively high impedance over the bandwidth of interest. 

 Broadband OCFD Antenna Design 

A broadband center-fed symmetrical dipole is proposed as the starting point to design a 

broadband OCFD antenna. As shown in Fig. 6-4 (a), the arms of the dipole are shaped as radial 

(bowtie) stubs to broaden the frequency bandwidth. The bowtie dipole antenna is a planar 
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version of a biconical antenna. From [36], the characteristic impedance (Zk) of an infinite 

biconical antenna is given by 

                                            (6.6) 

where θ is the cone angle. Then the input impedance (Zi) of the biconical antenna with a finite 

length can be written as 

                                             (6.7) 

where β = 2 /λ (λ is the wavelength), l = cone length, and Zm = Rm + j Xm. While the values of 

Rm and Xm are given by Schellkunoff [37] for a thin biconical antenna (θ < 5º). As indicated in 

[36], the VSWR of the biconical antenna can be less than 2 over a 2:1 bandwidth. Meanwhile, 

the input impedance of the bowtie dipole is similar to that of the biconical antenna, where the 

value of the impedance is a function of frequency, length of the arm (R) and cone angle (θ). 

 

                        (a)                                                                             (b)  

Fig. 6-4. (a) The broadband center-fed symmetrical dipole antenna. (b) The broadband 

off-center-fed dipole antenna. 

The aforementioned theories could be utilized to predict the initial performance (such as the 

frequency bandwidth) of this broadband antenna with a given dimension. But the actual 

performance might be varied in the simulation and measurement due to the practical 

configuration of the antenna (e.g., effects of PCB and feed). Therefore, in order to maintain the 

antenna performance, the major design parameters of the antenna should be further tuned using 

the software. As a design guide, the parametric effects (values of the R and θ) on the frequency 

bandwidth of the bowtie dipole [as shown in Fig. 6-4 (a)] are studied. If the antenna is printed 

on a Rogers RT6002 board with a relative permittivity of 2.94 and a thickness of 1.52 mm. and 

it is fed by a pair of coplanar striplines (CPS) where the length (L) of each strip is 32 mm and 
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the width (W) is 1.5 mm. The gap between the CPS is 1 mm. The antenna is modelled using 

the CST software. The simulated frequency bandwidth (for VSWR < 2 with 50 Ω port) of the 

bowtie dipole is shown in Table 6-2 for different cone angles and lengths of the arm. 

 

Table 6-2. Simulated frequency bandwidth of the bowtie dipole 

 R = 40 mm R = 50 mm R = 60 mm 

θ = 10º 1.93–2.14 GHz 

 

1.83–1.93 GHz 

 

1.58–1.97 GHz 

 

θ = 30º 1.93–2.28 GHz 

 

1.75–2.17 GHz 

 

1.58–1.98 GHz 

 

θ = 50º 1.91–2.25 GHz 

 

1.73–2.19 GHz 

 

1.55–2 GHz 

 

θ = 70º 1.91–2.28 GHz 1.73–2.21 GHz 1.55–2.03 GH 

 

From the results in Table 6-2, it can be seen that the bowtie symmetrical dipole is indeed of a 

broad bandwidth. Moreover, the antenna could have a larger frequency bandwidth for larger 

cone angles, and have a lower resonant frequency band for larger dimensions (length of the 

arm). In this work, we select R = 50 mm, and θ = 30º as an example, since the frequency band 

(from 1.75 to 2.17 GHz) has covered some popular mobile frequency bands such as the 

GSM1800 and UMTS2100. Hence, the arms of the symmetrical bowtie dipole have a radius of 

50 mm and an angle of 30º for the radial stub structure. The maximum total length of the 

complete dipole antenna is about 100 mm.           

 To design the OCFD, the length of the longer arm is increased to 70 mm while the length of 

the shorter arm is therefore reduced to 30 mm. In addition, in order to enhance asymmetry 

between the arms, the circumference angle of the shorter arm is increased to 40º. The total 

length of the dipole is still of around 100 mm, as shown in Fig. 6-4 (b). But the ratio of the long 

arm and the short arm has been changed from 5/5 to 7/3. In this scenario, the real part of the 

impedance over the frequency band may be increased while the imaginary part could be 
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maintained over the resonant frequency band (as discussed in Table 6-1). Fig. 6-5 shows the 

simulated real part of the input impedance of the symmetrical dipole and the OCFD. It can be 

seen that the impedance of the symmetrical dipole is around 50 Ω for frequencies between 1.75 

and 2.4 GHz (around the 2nd and 3rd resonant frequency bands), which verifies the broadband 

performance of the antenna as depicted in Table 6-2. However, the impedance of the OCFD is 

from 100 to 200 Ω over the frequency band between 1.8 and 2.5 GHz, which is much higher 

than that of the symmetrical dipole. It is shown that, by modifying a broadband symmetrical 

bowtie dipole to an OCFD, the antenna impedance is significantly increased over the desired 

resonant frequency range. In addition, the impedance for both antennas at the frequencies from 

1.1 to 1.2 GHz is also very high (i.e. over 200 Ω), this is due to the anti-resonance of the dipole 

antenna [31]. 

 

 

Fig. 6-5. The simulated real part of the impedance of the symmetrical dipole and the 

OCFD. 
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                                (a)                                                                        (b) 

Fig. 6-6. (a) The proposed crossed off-center-fed dipole antenna. (b) The reference 

antenna with symmetrical arms for performance comparison. 

The next step is to modify the proposed OCFD to a crossed OCFD by introducing another 

OCFD. As shown in Fig. 6-6 (a), the second OCFD (red) having the same dimensions as the 

first one, but they are orthogonal to each other. The purpose is to achieve dual polarization 

receiving capability and generate a vertically symmetrical radiation pattern for the antenna. 

Finally, another pair of radial stubs (blue) is inserted between the two OCFDs to further 

manipulate the impedance. The final antenna layout is show in Fig. 6-6 (a) which looks 

symmetrical from left to right as a whole. For comparison, a reference antenna consisting of 

three dipoles with symmetrical arms is studied. As shown in Fig. 6-6 (b), the arms of the 

reference antenna have a radius of 50 mm and a circumference angle of 30º for the radial stub. 

Thus the reference antenna and the proposed antenna have the same electrical length (100 mm). 

The simulated real part and imaginary part of the input impedance of four different antennas 

(single symmetrical dipole, single OCFD, proposed OCFD, and reference antenna) are shown 

in Figs. 6-7 (a) and (b). It can be seen that the real part of the input impedance of the proposed 

broadband OCFD antenna is above 180 Ω (up to 450 Ω) for the frequency band between 1.8 

GHz and 2.5 GHz, which is much higher than that of the reference antenna (around 100 Ω). In 

addition, the proposed antenna has shifted the high-impedance (about 400 Ω) frequency from 

around 1.4 GHz to around 0.9 GHz. This is likely due to the coupling effects among the three 

dipoles. The imaginary part of the reference antenna is around 0 Ω at frequencies around 0.7 

GHz and 2.1 GHz, which are f0 and 3f0 respectively. While the imaginary part of the proposed 

OCFD is around 0 Ω at resonant frequencies 0.6 GHz, 1.2 GHz and 2.4 GHz, which are f0, 2f0,  
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(a) 

 

(b) 

Fig. 6-7. The simulated input impedance of four different antennas; (a) Real part. (b) 

Imaginary part. 
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and 4f0 respectively. These results have demonstrated that the simulated results agree with the 

OCFD theory as discussed in Section 6.3.1. Furthermore, the imaginary part of the impedance 

of the antenna over the resonant frequency band from 1.4 to 2 GHz turns from negative values 

(for the reference antenna) to positive values (for the proposed antenna). As shown in Fig. 6-7 

(b), the value of the imaginary part of the proposed antenna impedance varies between 0 and 

300 Ω over the desired frequency band. This feature could help the proposed antenna to 

produce a better conjugate matching with the rectifier, since the imaginary part of the 

impedance of the rectifier normally varies between -700 and 0 Ω as we discussed earlier.  

The simulated 3D radiation patterns of the proposed antenna at the frequencies of interest are 

depicted in Fig. 6-8. The 2D polar plots of antenna patterns in E-plane and H-plane are shown 

as well. Here we have only showed the directivity (maximum gain) of the antenna (without 

taking the mismatch loss into account). From Fig. 6-8, it can be seen that the antenna has 

symmetrical patterns about YOZ plane with a maximum directivity of 1.8 dBi at 0.9 GHz, 3.5 

dBi at 1.8 GHz and 3.3 dBi at 2.4 GHz. The antenna is more directive towards the long arm 

direction at 1.8 GHz and 2.4 GHz with the half-power beam-widths (HPBW) of around 174º 

and 185º respectively. The HPBW is about 96º at 0.9 GHz.  

Therefore, the proposed wide frequency range high impedance OCFD antenna has obtained 

high impedance over a wide frequency range. The proposed design is just an example to 

illustrate the proposed new method. The details of the dipole could be modified according to 

the frequency of interest. 
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(a) 

 

 

(b) 

 

 

(c) 

Fig. 6-8. The simulated 3D patterns with directivities and 2D patterns over E-plane and 

H-plane of the proposed antenna at (a) 0.9 GHz, (b) 1.8 GHz, and (c) 2.4 GHz. 
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6.4 Rectenna Integration 

 Rectifier Configuration 

The proposed high impedance OCFD antenna may directly conjugate match with the input 

impedance of a rectifier over a wide frequency band. The rectifier should only consist of few 

circuit components for rectification, DC storage and output. A single shunt diode rectifier is 

selected due to its very simple structure and high conversion efficiency [33]. The configuration 

of the single shunt diode rectifier with a dipole antenna is depicted in Fig. 6-9. The shunt diode 

is used as the rectifying element and the diodes for high frequency (e.g., f > 1 GHz) applications 

are normally Schottky diodes such as SMS7630 (from Skyworks) and HSMS2860 (from 

Avago). A shunt capacitor after the diode is used to store DC power and smooth the DC output 

waveforms. In addition, a series connected RF choke is placed between the diode and capacitor 

to block AC components generated from the diode. In this design, a typical inductor of 47 nH 

is selected as the RF choke. To have a better configuration on the PCB, the proposed antenna 

and rectifier are both fed by CPS (or twin-wire conducting strips). The topology of the rectifier 

configured with the conducting strips extended from the OCFD antenna is shown in Fig. 6-10. 

The values and part numbers of the circuit components are given in Table 6-3. 

 

Fig. 6-9. Configuration of a single shunt diode (Class F) rectifier with a dipole antenna. 
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Fig. 6-10. Configuration of the proposed rectifier on coplanar striplines (CPS). 

Table 6-3. Circuit components used in the design 

Component name Nominal Value Part number and supplier 

D1 Schottky diode SMS7630-079LF, Skyworks 

L1 47 nH chip inductor 0603HP47N, Coilcraft 

C1 100 nF chip capacitor GRM188R71H104JA93D, Murata 

 

The rectifier is designed and simulated by using the ADS software. To improve the accuracy 

of results, the diode is modelled by using a non-linear SPICE model with parasitic elements 

provided by the suppliers (such as Skyworks). The chip inductor and capacitor are modelled 

by using the real product models, including the S-parameter files, provided by Murata and 

Coilcraft. Since the proposed design can eliminate the matching network between the antenna 

and the rectifier, thus the rectifying circuit is indeed simplified. The frequency domain power 

source port is used in the simulation, and the port impedance is defined as the impedance of 

the proposed OCFD antenna by using the touchstone S1P files exported from the CST, 

similarly to the results shown in Figs. 6-7 (a) and (b). 
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 Rectenna Performance 

After the complete rectenna has been designed, its performance is evaluated by using the 

Harmonic Balance (HB) simulation and the Large Signal S-Parameter (LSSP) simulation using 

the ADS. The performances of the proposed rectenna in terms of the reflection coefficient (S11) 

and RF-DC conversion efficiency are shown in Figs. 6-11 to 6-13. The RF-DC conversion 

efficiency is obtained by 

                                                       (6.8) 

where PDC is the output DC power and Pin-RF  in this case is the input RF power to the rectifier 

(received power by the antenna). The S11 (simulated) and conversion efficiency (simulated and 

measured) of the rectenna at different input power levels are shown in Figs. 6-11 (a) and (b) as 

a function of frequency. A typical load resistor of 400 Ω is selected. From Fig. 6-11, it can be 

seen that the rectenna covers the desired broad frequency band from 1.8 to 2.5 GHz and an 

additional frequency band around 1 GHz. The S11 of the rectenna is lower than -10 dB between 

1.8 and 2 GHz and around 1 GHz. The conversion efficiency is higher than 40% (up to 55%) 

over the entire frequency band of interest for the input power level of 0 dBm (1 mW). In 

addition, when the input power is doubled (3 dBm) or halved (-3 dBm), the reflection 

coefficients are always smaller than -6 dB from 1.8 to 2.5 GHz, while the efficiency over the 

band of interest is still high (e.g., greater than 35%).    

Figs. 6-12 (a) and (b) depict the S11 (simulated) and conversion efficiency (simulated and 

measured) of the rectenna for different load values. It can be seen that the efficiency is higher 

than 30% (up to 60%) for the load values from 200 to 1000 Ω and for the frequencies between 

1.8 and 2.5 and the around 1 GHz. It is demonstrated that the nonlinear effects linked to the 

input power and load are reduced in the proposed broadband rectenna, which verifies our 

predictions in Section 6.2. The simulated and measured conversion efficiency of the rectenna 

versus input power level is shown in Fig. 6-13 at three frequencies. It can be seen that the 

rectenna has the highest efficiency at the input power of around 0 dBm. This is because the 

selected diode (SMS7630) has reached its reverse breakdown voltage. Since this diode has a 

very low forward bias voltage (150 mV) and a low breakdown voltage (2 V) [34], it is normally 

applied in low input power (e.g., from -30 to 0 dBm) applications. For high input power 

applications (e.g., > 10 dBm) and higher conversion efficiency (e.g., up to 80%), other diodes 

with a higher breakdown voltage could be selected. 
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                                      (a)                                                                           (b) 

Fig. 6-11. (a) The simulated S11 and (b) the simulated and measured RF-DC conversion 

efficiency of the rectenna at three different input power levels.  

 

 

                                      (a)                                                                           (b) 

Fig. 6-12. (a) The simulated S11 and (b) the simulated and measured RF-DC conversion 

efficiency of the rectenna at three different load values. The input power level is 0 dBm. 
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Fig. 6-13. The simulated and measured conversion efficiency of the rectenna versus input 

power level at three frequencies. The load resistance is 600 Ω. 

 

6.5 Rectenna Measurements and Validations 

The fabricated prototype rectenna is shown in Fig. 6-14 and the measurement setup is depicted 

in Fig. 6-15. Since the proposed antenna has been integrated with the rectifier, the S11 of the 

rectenna cannot be measured directly. A standard horn antenna R&S®HF906 was used to 

transmit the RF power. A 30 dB gain power amplifier (PA) amplifies the signal generated by 

an RF signal generator (Keithley2920). The rectenna was configured to receive the signal at a 

distance of 1 meter (in antenna far field). The output DC voltage (VDC) was measured by using 

a voltage meter and the output DC power can be obtained by using Pout = VDC
2/R, where R is 

the load resistance. 

The available power to the transmitting horn antenna was measured by using a power meter, 

thus the received RF power by the rectenna can be estimated by using the Friis transmission 

equation [35]. 

                                  (6.9) 



Chapter 6: Matching Network Elimination in Broadband Rectennas for High-Efficiency Wireless Power Transfer and Energy Harvesting 

P a g e | 143  

 

 

Fig. 6-14. The fabricated prototype rectenna. The enlarge view of the rectifier is shown 

as well. 

 

Fig. 6-15. The measurement setup of the rectenna. 

 

where Pr is the received power in dBm, Pt  is the power to the TX antenna in dBm, Gt is the 

realized gain of the transmitting antenna in dB, Gr is the realized gain of the receiving antenna 

(rectenna) in dB, λ is the wavelength, and r is the distance between the TX and RX antennas ( 

r = 1 m). 

As discussed earlier, the proposed rectenna can reduce the effects of the nonlinearity of the 

rectifier and match well to a wide range of load impedance values. Thus the rectenna may 

perform well even when different types of diodes are used. This advantage is normally not 

available in the conventional rectenna designs, since the input impedance and characteristics 
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of the diodes can be very different. Thus, in order to validate this point, the proposed rectenna 

was measured by using different types of Schottky diodes such as HSMS2850, HSMS2860, 

and HSMS2820. The measured conversion efficiency versus input power level is shown in Fig. 

6-16 along with simulated results. High conversion efficiency is obtained in all cases. When 

the load is selected as 500 Ω and the frequency is selected as 1.85 GHz, we have Gt = 8.5 dBi, 

Gr = 3.45 dBi,  = 0.162 m, and r = 1 m. Using (6.9), the correlation between the transmitting 

power and the receiving power can be obtained as 

Pr (dBm) = Pt (dBm) – 25.84 dB                                (6.10) 

It can be seen that the maximum conversion efficiency and the corresponding input powers of 

the rectenna are 60% at 0 dBm, 65% at 5 dBm, 70% at 10 dBm, and 75% at 20 dBm for using 

the Schottky diodes SMS7630, HSMS2850, HSMS2860, and HSMS2820 respectively. The 

peak efficiency is realized at different input power levels. This is because the breakdown 

voltages for the selected diodes are different, which are 2 V (SMS7630), 3.8 V (HSMS2850), 

7 V (HSMS2860), and 15 V (HSMS2820) respectively. The efficiency is much higher at high 

input power levels for using the diodes with large breakdown voltages (e.g. HSMS2820), while 

the efficiency is higher at low input power levels for using the diodes with small forward bias 

voltages (e.g. SMS7630). 

 

Fig. 6-16. The simulated and measured conversion efficiency of the rectenna versus input 

power level for using different types of Schottky diodes. The frequency is 1.85 GHz.  
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Fig. 6-17. The simulated and measured conversion efficiency of the rectenna versus 

frequency for using different types of Schottky diodes at the optimal input power levels. 

The load resistance is 500 Ω. 

 

 

Fig. 6-18. The simulated and measured conversion efficiency of the rectenna versus load 

resistance for using different types of Schottky diodes at the optimal input power levels. 

The frequency is 1.85 GHz. 

 



Chapter 6: Matching Network Elimination in Broadband Rectennas for High-Efficiency Wireless Power Transfer and Energy Harvesting 

P a g e | 146  

 

The simulated and measured conversion efficiency of the rectenna (using the four different 

diodes) are depicted in Fig. 6-17 as a function of the frequency. The load is still 500 Ω while 

the input power levels are selected as the optimal input powers for these diodes (e.g. 0 dBm for 

SMS7630, 5 dBm for HSMS2850, 10 dBm for HSMS2860, and 20 dBm for HSMS2820). Note 

that in the measurements, the correlation between the transmitting power and the receiving 

power [as given in (6.9)] might be changed if the frequencies are different. Thus the 

transmitting power should be tuned to make sure that the received power is approximately a 

constant value in the broadband (e.g. 0 dBm for the frequencies from 0.9 to 3 GHz). From the 

results in Fig. 6-17, it can be seen that the rectenna is still of broadband performance (1.8 to 

2.5 GHz) when using different diodes, and the conversion efficiency is constantly high over 

the frequency bandwidth of interest for the selected input power levels. Figs. 6-16 and 6-17 

have shown a good agreement between the simulated and measured results.  

Fig. 6-18 shows the simulated and measured conversion efficiency by using different load 

resistances. The frequency is selected as 1.85 GHz while the input power levels are still set as 

the optimal input powers. In reality, the load impedance may vary over a large range in different 

applications, thus it is important to reduce the sensitivity of efficiency vs. load variation in a 

nonlinear system (rectenna). From Fig. 6-18 it can be seen that, when using different diodes, 

the efficiency of the rectenna is constantly high (from 40% to 75%) for the load values between 

200 Ω and 2000 Ω, then the efficiency starts to decease due to the impedance mismatch 

between the antenna and the rectifier. It demonstrates that the nonlinear effects have been 

reduced over the load range from 200 to 2000 Ω. For other load values, the details of the 

rectenna can be modified to achieve good performance. 

According to the results in Figs. 6-16 to 6-18, the performance of the rectenna by using different 

diodes is summarized in Table 6-4. The simulated input impedance of the rectifier is shown 

under the same condition (frequency: 1.85 GHz, input power: 10 dBm, and load: 500 Ω). The 

impedance is very different for different types of diodes, but our rectenna can still be well 

configured with these diodes without using matching networks. It is demonstrated that the 

proposed broadband rectenna can work well in different operating conditions. The non-linear 

effects have been reduced. The matching networks have indeed been eliminated. In addition, 

the optimal input power level of the device is tunable (from 0 to 23 dBm) by selecting 

appropriate diodes so that the conversion efficiency of the broadband rectenna can be always 

higher than 60% (as shown in Fig. 6-16). This is very important for WPT or WEH used in 

practice. 
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A comparison between our rectennna and other related work is shown in Table 6-5. It can be 

seen that our design seems to be the only one without using the matching networks, but still 

achieves high conversion efficiency over a relatively wide frequency band. The conversion 

efficiency of our design is comparable with that of the other work used matching networks, 

while the performance of the rectenna is reasonably well in a range of input powers and load 

impedance. In addition, our device is also the only one which can use different types of diodes 

without changing any other part of the circuit. The structure of our design is the simplest for 

broadband rectennas with similar performance. The proposed rectenna is of good industrial 

value due to its simplicity and universality, and is of good practical value due to its consistent 

performance in different operating conditions.  

Also, the proposed concept for eliminating the matching networks is not just limited in the 

presented design, and can also be used in other similar non-linear systems.  

 

Table 6-4. Rectenna performance for using different diodes 

Type of 

Schottky diodes  

 

Simulated input 

impedance under 

the same condition 

(Ω) 

Optimal 

input power 

level 

Maximum 

conversion 

efficiency 

 

Optimal load 

resistance 

range (Ω) 

SMS7630 173 – j 36 0 dBm 60% 250 –1500 

HSMS2850 325 – j 57 5 dBm 65% 200–2000 

HSMS2860 349 – j 166 10 dBm 70% 200–2500 

HSMS2820 82 – j 145 20 dBm 75% 250–3000 
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6.6 Summary 

A novel method for eliminating the matching network of broadband rectennas has been 

presented. An OCFD antenna has been designed, where the antenna impedance can be tuned 

to directly match with the rectifier. The proposed rectenna is of a broad bandwidth and high 

efficiency, and has excellent performance in different operating conditions. The measured 

performance has shown that the operating frequencies of the experimental rectenna are from 

0.9 to 1.1 GHz and from 1.8 to 2.5 GHz (which are the typical/close to cellular mobile, WLAN 

and ISM bands), while the maximum conversion efficiency is up to 75% and the optimal input 

power range is tunable from 0 dBm to 23 dBm by selecting appropriate diodes. In addition, the 

rectenna has a very simple structure and low cost. Considering the excellent overall 

performance of the proposed rectenna, it is suitable for high efficiency WPT and WEH 

applications. The design concept is easy to follow while its details can be optimized for 

different applications. 
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Chapter 7 Novel Compact and Broadband 

Frequency-Tunable Rectennas with Adaptive Input-

Power and Wide Load Impedance Range 

In Chapter 6, we developed a special high-impedance conjugate matching system that can 

eliminate the need of impedance matching networks for broadband rectennas. Meanwhile, an 

idea of using different types of rectifying diode to achieve an adaptive input power range for 

the rectenna has been discussed in Chapter 6 as well. As a further investigation of this idea, 

this chapter presents a novel design method for an adaptive rectenna with a wide tunable 

operating frequency, input power and load impedance range. Most importantly, it is realized 

without the introduction of complex impedance matching networks which shows significant 

advantages over existing rectennas in terms of the structure and cost. A rectenna example has 

been designed, made and tested using this novel method. The proposed rectenna has a compact 

size of 90 × 90 × 1.58 mm3 and operates at four different frequency bands that are tunable from 

1.1 to 2.8 GHz. Over 60% (up to 85%) energy conversion efficiency is achieved for a wide 

range of input powers from 0 to 15 dBm and load impedance between 700 and 4500 Ω. The 

rectenna shows excellent performance for the target applications (WPT and WEH) with a 

much-simplified structure and reduced cost.   

7.1 Introduction 

Wireless power transfer (WPT) from a source to a load without the connection of electrical 

conductors was first demonstrated by Tesla in the 1890s and has been continuously investigated 

by researchers over the past decades [1]. Nowadays, the development of WPT is of great 

significance to the modern industry, since a range of potential applications have been found in 

such as the wireless chargers [2], [3], electric vehicles (EVs) [4]-[7], wireless communications 

[8], sensor networks [9], RFID [10], [11], Machine-to-Machine (M2M) [12], and the Internet 

of Things (IoT) [13]. In addition to the well-known inductive power transfer system, the 

radiative WPT system and the wireless energy harvesting (WEH) from ambient 

electromagnetic fields using rectifying-antennas (rectennas) have become an extremely hot 
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research topic in the recent five years [14], [15]. Especially, with the upcoming new technology 

wave of smart home, smart cities and the IoT, self-sustainable standalone low power electronics 

devices (e.g., smart sensors and monitors) that automatically collect and report the data to the 

server could play an important role [16]. The WEH would become one of the cutting edge 

solutions for providing continuous power to these low power sensors and monitors.  

Therefore, much progress on rectennas for WPT and WEH has been made [17]-[27].  Among 

them, multiband and broadband rectennas with good/excellent performance (e.g., high 

conversion efficiency and improved linearity) have shown significant advantages over other 

types of rectennas in terms of the output power level and suitability for different operating 

conditions. However, the optimal design of such rectennas is still challenging due to the 

nonlinearity of the system. So far, there have been very few multiband and broadband rectennas 

reported with excellent performance [23]-[27].   

Up to now, two widely adopted configurations for multiband and broadband rectennas have 

been reported, as depicted in Figs. 7-1 (a) and (b) respectively. The first configuration is a 

rectenna using a single branch multiband or broadband impedance matching network and a 

corresponding rectifier [17], [18]. 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. The RF power 

of the signal is then converted to DC power and delivered to the load. However, two major 

drawbacks of this configuration are; 1) the loss of the complete matching network is quite high 

due to the large number of cascaded circuit components. Thus it would be difficult to design a 

high efficiency rectenna covers more than four different frequency bands using this method; 2) 

secondly, the higher order harmonic signals generated by the rectifier cannot be effectively 

rejected when the bandwidth of the network is larger than 2: 1 (e.g., fN > 2 f0), which may 

reduce the overall power conversion efficiency of the rectenna. To overcome the 

aforementioned drawbacks, the second type of multiband rectenna has been introduced and 

shown in Fig. 7-1 (b). This rectenna is designed with multi-branch separate matching networks 

and rectifiers, where each branch is matched to a particular operating frequency whilst the 

output DC power of the whole circuit is combined at the output port [22]-[26]. 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. Meanwhile, the harmonic signals of 

each single rectifier can also be effectively rejected. But, there are still disadvantages for this 

configuration. For example, the number of circuit components used for this configuration is 

normally very large and the structure of the design is quite complex (for a large frequency 
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bandwidth). As a consequence, such rectennas would have a higher cost due to the complex 

fabrication process and structure.  

 

(a) 

 

(b) 

 

(c) 

Fig. 7-1. (a) Configuration of a conventional rectifying antenna system with a single-

branch impedance matching network. (b) Configuration of a rectifying antenna system 

with separate circuit branches. (c) The proposed novel frequency tunable rectenna 

without the need of impedance matching network. 

 

In addition, the aforementioned conventional rectennas normally use antennas matched to 

standard 50 Ω. The matching networks should match the complex high impedance of the 
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rectifiers to 50 Ω as well. In this scenario, the performance of the rectenna would be very 

sensitive to the impedance variation of the rectifier [19]. It is difficult to achieve consistent 

conversion efficiency in different operating conditions due to the impedance variation and 

mismatch.  

In this chapter, we introduce a novel design method for a frequency tunable rectenna. An 

important feature is that the proposed rectenna does not require additional matching networks, 

which is very different from the existing rectennas. The antenna impedance (Zs) is directly 

(complex conjugate) matched with the rectifier impedance (ZL) at several desired frequency 

bands, as shown in Fig. 7-1 (c). Thus the proposed rectenna is of a relatively simple structure, 

a compact size and low cost. The frequency bands of interest can be easily tuned by loading a 

number of shorting pins on the antenna.  Moreover, this novel design concept generates a high 

impedance complex conjugate matching system that could significantly reduce the nonlinear 

effect of the rectenna [27]. The proposed rectenna therefore works well for a wide range of 

operating frequency bands, input power levels and load impedance. To our knowledge, it is the 

first time to develop rectennas with a wide tunable frequency band and stable performance for 

different operating conditions, but without the introduction of complex matching circuits. 

The rest of this chapter is structured as follows. The detailed design steps are introduced in 

Section 7.2 and Section 7.3. The measurement and experimental results are shown in Section 

7.4. Finally, a summary is drawn in Section 7.5.  

 

7.2 Compact Rectenna Design with Tunable Operating 

Frequency 

 Multiband Matching Network Elimination 

The rectifiers are normally of complex high input impedance (e.g., real part > 200 Ω and 

|imaginary part| > 300 Ω) and their impedance is very sensitive to the variation of operating 

conditions (e.g., frequency, power and load) due to the strong nonlinear effect of the rectifying 

diodes [23], [26]. Therefore, the design of the impedance matching network for broadband 

rectennas with consistent performance is extremely challenging. The reported rectennas in the 

literature are mostly based on the 50 Ω impedance matching system. Their matching networks 
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were of complex structures, high cost and high loss. For an integrated rectenna design, if the 

antenna impedance can be tuned to the desired value, while the impedance of the antenna can 

directly conjugate match with that of the rectifier, the matching network of the complete 

rectenna is therefore eliminated. In this way, the design procedure is significantly simplified 

and the proposed rectenna is of a simple structure and low cost [27].  

 

                                                (a)                                             (b) 

 

(c) 

Fig. 7-2. (a) A typical center-fed microstrip patch antenna. (b) An off-center-fed patch 

antenna. (c) The proposed off-center-fed patch with shorting pins. 
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Here, we have proposed a new method to change the input impedance of a typical microstrip 

patch antenna, where the antenna impedance can be tuned to match with the impedance of the 

rectifier at the desired wide frequency band (with a ratio < 2:1), and mismatch at other 

frequencies (for harmonic rejection). Using this method, we could get rid of the complex 

matching network of the conventional multiband/broadband rectenna, but the rectenna could 

still achieve competitive performance for the target applications (WPT and WEH). 

The microstrip patch is one of the most common antennas. It has attractive features such as low 

cost, simple to design and easy to fabricate. As a design example, we employ such a patch 

antenna using Rogers Duroid5880 substrate with a relative permittivity of 2.2 and a thickness 

of 1.58 mm. As depicted in Fig. 7-2 (a), the copper patch on the top layer has a thickness of 70 

μm and a size of W × L mm2. The patch is fed by a microstrip line. The size of the PCB is G × 

G mm2. From the theory [28], the radiating edges of the patch determine the resonant frequency 

of the antenna. Thus, according to the design guide, if W = 64 mm and L = 56 mm, the 

fundamental resonant frequency of the patch antenna is therefore estimated as 1.84 GHz. The 

antenna performance is also validated by using software simulations with the aid of the CST 

software. As shown in Fig. 7-3, the simulated real part (resistance) and imaginary part 

(reactance) of the antenna impedance show that the resonant frequency of the patch is of around 

1.85 GHz (for resistance = 50 Ω and reactance = 0 Ω) which verifies the predictions. 

Additionally, the antenna also has anti-resonant performance at about 1.8 GHz, since the 

resistance is relatively high (e.g., about 200 Ω) while the reactance varies rapidly from 150 to 

-50 Ω at 1.8 GHz. In our case, the anti-resonant high impedance of the antenna would be used 

to directly match with the impedance of the rectifier. However, it is well known that a 

conventional microstrip center-fed-patch (CFP) antenna usually has a narrow frequency 

bandwidth. The frequency ratio (2nd harmonic frequency/fundamental resonant frequency) of 

the CFP is normally larger than 2. Consequently, if such CFPs are used for rectenna design 

without a matching network, the rectenna is only possible for a single narrow operating 

frequency band. 
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Fig. 7-3. The simulated real part (resistance) and imaginary part (reactance) of the 

impedance of center-fed patch (CFP) antenna, off-center-fed patch (OCFP) antenna, and 

the proposed OCFP with shorting pins. 

To adjust the frequency ratio of the CFP, we introduce a novel feeding method. As shown in 

Fig. 7-2 (b), based on the geometric center of the patch, the antenna is rotated anti-clockwise 

by 90 – θ degrees. Thus the angle between the patch and the feed line is θ (θ = 60º). In this 

case, the antenna is an off-center-fed patch (OCFP). The simulated surface current distributions 

of the CFP and OCFP at their fundamental resonant frequency (1.85 GHz) are compared in 

Fig. 7-4. The OCFP shows stronger current flows on both sides of the radiating edges. In 

addition, the OCFP has a very strong current distribution on the edge that is close to the feed 

line, and has weaker current flows on other edges. Due to this unbalanced current distribution, 

multiple resonant frequencies can be created between the fundamental and second resonant 

frequencies of the antenna [27]. From Fig. 7-3, it can be seen that the OCFP has realized three 

anti-resonant frequencies with relatively high impedance at around 1.5, 1.8 and 2.4 GHz 
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respectively. Compared with the conventional CFP, the frequency ratio of the antenna is 

changed from 1: 2 to about 1: 1.2. 

Next, two pairs of identical shorting pins are symmetrically loaded on the OCFP with the aim 

to achieve tunable flexible impedance matching for the rectenna design. The shorting pins are 

conducting holes which electrically connect the patch to the ground plane of the PCB. As 

depicted in Fig. 7-2 (c), each hole has a diameter of 0.8 mm and a distance of D to the center 

of the PCB. The value of D in this figure is 15 mm as an example. Having loaded these shorting 

pins, from Fig. 7-4 it can be seen that the current has been suppressed to pass through the center 

area of the patch. The current distributions on the four edges of the patch are therefore 

enhanced. Compared with the CFP and OCFP, the proposed OCFP with shorting pins has a 

stronger current distribution on the top edge of the patch (in addition to the two radiating 

edges).  Thus, additional resonant frequencies might be realized. As shown in Fig. 7-3, the 

proposed OCFP with shorting pins has created an additional anti-resonant frequency band 

around 2.15 GHz with a high impedance value of around 200 + j 150 Ω.  

It is shown that, by modifying the conventional CFP to the proposed novel OCFP with shorting 

pins, the number of resonant/anti-resonant frequencies over the desired frequency band (with 

a frequency ratio < 2) is increased from 1 to 4. Multiband rectennas could therefore be designed 

using the proposed antenna without the need of matching networks. 

 

 

                              (a)                                (b)                                (c) 

Fig. 7-4. The simulated surface current distributions at 1.85 GHz of (a) the center-fed 

patch (CFP) antenna; (b) the off-center-fed patch (OCFP) antenna; (c) the proposed 

OCFP with shorting pins. 
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 Broadband Frequency Tunable Design 

In order to achieve a tunable operating frequency band for the proposed rectenna, the positions 

of the shorting pins can be tuned. According to the theory [29], when the distance between the 

pins and the center of the patch is changed, the current strength on the edges and center areas 

of the patch will be varying. As an example, we have studied the effects on the resonant 

frequency bands of the antenna by changing the value of D. The simulated resistance and 

reactance of the proposed antenna are shown in Fig. 7-5. It can be seen that the four resonant 

and anti-resonant frequency bands of the antenna are tunable from 1 to 2.8 GHz when the value 

of D is changed between 5 to 25 mm. Without modifying the physical dimension of the patch, 

the electrical size of the antenna is therefore tunable from 0.28 λ0 to 0.78 λ0 by changing the 

positions of the shorting pins.  

 

Fig. 7-5. The simulated real part (resistance) and imaginary part (reactance) of the 

proposed antenna with different values of parameter D. 
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Fig. 7-6. The rectenna design using the proposed OCFP with shorting pins. The capacitors 

C1 = C2 = 100 nF, diodes D1 and D2 are HSMS2852, and RL = 2000 Ω. 

The schematic view of the complete rectenna using the proposed OCFP with shorting pins is 

shown in Fig. 7-6. A typical voltage doubler rectifier is selected due to its high conversion 

efficiency and simple topology [30].  The capacitors are typical 100 nF chip capacitors from 

Murata, the rectifying diodes are Schottky diode HSMS2852 from Avago and a typical 2000 

Ω resistor is used as the load. The rectifier is directly connected to the antenna port without the 

introduction of any additional matching circuit components. The performance of the rectenna 

is co-simulated using the ADS and CST software. More specifically, a frequency domain power 

source is employed for the rectifier simulation, where the port impedance is directly linked to 

the antenna impedance exported from the CST.  

Fig. 7-7 shows an example of simulated RF-DC conversion efficiency of the complete rectenna 

with different locations of the pins (parameter D). The efficiency is calculated by  

                                                        (7.1) 

where POUT  is the output DC power and Pin-RF  is the input RF power to the rectifier (received 

power by the antenna). It can be seen that, when the input power is 1 mW (0 dBm), the rectenna 

is of high conversion efficiency (about 60%) at four different frequency bands. The frequency 

bands of the rectenna are tunable from 1.1 to 2.7 GHz for different locations of the pins. It 
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demonstrates that the proposed rectenna has tunable operating frequency over a broad band 

and also of high efficiency, the matching network of the rectenna is indeed removed that would 

reduce the loss, cost and avoid fabrication errors (for a complex design).  

7.3 Power Adaptive and Wide Load Impedance Range Design 

Another important feature is that the design of the rectenna is based on the high impedance 

conjugate matching system. Therefore, compared with conventional rectennas with a 50 Ω 

impedance transformation system, the effect on the reflection coefficient caused by the 

impedance variation of the rectifier (due to the nonlinearity) is not very significant for the 

proposed system (as we have discussed in chapter 6). Consequently, we may take advantage 

of this feature to develop the proposed rectenna with an adaptive input power and a wide load 

impedance range without the introduction of additional matching circuit elements (which is 

normally a very complex procedure for conventional rectenna designs).  

 

 

Fig. 7-7. The simulated RF-DC conversion efficiency of the proposed rectenna with 

different values of D. The received power by the rectenna is 0 dBm. 
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Fig. 7-8. The rectenna design with adaptive input power and load impedance range. The 

diodes are HSMS2852 for rectifying circuits RC1 and RC2, and are HSMS2862 for 

rectifying circuits RC3 and RC4. 

As shown in Fig. 7-8, based on the rectenna proposed in Section 7.2, three additional output 

ports are introduced for the OCFP antenna, ports 1 and 3 are orthogonal to ports 2 and 4. If we 

connect two identical rectifying circuits (RC1 and RC2) to ports 1 and 2 respectively, and 

combine the output DC power of them, the rectenna could be able to receive and rectify the 

incoming waves with random polarizations [31]. Similarly, this dual polarization capability is 

configured for ports 3 and 4 as well. To achieve an adaptive input power range, ports 1 and 2 

are configured for low power DC output while port 3 and 4 are connected to the rectifiers for 

relatively high input powers. A DC guideline could be electrically connected between the low 

power and high power rectifiers.  

As an example, the rectifying diodes of RC1 and RC2 are HSMS2852 with a forward bias 

voltage of 0.35 V and a breakdown voltage of 3.8 V, while the rectifying diodes of RC3 and 

RC4 are HSMS2862 with a forward bias voltage of 0.65 V and a breakdown voltage of 7 V 

[32]. Therefore, the rectifiers using the former diode (HSMS2852) would have a lower power 
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consumption due to its smaller forward bias voltage, but the circuits would break down at a 

low input power level due to its smaller breakdown voltage. In contrast, the rectifier using the 

latter diode (HSMS2862) breaks down at higher input power levels but meanwhile has a higher 

consumption due to its larger forward bias and reverse breakdown voltages. In conventional 

rectenna designs, the impedance matching networks for rectifiers using different types of 

diodes are normally very different, since the packaging technologies and equivalent circuit 

models of the diodes are different. But, in our case, the proposed antenna may directly match 

well with the rectifiers using different diodes due to the high impedance system as discussed 

earlier. 

 The simulated RF-DC conversion efficiency of the proposed rectenna at three different 

frequency bands is shown in Figs. 7-9 (a) as a function of input power level and (b) a function 

of load resistance respectively. Here we test the low power and high power output ports 

separately (by removing the DC guideline). A 2000 Ω load resistor is firstly used.  From Fig. 

7-9 (a), it can be seen that the proposed high impedance antenna is well matched to the 

impedance of the rectifiers using two different types of diodes for the desired frequency bands 

at 1.83, 2.14 and 2.45 GHz (for mobile, Wi-Fi, industrial, scientific and medical (ISM) bands), 

efficiency is relatively high in all cases. In addition, the conversion efficiency of the low power 

output port (RC1 + RC2) is about 10% higher than that of the high power output port (RC3 + 

RC4) when the input power is between -20 and 0 dBm. But, the low power rectifiers break 

down at the input power of 7 dBm with maximum conversion efficiency around 60 – 70%, 

while the high power rectifiers break down at a higher input power level (14 dBm) with 

conversion efficiency up to 80%.  

      Next, by setting the input power to the optimal values (7 dBm for RC1+RC2 and 14 dBm 

for RC3+RC4) for the rectifiers, the load resistance is changed from 100 to 5000 Ω. From Fig. 

7-9(b), it can be seen that the conversion efficiency of the rectifiers at different frequency bands 

is nearly consistent over a wide range of load impedance. If we set conversion efficiency > 

60% as a figure of merit, it is demonstrated that the proposed rectenna is adaptive for a wide 

input power range between 0 to 15 dBm, and for a wide load impedance range from 800 to 

4000 Ω. The nonlinear effect of the rectifier is therefore significantly reduced which is of high 

significance for WPT and WEH used in practice.  

       



Chapter 7: Novel Compact and Broadband Frequency-Tunable Rectennas with Adaptive Input-Power and Wide Load Impedance Range 

P a g e | 167  

 

 

(a) 

 

(b) 

Fig. 7-9. The simulated RF-DC conversion efficiency vs. (a) input power level and (b) load 

resistance of the rectenna at three different frequency bands. 
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The presented design in this paper is just an example to illustrate the proposed new idea. By 

following the design concept, the details of the rectenna could be modified to develop simple 

and compact rectennnas that are adaptive to any operating power conditions without the 

introduction of complex matching circuits in the design. The adaptive high or low DC power 

operation can be achieved by implementing different rectifiers at each output port of the OCFP 

antenna. The rectifier for high DC output power may not be turned on during the weak input 

signals (by selecting diodes with a high turn-on voltage). While the rectifiers for low DC output 

power may reach its saturation voltage (or breakdown voltage) when the input signals are of 

strong power (by selecting diodes with small power handling capability). In such a way, the 

adaptive power operation can be achieved by automatically selecting the right diode by the 

rectenna itself. 

7.4 Experimental Results and Validations 

The layout of the prototype rectenna is shown in Fig. 7-10 along with a picture of the fabricated 

example. The overall size of the PCB is 90 × 90 × 1.58 mm3.  It can be seen that the proposed 

rectenna is of a very simple structure with just a number of diodes and capacitors for the basic 

rectification, energy storage and output. No matching networks and extra circuit elements are 

added. Meanwhile, to realize the frequency reconfigurable feature, a series of holes are 

produced on the patch along the directions of horizontal and vertical feeding ports of the 

antenna. These holes are used to configure the shorting pins with different positions. By 

soldering or removing the electrical connections of the holes, the operating frequency band of 

the rectenna can be manually tuned by changing the distance (parameter D) between the 

shorting pins and patch center.  As depicted in Fig. 7-11, there are five different scenarios for 

the configurations of shorting pins, which are D = 5, 10, 15, 20 and 25 mm respectively. 

According to Fig. 7-7, the operating frequency band of the rectenna for these five cases are 

given in Table 7-1. In this way, the rectenna can achieve a wide tunable frequency band from 

1.1 to 2.7 GHz. As a design example, the shorting pins on the patch as shown in Figs. 7-10 (a) 

and (b) were configured for the Case III where its operating frequency bands were of around 

1.4, 1.8, 2.1 and 2.45 GHz (D = 15 mm in this case). It is also noted that the high power and 

low power rectifiers were connected by the DC guideline. Thus there was only one output port 

for the measurement of DC power in this example. 
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Fig. 7-10. The layout of the proposed adaptive rectenna. The fabricated example is shown 

as well.   

 

Fig. 7-11. Illustration of the shorting pins configuration for frequency reconfigurable 

design. The pins with electrical connections are highlighted by circles.  
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Table 7-1.  Operating frequency of the rectenna for different cases 

  

Parameter D 

 (unit: mm) 

 

Operating Frequency Band  

(unit: GHz) 

Case I 5 1.1, 1.6, 1.9 and 2.4  

Case II 10 1.3, 1.7, 2 and 2.4 

Case III 15 1.4, 1.8, 2.1 and 2.5 

Case IV 20 1.5, 1.9, 2.2 and 2.6 

Case V 25 1.5, 2.1, 2.4 and 2.7 

 

 

Fig. 7-12. The measurement setup of the proposed rectenna for WPT. 

The measurement setup of the rectenna is shown in Fig. 7-12. The signals generated by an RF 

signal generator were amplified by using a 30 dB gain power amplifier (PA), and transmitted 

by a calibrated horn antenna R&SHF906. The proposed rectenna was used to receive the 

signals with a distance of 1 m from the transmitting horn antenna. The transmitting power was 

measured by using a power meter while the received power by the rectenna was calculated by 

using the Friis transmission equation [33].             

                            (7.2) 
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(a) 

 

(b) 

Fig. 7-13. The simulated 3D radiation patterns (with directivities) of the proposed 

rectenna at 2.14 GHz. (a) Cross-polarization. (b) Co-polarization.  

where Pr is the received power in dBm, Pt is the transmitting power of the horn in dBm, Gt is 

the realized gain of the horn in dB, Gr is the realized gain of the proposed rectenna in dB, λ is 

the wavelength of interest, and r is the distance (r = 1 m).  Since the antenna has been integrated 

with the rectifier, the realized gain of the rectenna cannot be measured with a typical 50 Ω port. 

The realized gain was calculated using the directivity of the antenna multiples the impedance 

matching efficiency (obtained from the ADS). An example of the simulated 3D radiation 
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patterns (for cross-polarization and co-polarization) of the proposed rectenna is shown in Fig. 

7-13. The maximum gains of both polarizations are about 8 dBi.  

The simulated and measured conversion efficiency of the rectenna (as shown in Fig. 7-10) are 

given in Fig. 7-14. It can be seen that the rectenna has high efficiency (e.g., over 60%) at four 

different frequency bands (around 1.45, 1.83, 2.15 and 2.45 GHz) with about a 40–50 MHz 

bandwidth of each. The efficiency is almost maintained for three different power levels (from 

0 to 14 dBm). If the efficiency is studied as a function of the input power level, as depicted in 

Fig. 7-15, the efficiency is always higher than 60% for the input power between 0 and 15 dBm. 

The maximum conversion efficiency is achieved at the input power level of around 12 dBm. 

The maximum efficiency is about 85% at 1.83 GHz, 75% at 2.14 GHz and 70% at 2.45 GHz 

respectively. Next, the input power is fixed at the optimal value (12 dBm), and the conversion 

efficiency is measured versus a range of load impedance, as shown in Fig. 7-16. It can be seen 

that, at the desired frequency bands, the conversion efficiency is constantly high (over 60%) 

over a large load impedance range from 700 to 4500 Ω. The above results have shown good 

agreements between the simulation and measurement due to the simplified structure and 

fabrication process of this design.  

 

Fig. 7-14. The simulated and measured conversion efficiency vs. frequency at three 

different input power levels. The load resistance is 2000 Ω. 
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Fig. 7-15. The simulated and measured conversion efficiency vs. input power level at three 

different frequency bands. The load resistance is 2000 Ω. 

 

Fig. 7-16. The simulated and measured conversion efficiency vs. load resistance at three 

different frequency bands. The input power level is 12 dBm. 
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A comparison between the proposed rectenna using the novel design method and other related 

work reported in the literature is given in Table 7-2. Our rectenna has a very wide tunable 

frequency band with relatively high conversion efficiency (up to 85%). Compared with other 

work that uses buck-boost converter [17], resistance compression network [22] and switchable 

adaptive rectifier arrays [24] etc. for reducing the nonlinearity of the system, our rectenna has 

demonstrated an improved circuit linearity with consistent efficiency over a wide input power 

and load impedance range. But, our rectenna does not need the complex matching networks or 

circuit elements thus has the simplest structure for the rectennas with the similar performance. 

In addition, the conventional multiband and broadband rectenna designs normally require a 

complex software optimization procedure (for tuning the matching circuit components). The 

proposed new method is relatively simple without the selection of circuit elements hence is of 

great significance for volume production in practice. 

 

Table 7-2. Comparison of the proposed rectenna and related designs 
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7.5 Summary 

A new design method for an adaptive rectenna with a wide tunable frequency band has been 

presented. The proposed rectenna using this design method has achieved more than 60% 

conversion efficiency at four frequency bands that are tunable from 1.1 to 2.7 GHz, and over a 

wide input power range from 0 to 15 dBm and a wide load impedance range from 700 to 4500 

Ω. The most attractive feature is that the proposed rectenna does not need a complex impedance 

matching network, thus the rectenna can be of a compact size, a simple structure and low cost. 

It has shown excellent performance for the target WPT and WEH applications. The design 

concept is easy to follow and of great significance for the real production of rectennas with 

simplified structures and reduced costs. 
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Chapter 8 Conclusions and Future Work 

8.1 Summary  

Motivated by the potential of creating energy-harvesting enabled self-sustainable wireless 

sensors and low power electronic devices for smart home, smart cities and IoT applications, 

wireless energy harvesting from ambient EM fields has becoming an emerging technology and 

has attracted an upsurge of research interests during the past five years. However, many 

researchers have always been perplexed by the problem of nonlinear effect in a rectifying-

antenna system, which is the most important issue for AWEH systems. As a consequence, there 

are very few broadband rectennas reported with good performance for the target applications.  

In this thesis, we have focused on the development of broadband rectennas for AWEH and 

WPT applications with the aim to overcome the aforementioned research challenges. We have 

developed a number of novel techniques to design rectennas with a simple structure, a very 

broad frequency bandwidth and an improved RF-DC conversion efficiency at relatively low 

input power levels. Moreover, the newly designed rectennas in this thesis have achieved 

excellent power conversion efficiency and impedance matching performance for a wide range 

of input power level or a wide load impedance range. The state-of-the-art technologies 

presented in this thesis could have a great impact on the future development of rectennas for 

many related applications.  

In Chapter 2, an overview of the studies of rectennas for target application has been presented. 

Some important techniques to design rectennas for high input power WPT and for low input 

power AWEH have been introduced. Also, several new technologies to improve the rectenna 

performance and reduce its nonlinear effect have been discussed in detail. The knowledge and 

prior work presented in this chapter could help readers to understand the state of art in rectenna 

designs and also realize the research challenges of this topic. It should be valuable for 

researchers who are presently working on this topic and who are going to investigate this area 

in the near future.  

An EM field measurement campaign has been introduced in Chapter 3 that have identified the 

suitable frequency bands for AWEH and the average RF power density in different ambient 
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environments. With the aid of these measurement data, a high efficiency rectenna has been 

proposed for ambient wireless energy harvesting over a wide frequency band (covers 

GSM1800, UMTS2100 and WiFi bands).  Most importantly, the input power level of this 

design has been optimized at very low ambient power levels (down to -35 dBm), which was 

very different from existing rectenna designs. A novel rectifier topology has been presented 

with a two-branch impedance matching network. The receiving antenna was a dual LP crossed 

dipole antenna embedded with a harmonic rejection feature. The overall RF-DC conversion 

efficiency has been significantly improved in this rectenna design, where the efficiency was 

about 15% when the ambient power level was around -35 dBm. Finally, this rectenna has 

successfully demonstrated the feasibility of RF energy harvesting at an indoor ambient 

environment which was of great significance to smart home and IoT applications.  

In Chapter 4, we have demonstrated a novel six-band CP rectenna with a reduced nonlinear 

effect against load impedance variations. An ultra-wideband CP receiving antenna was 

introduced with a frequency band from 500 MHz to 2.5 GHz and a miniaturized dimension of 

0.29 × 0.29 λ2 (at 500 MHz). The most important feature of this design was that the rectifier 

was configured in a three-branch circuit structure, where an additional section for reducing 

impedance mismatch versus load impedance variations was added to each branch. This design 

has demonstrated a maintained high conversion efficiency over a wide frequency band and also 

a wide load impedance range (from 10 to 75 kΩ). Due to the broadband feature of this design, 

the proposed rectenna has been demonstrated for energy harvesting from DTV, mobile and 

WiFi signals simultaneously for the first time, and thus showed the highest harvested power of 

around 24 and 8 μW for both outdoor and indoor ambient environments respectively. This 

design can be regarded as a good design guide on how to develop broadband rectennas with 

reduced nonlinear effects. 

In Chapter 5, a novel hybrid resistance compression technique for reducing the impedance 

variation of broadband rectennas has been introduced. This work was the first attempt of 

applying a resistance compression network (which is normally of narrow frequency band 

response) to a broadband impedance matching network for the rectennas. The proposed HRCT 

can offer resistance compression and improved impedance matching performance in a wide 

frequency band. The nonlinear effect of the broadband rectenna can be significantly reduced 

by using the HRCT. A broadband rectenna design example using this technique has 

demonstrated a consistently high conversion efficiency and good impedance matching 

performance over a wide frequency band from 0.45 to 0.9 GHz (with a fractional bandwidth of 
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66.7%) and a very wide load impedance range from 5 to 80 kΩ. Compared with the broadband 

rectenna design in Chapter 4, this design has demonstrated a simpler structure that used less 

number of circuit elements.  

In Chapter 6, we have presented a cutting-edge technology to eliminate the need of an 

impedance matching network for broadband rectenna designs. Different from the majority of 

existing designs that match the antennas and rectifiers to standard 50 Ω, a special OCFD 

antenna has been designed, where the antenna impedance can be tuned to directly match with 

that of the rectifier. The proposed rectenna has achieved a high efficiency over a wide band, 

and has shown excellent performance in different operating conditions. The measured 

operating frequencies of the experimental rectenna were from 0.9 to 1.1 GHz and from 1.8 to 

2.5 GHz, while the maximum conversion efficiency was up to 75% and the optimal input power 

range was tunable from 0 dBm to 23 dBm by selecting appropriate diodes. In addition, the 

rectenna had a very simple structure and low cost. This design has significantly reduced the 

complexities and costs of broadband rectennas, and introduced the simplest design method for 

broadband rectennas with excellent performance.  

In Chapter 7, a new design method for an adaptive rectenna with a wide tunable frequency 

band has been presented. A flexible and tunable broadband impedance matching has been 

achieved by loading a number of shorting pins on a novel OCFP antenna. The proposed 

rectenna using this design method has achieved more than 60% conversion efficiency at four 

frequency bands that are tunable from 1.1 to 2.7 GHz, and over a wide input power range from 

0 to 15 dBm and a wide load impedance range from 700 to 4500 Ω. The most attractive feature 

was that the proposed rectenna does not need the complex impedance matching networks, thus 

the rectenna was of a compact size, a simple structure and low cost. It has shown excellent 

performance for the target WPT and AWEH applications. The design concept is easy to follow 

and of great significance for the real production of rectennas with simplified structures and 

reduced costs. This design has also extended the suitability of such rectennas in different 

applications.  
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8.2 Key Contributions  

This work has provided a thorough study on broadband rectennas and have presented some 

cutting-edge solutions to overcome the most challenging research problems of this topic. Some 

results of this thesis have been peer reviewed by many top scientists and researchers in this 

field. As a result, they all appreciated our work, 1 journal paper has been published in IEEE 

TIE (impact factor = 6.383, acceptance rate = 14%), 3 journal papers have been published in 

IEEE TAP (impact factor = 2.053, acceptance rate = 42%) and 4 conference papers have been 

presented at several international conferences such as EuCAP2015, LAPC2015, WPTC2017 

and EuCAP2017 etc.  

The key contributions to new knowledge are detailed as follows (listed in descending order of 

importance). 

 High-Efficiency Broadband Rectenna  

The first important contribution of this chapter is the methodology and results of the 

Liverpool EM field measurement campaign. Different from many previous EM field 

strength measurements, for the first time, we have divided the measurement locations 

and data into three different categories, which are indoor, outdoor and semi-indoor 

(newly defined) environments. Therefore, the results should be meaningful for guiding 

the research of RF energy harvesting for different applications and different scenarios. 

The data should also be very useful for people who works in the mobile and wireless 

industries.  

The rectenna design in this chapter have demonstrated the first “truly efficient” 

broadband rectenna for AWEH application. Since many previous rectenna designs have 

focused on high input powers that are not suitable for energy harvesting from the real 

ambient environments. The novel rectifier topology and two-branch broadband 

matching network have successfully demonstrated an improved conversion efficiency 

at ambient signal levels over a wide frequency band from 1.8 to 2.5 GHz. In addition, 

the antenna was embedded with a harmonic rejection feature to further improve the 

overall conversion efficiency. The design method of such a filtering-antenna structure 

should also be valuable for researchers who work on MIMO antennas and base station 

antennas (that normally have a demand for good isolation performance). Finally, this 

broadband rectenna has demonstrated a harvested power of around 6 µW at a typical 
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indoor office environment. 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. It can be used for RF energy harvesting enabled wireless senor platforms for 

smart home and IoT applications. The research article of this design has been 

downloaded for more than 2500 times and cited by 35 IEEE papers (from May 

2015 to April 2017). 

 

 Matching Network Elimination 

This chapter has discussed a new design method of eliminating the need of an 

impedance matching networks for broadband rectennas. Different from the majority of 

existing broadband rectennas that introduced a complicated design process and thus 

reported a very complex structure, in this work, we have developed a novel technique 

to tune the impedance of a special OCFD antenna that can directly match with that of a 

rectifier. There are no similar designs reported in the literature and actually there are no 

good enough methods to tune the antenna impedance to conjugate match with the high 

impedance of the rectifier. The most important contribution of this design is that we 

have developed a novel method to control the impedance of the OCFD antenna from 

tens ohms to hundreds ohms, and even up to thousands ohms over a desired broad 

frequency band. In this way, an integrated rectenna can be produced without a matching 

network. Also, it has been found that the nonlinear effect can be significantly reduced 

in such a conjugate high impedance system.  

The rectenna design example using this method has demonstrated a consistent 

conversion efficiency and good impedance matching performance over a wide 

frequency band from 0.9 to 1.1, and from 1.8 to 2.5 GHz. Meanwhile, this rectenna can 

be well configured with different types of rectifying diode without the need of 

additional matching networks. Thus it has demonstrated a more than 60% efficiency 

over a wide input power range from 0 to 23 dBm, by selecting appropriate diodes. Most 

importantly, the structure and fabrication process of this design were much simpler than 

that of other similar work. This design method have made a significant contribution to 

reduce the complexities and costs of broadband rectennas that should be of good 

industrial values. The research article on this design has been reviewed and published 

by IEEE TIE (with the fourth highest impact fact and second lowest acceptance rate 

among IEEE journals).  
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 Novel Six-Band CP Rectenna 

This chapter has presented a novel six-band CP rectenna using an improved impedance 

matching network for reducing the nonlinear effect due to load impedance variations. 

The most important contribution of this work is that we have developed a broadband 

rectenna with a maintained conversion efficiency over a wide load impedance range. It 

is known that the impedance seen from the input of the rectifier varies in a large range 

due to the load impedance variation. Most reported rectenna were optimized for a fixed 

load impedance. In this design, we have added a special section formed by microstrip 

lines to a lump-element based multiband matching network. This special section has 

been optimized for reducing the impedance mismatch against the load variations. 

Finally, this design has demonstrated a very high conversion efficiency (up to 80%) 

over six frequency bands (from 0.55 to 2.45 GHz) and a wide load impedance range 

(from 10 to 75 kΩ).  It is the first broadband rectenna design with consistent 

performance over such a wide load impedance range, and it demonstrated the highest 

harvested power by a single rectenna from typical indoor (8 µW) and outdoor (24 µW) 

ambient environments. 

The receiving antenna design in this chapter was a new ultra-wideband CP antenna with 

a compact size. The antenna has covered a frequency band from 500 to 3000 MHz with 

a size of 0.29 × 0.29 λ2 (at 500 MHz). The method of using a log-periodic crossed dipole 

to form a single feed broadband CP antenna should be useful for researchers who work 

on wideband CP antennas. In addition, the idea of using a capacitive coupled ring 

structure to miniaturize such a travelling-wave UWB antenna might be valuable for 

people who investigate the electrically small wideband antennas. The research article 

of this complete rectenna design has been downloaded for more than 1000 times and 

cited by 6 IEEE papers (from May 2016 to now). 

 

 Hybrid Resistance Compression Technique 

This chapter has shown a novel hybrid approach to design broadband rectennas with a 

reduced nonlinear effect (performance variation) using a resistance compression 

network. The most significant contribution of this work is that we have developed a 

method for reducing the nonlinear effect of broadband rectennas by simply 

transforming the order of matching circuit components. In this way, the resistance 



Chapter 8: Conclusions and Future Work 

P a g e | 185  

 

compression feature can be achieved in a broadband matching network. Also, it is the 

first time to achieve a “broadband resistance compression performance” for such 

networks.  This design methodology is not only useful for rectenna designs, but also 

can be considered for the research of power electronics circuits and systems that need 

to extend the operating frequency band of the RCN.  

The broadband rectenna design example in this chapter has demonstrated a high 

conversion efficiency (up to 77%) over the widest fractional bandwidth of 66.7% (from 

450 to 900 MHz) and a wide load impedance range from 5 to 80 kΩ.  The harvested 

DC power from the ambient broadband DTV signals by using this rectenna was around 

66.7 µW.  This design can provide a good design guide for broadband rectenna design 

with a reduced nonlinear effect.  

 

 Frequency-Reconfigurable Rectenna with Adaptive Power 

An adaptive rectenna with broadband frequency-tunable feature has been reported in 

this chapter. For a conventional rectenna design, the frequency-tunable feature can only 

be achieved by modifying the matching circuit elements. This work has shown a novel 

method by tuning a number of shorting pins loaded on the OCFP antenna to achieve a 

tunable broadband from 1.1 to 2.7 GHz for the rectenna. In addition, the OCFP antenna 

was configured with four rectifiers to achieve an adaptive input power range. The 

experimental rectenna has achieved more than 60% conversion efficiency for an input 

power range from 0 to 15 dBm and a load impedance range from 700 to 4500 Ω.  

This design has made a good contribution to develop highly efficient rectennas with a 

very simple structure and also towards a variety of operating frequencies, input powers 

and load impedance ranges. Such rectennas should have a good suitability in different 

WPT and AWEH systems. 

 Introduction and Literature Review 

A comprehensive literature review has been presented to illustrate the development of 

WPT and AWEH technologies. A clear evolution picture of the studies of rectennas for 

these application has been provided. The information and knowledge presented in these 

chapters have made a contribution to help readers understand the motivation and 

research challenges of this work.  
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8.3 Future Work 

Based upon the conclusions above and considering the limitations of the work existed, future 

research could be carried out in the following areas. 

  A very important future research direction in moving this technology forward is the 

development of new diodes with a lower loss, a smaller series resistance and a much 

higher saturation current. As discussed in Chapter 3, the high forward bias voltage of 

the diode limits the power sensitivity of the rectenna at the ambient power levels and 

high junction impedance reduces the amount of energy transferred to the load. In 

addition, the large levels of parasitic capacitances in state-of-the-art semiconductor 

diodes lead to a strong nonlinearity. 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. 

Moreover, zero bias resistance in the rectification process of the spin-diodes could 

enhance 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. 

 

 Adaptive and reconfigurable rectenna arrays might be worth to investigate as a 

future research direction of this topic. In order to increase the energy captured from the 

ambient EM fields and match with the uncertainty and randomness of ambient 

environments, a rectenna array using the rectenna element presented in this thesis could 

be designed. The rectenna array can be optimized in a way of hybrid RF-power combing 

and DC-power combing, and the pattern and beam direction of the array can be adaptive 

and self-reconfigurable to cope with the real time conditions of the ambient EM fields. 

This ambitious design could be achieved by using a retrodirective antenna array 

configured in the adaptive rectenna structure presented in Chapter 7. However, a further 

overall system optimization should be performed to analysis the trade-off and the 

process could be very challenging.  
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 The rectenna designs presented in this thesis mainly focus on microwave frequency 

band, from 300 MHz to 3 GHz.  However, due to development of 5G communications, 

the future wireless communication system will mostly work on millimeter wave or sub-

millimeter wave frequency bands. It should be worth to expand the research of this 

thesis to higher frequency bands (such as 60 GHz). For a much higher frequency 

operation, the novel rectenna technologies developed in this work should be further 

investigated and validated since the loss of circuit components should become higher. 

Some new manufacturing process other than the conventional PCB technology might 

be used for millimeter-wave rectenna designs to reduce the loss due to the fabrication, 

such as IC technologies (CMOS and Fin-FET etc.), inkjet-printing and 3D-printing 

technologies.  

 Optical nano-rectennas for energy harvesting from visible and infrared light is a very 

new research topic. The theoretical maximum energy conversion efficiency by using 

optical rectennas for solar energy harvesting is up to 80%, but the achieved efficiency 

is usually lower than 1%. One of the problems is that at optical frequency band, the 

rectenna structure must be as simple as possible (normally a simple dipole coupled to a 

MIM diode), thus there is no additional room for a matching network to improve the 

efficiency. The new technology presented in Chapter 6 may become a good method to 

control the impedance of optical rectennas to achieve a higher efficiency.  

 

 So far, the RF energy harvesting system using rectennas has not been commercialized 

by big 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, a game-

changing idea would be the introduction of a hybrid energy harvester, which can 

harvest energy from vibration, solar, thermal and RF (ambient and/or dedicated) 

energies simultaneously. The hybrid energy harvester can be designed in a relatively 

small size compared with a single-source energy harvester.  These energies captured 

from different sources can be complementary to each other.  These hybrid harvesters 

can be installed on a wide range of different platforms, including but not limited to the 

wireless sensors, human body, aircrafts, railroads, and automobiles. 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.  
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