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Abstract 

Efficient power transfer in wireless communication system is engineering the electronic signal 

propagation path to maximize the transfer power and efficiency to the load or minimize the 

signal reflection from the load. The modern wireless communication systems require not only 

reliable signal and power transmission but also high-efficiency propagation as well for both 

the cost-effective and environmental friendly purpose. The purpose of this thesis is to conduct 

a comprehensive research into the efficient power transfer of systems. The main contributions 

of this thesis are laid in three areas: The first area focuses on improving the efficiency of a 

power amplifier (PA) over an ultra-wide bandwidth. Two designs are presented in this part. In 

the first design, an optimal impedance contour is designed considering both frequency band 

and desired output power rather than an optimal impedance point of the traditional method. 

The second design presents a novel general design method of frequency varying impedance 

matching using stochastic reduced order models and Voronoi partition. The performance of the 

presented PAs outperforms existing PAs which demonstrates the excellence of the proposed 

method. The second area focusses on the impedance variation caused by the magnetic 

saturation in the magnetic energy harvesting of an AC power line. This design introduces a 

novel artificial magnetic field to manipulate the dominant magnetic field of power lines to 

compress the saturation for higher harvested power. The last area concentrates on improving 

the transfer efficiency of the wireless power transfer system operating in various transfer 

positions. The impedance matching problem of a WPT systems is usually caused by the 

misalignment of the transmitter and receiver both vertically and horizontally which alternating 

the mutual inductance between coils. This part will solve the problem by compress the 

impedance variations rather than matching the various optimal impedance for different transfer 

position using differential coupling method.  

This thesis has successfully demonstrated several novel design methods and techniques for 

efficient power transfer in wireless communication systems. 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 and have increased the boundary of this topic to a 

new level.
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Chapter 1 Introduction 

1.1 Motivation 

With the rapid development of the modern wireless communication technologies, we are 

getting more and more dependent on wireless devices on the daily life (see Fig. 1-1). Wireless 

communication techniques change people’s life. We can receive news from any corner of the 

earth every second, live chat with anyone you want to and charge your devices wirelessly. 

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

as the incredibly high demand of energy-related accessories. Barack Obama, the former 

president of the United of States 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. This 

thesis is aiming to develop new technologies that enable the highly efficient operation of our 

electronic devices and reduce the unnecessary power consumptions, contributing to the global 

environment protection. 

 

Fig. 1-1. Wireless communication linked world. 

In a wireless communication system, the main power consumption occurred in power 

amplification stage and signal propagating procedure. Firstly, the power amplifiers (PA) are 
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core components in communication systems. Half of the electricity consumption [1] by the 

world's mobile networks could be saved by enhancing the efficiency of PA-related components 

in the networks. On the other hand, efficient PA is environment-friendly. It is reported that by 

applying efficient PA globally, it would reduce carbon emissions by 36 million tons each year, 

which is equivalent to the number of 7 million cars' emissions. Thus, developing techniques to 

improve the power amplification efficiency will contribute to the green wireless 

communication systems [2].  

From a wireless communication device designer’s point of view, one important key to improve 

the energy usage efficiency is impedance matching. A typical wireless communication device 

can be modelled as a two-port network as shown in Fig. 1-2: 

 

Fig. 1-2. General two-port network with matching units. 

The input and output matching networks should conjugately match the impedance of the device 

to the source and load respectively to achieve the maximum power transfer. Whenever a source 

with a fixed output impedance such as an electric signal source, a radio transmitter or a 

mechanical sound (e.g., a loudspeaker) operates into a load, the maximum possible power is 

delivered to the load when the impedance of the load is equal to the complex conjugate of the 

impedance of the source (that is, its internal impedance or output impedance). For two 

impedances to be complex conjugates their resistances must be equal, and their reactance must 

be equal in magnitude but of opposite signs. In low-frequency or DC systems (or systems with 

purely resistive sources and loads) the reactance is zero, or small enough to be ignored. In this 

case, maximum power transfer occurs when the resistance of the load is equal to the resistance 

of the source. However, in the wireless communication systems, the device will not always 

have a constant impedance, which will usually vary with parameters such as frequency, 

conducted power level (for PAs or diodes), transfer position or coupling conditions (for WPT 

devices) and magnetic or electric field strength (for EH devices). Therefore, the devices’ 

impedance variation will introduce a challenge of impedance matching in realising efficient 

PAs.   

https://en.wikipedia.org/wiki/Electric
https://en.wikipedia.org/wiki/Signalling_(telecommunication)
https://en.wikipedia.org/wiki/Radio
https://en.wikipedia.org/wiki/Transmitter
https://en.wikipedia.org/wiki/Loudspeaker
https://en.wikipedia.org/wiki/External_electric_load
https://en.wikipedia.org/wiki/Power_(physics)
https://en.wikipedia.org/wiki/Complex_conjugate
https://en.wikipedia.org/wiki/Internal_impedance
https://en.wikipedia.org/wiki/Output_impedance
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The target of this work is to overcome the variable impedance matching challenges and 

problems, especially in the following aspects: 

i. To develop an Radio Frequency (RF) PA that can operate in a multi-octave 

bandwidth with high output power, stable power gain and high efficiency. The input 

and output matching networks of the PA should be able to maintain vert good matching 

condition passively regardless the impedance variation caused by nonlinear effects of 

the transistor, in terms of frequency sweeping, output power level change, to keep the 

PA operating with a high-efficiency feature. 

ii. To develop a range-adaptive magnetic resonant coupling wireless power transfer 

system (MRC-WPT) that can transfer the desired power level with desired high 

efficiency in a large adaptive position range. The transmitter and receiver of the system 

should be able to provide a relatively smooth mutual inductance passively regardless of 

the transfer position in terms of transfer height and horizontal misalignment. 

iii. To develop a magnetic energy harvester for AC power transmission lines which 

can deliver high power with the existence of the magnetic core saturation. The matching 

network of the energy harvester should be able to manipulate the dominant magnetic 

field of an AC power line to an optimal level to mitigate the magnetic core saturation 

phenomenon, achieving a high output power. 

1.2  Dissertation Outline 

This work focusses on solving variable impedance matching problems in wireless 

communications systems especially in RF PA, MRC-WPT, and magnetic energy harvesting 

(EH). The dissertation consists of seven chapters and the structure is organized as follows: 

Chapter 1 introduces the main challenges to be solved for this study, and the background of 

this work including the motivation and objectives of the research. 

Chapter 2 reviews the state-of-the-art variable impedance matching techniques in several 

specific device designs including broadband high-efficiency PAs. Reported methods of 

adaptive matching with impedance variation and techniques of constrained impedance 

matching are discussed in detail. 
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Chapter 3 discusses the methodology to design wideband PAs using an optimal impedance 

contour covering the required impedance over a wide bandwidth. The variation of the optimal 

impedances is limited by setting a contour containing the impedances leading to high efficiency 

for different frequencies.  A bandpass matching network is adapted to realize both input and 

output matching networks to present the transistor proper impedances. The fabricated PA 

demonstrates a high-efficiency and high output power over a broad frequency band. 

Chapter 4 introduces a PA design methodology that dealing with optimal impedance varying 

over a multi-octave frequency range. In this case, the variation cannot be constrained without 

major performance trade-off. Thus, the proposed method using a statistic analysis-based 

algorithm to design matching networks that can adaptively match the variable impedances for 

the PA. A detailed procedure is presented including defining optimal impedance contours and 

matching network synthesis. The realized PA demonstrates state-of-the-art performance in 

terms of efficiency, in-band gain flatness and output power level. 

Chapter 5 focuses on matching impedances that variate in the time-domain caused by 

magnetic core saturation in EH devices. The novel method used in this work constrains the 

variation of the impedance by manipulating the dominant magnetic field that saturates the core. 

The realized system demonstrates the highest harvested power compared to other reported 

works in the literature. A completely self-sustainable EH system was realized. The 

experimental results validate the contribution of the novel impedance constraining method for 

improving the harvested power.  

Chapter 6 solves the impedance matching problem caused by the variation of the transfer 

position in a WPT system. Conventional designs match the source and load based on a certain 

transfer position or distance to achieve high efficiency. Once the optimal position cannot be 

maintained, the input impedance will change leading to mismatch and degrading the transfer 

efficiency. This work proposes a novel structure using bi-directional resonant coils to maintain 

a relatively constant impedance regardless of the transfer position within a large region. 

Therefore, the variation of impedance is significantly reduced, and a range-adaptive WPT can 

be achieved. 

Chapter 7. draws a summary of the main contributions of this dissertation. Future works of 

this research are suggested. 
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Chapter 2 Review of Efficient Broadband Power 

Amplifiers 

In the past few decades, wireless communication technology was undergoing a veritable 

explosion of growth, reforming people’s daily life in business, education, health and 

everywhere. Power amplifiers (PA) are the last amplification stage in the transmitting chain of 

wireless communication systems, whose job is to produce enough output power of the signal 

for an antenna. The PA is a crucial component since its performance have substantial effects 

on the overall system features regarding bandwidth, efficiency and output power of the 

transmitter [1].  

PAs are core components in communication systems. Half of the electricity consumption by 

the world's mobile networks could be saved by enhancing the efficiency of the PA related 

components in the networks [2]. On the other hand, an efficient PA is environment-friendly. 

By applying efficient PAs globally, it would reduce carbon emissions by 36 million tons each 

year, which is equivalent to that of 7 million cars [3]. 

 

Fig. 2-1. Energy consumption in a typical base station [1]. 

In a highly efficient PA, increases in efficiency which at first might appear to be minor can be 

essential. For example, an increase of drain efficiency from 80% to 90% will halve the drain 

power dissipation from 20% to 10%. This will result in a reduction in the heat sink volume and 
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weight by a factor of 2.8 [2]. Alternatively, it will halve the junction temperature rise and 

therefore decrease the transistor failure rate, contributing to extending the working life of the 

device.  

On the other hand, the ever-increasing number of frequency bands and spectrum fragmentation 

demand wireless communication systems have broadband features. The modern wireless 

communication system is evolving and involves a multiplicity of communication standards 

such as high-speed packet access (HSPA), long-term evolution (LTE) and worldwide 

interoperability for microwave access (WiMAX). These standards require communication 

systems operating at different centre frequencies, with different bandwidths and modulation 

schemes [3]. Wireless service providers have to offer a large number of radios for these 

standards resulting in a costly network infrastructure.  

Driven by the demands of consumers for wireless portable devices, the industry and academia 

have responded and offered improved services and standards. For example, the first generation 

named 1G cellular was introduced in the early 80s, based on analogue networks operated at 

900MHz. Then, the 2G cellular system was announced ten years later, which provided much-

improved data rate. Till now, the 4G system using OFDM technology is operated around the 

world offering high quality and enhanced functionality services. Nowadays, the idea of 5G 

networks has been proposed, which is designed to deliver higher data rate services, and it will 

demand broader bandwidth and higher efficiency with lower cost and smaller size devices. 

Therefore, the aims and objectives of the first research area of this thesis are: 

• To improve the efficiency of RF PAs 

• To extend the operational bandwidth of RF PAs 

• To propose novel design methods of wideband high-efficiency PAs 

2.1 PA Classification 

The PAs can be categorized into several operating classes based on the voltage and current 

waveforms. Conventionally, these classes can be classified into two modes named current 

mode and transconductance mode PAs. PAs can be operated as a controlled current source by 

the DC gate voltage or in a switching mode in which case the transistor will behave like an 

on/off switch. Different classes PAs will have different efficiencies. To evaluate the efficiency 
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of a PA, the time domain voltage and current waveforms on the drain of a transistor can be 

represented by: 

( ) sin( )
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where VP and IP are the magnitudes of the AC voltage and current, VDC and IDC are the 

amplitude offset of the DC voltage and current, and φ is the phase offset. Then the power 
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To evaluate the performance of a PA converting DC power to RF power, the efficiency of a 

PA is an important feature. Conventionally, the efficiency of a PA can be calculated in two 

ways, namely, drain efficiency (DE) and power added efficiency (PAE). DE is a measure of 

how much DC power is converted to RF power at the terminal where the DC power is supplied. 

The DE is usually used for high gain devices due to the incident RF power that goes into the 

device is not taken into consideration. Therefore, the drain efficiency of the PA can be 

represented by: 

Delivered

DC

P

P
 =                                                                                 (2.6) 

Usually, for RF PA designs, the power gain is relatively low around 10 – 20 dB. Therefore, the 

input RF power should be considered to calculate the efficiency of a PA. PAE is similar to DE, 
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however it takes into account the RF power added to the device. Hence, the PAE is used to 

evaluate the PA performance as: 

,Delivered RF in

DC

P P
PAE

P

−
=

                                                                         (2.7) 

2.1.1 Current Mode PAs 

 

Fig. 2-2. The DC bias conditions for the current mode PAs. 

 

Fig. 2-3. Typical drain waveforms of the current mode PAs (a) Class-A, (b) Class-AB, 

(c) Class-B, (d) Class-C. 

For current mode PAs, the most important parameter is the DC bias condition. The DC bias 

conditions for different classes of current mode PAs are illustrated in Fig. 2-2. The typical drain 

waveforms of the current mode PAs are shown in Fig. 2-3. A PA operates in Class-A is biased 

at the middle of the load line between the saturation and pinch-off point. It will have a 360° 

conduction angle due to the transistor is turned on by the DC bias. The typical voltage and 



Chapter 2: Review of Efficient Broadband Power Amplifiers 

P a g e | 10  

 

current waveforms of a Class-A PA are shown in Fig. 2-3(a). Due to the large overlap area of 

the current and voltage waveform, at least half of the DC power is consumed by the transistor, 

resulting in a maximum efficiency of 50% for the ideal case. Because the transistor is turned 

on by the DC bias, both positive and negative excursions deliver power. The PA will have a 

360° conduction angle, achieving a high gain and very little harmonics. Therefore, Class-A 

PAs are desired for applications require high linearity and high gain. Herein, if a higher 

efficiency is desired, the DC bias current can be reduced to decrease the voltage and current 

overlap.  

A Class-AB PA is biased between the pinch-off point and middle of the load line. Typical 

voltage and current waveforms of a Class-AB PA are shown in Fig. 2-3(b). As the magnitude 

of the current is reduced, the power dissipated by the transistor can be decreased accordingly. 

The efficiency of a Class-AB PA can be 50% - 78.5%. However, for t from 0.1 – 0.4, the 

transistor will not be conducting. The conducting angle is sacrificed for higher efficiency. If 

the quiescent current is further reduced to zero, the PA will be operating at Class-B mode. 

Typical voltage and current waveforms of a Class-B PA are shown in Fig. 2-3(c). 

Class-B PA provides a linear amplification due to that the amplitude of the drain current 

increases proportionally with a fixed half sinusoidal signal to the amplitude of the input driver 

[8]. The theoretical efficiency of Class-B is improved to 78.5% compared with Class-A, with 

a sacrifice of conducting angle and gain.  

Class-C PAs are biased in a portion that is less than half of the RF cycle. The typical waveforms 

of the Class-C PA are shown in Fig. 2-4: 

 

Fig. 2-4. Typical voltage and current waveforms of a Class-C PA. 

The following figures illustrate the different bias conditions of the Classes above and the 

typical drain voltage waveforms: 



Chapter 2: Review of Efficient Broadband Power Amplifiers 

P a g e | 11  

 

For the Class-B PA, if the impedance at the odd harmonics is tuned to be an open circuit, and 

the impedance at the even harmonics tuned to be a short circuit as shown in Fig. 2-5: 

 

Fig. 2-5. The ideal structure of a Class-F PA. 

Now Class-B is converted to be Class-F where the waveform is transformed into a square wave 

by terminating the odd harmonics open, and the even harmonics shorted [4]. For an ideal Class-

F PA, the drain voltage is a square wave, and the current is a half-sinusoidal [5]. In reality, a 

portion of the RF cycle will be driven into the saturation region to satisfy the requirement of a 

square voltage waveform. Based on the Trigonometric Fourier Series, the periodic signal can 

be expressed as a sum of sinusoids [6], the perfect square waveform can be achieved by using 

infinite harmonics. However, it is not possible in practice since the circuit will be complicated. 

The waveforms in Fig. 2-6 are constructed only using the third harmonic: 

 

Fig. 2-6. Typical voltage and the current waveforms of a Class-F PA. 

Once the voltage waveform is a perfect square wave, the overlap of the current and voltage on 

the transistor will be zero, leading a 100% efficiency [7]. The main obstacle to the Class-F 
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design is the realisation of harmonic terminations at high frequencies. Hence, it is a trade-off 

between the complexity of the circuit and the required performance of the device [8]. 

2.1.2 Switching Mode PAs 

For switching mode PAs, the transistors will only work in the saturation region. The voltage 

and current are determined by the output network rather than the input drive, different from the 

current mode PAs. Switching mode PAs such as Class-D and Class-E utilise the transistor as a 

switch that either the current passing through the transistor or the voltage across the device [9]. 

The Class-D PAs are categorised into two modes, namely, voltage mode Class-D with serial 

resonator circuits and current mode Class-D with parallel resonator circuits. Each type of Class-

D has a topology with two resonators. The typical architectures and waveforms of the are 

shown in Fig. 2-7: 

 

Fig. 2-7. Typical architectures and voltage and current waveforms of the Class-D PAs 

[10]. 

The left shows a typical voltage mode Class-D PA, where the voltage is a square waveform. 

The output resonator forms the current to be sinusoidal. This type of PA makes a high-

efficiency solution for audio applications. However, voltage mode Class-D is not proper for 
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the gigahertz frequency range due to the transistor output capacitance will become majority 

loss factor at the high-frequency band. The right shows a typical current mode Class-D PA, 

where the current is a square waveform. The output resonator makes the voltage to be a pure 

sine wave. The topology of a current mode Class-D PA is balanced where both the transistors 

are grounded, and the output capacitors can be utilised in the output filter. Therefore, the current 

mode Class-D PA will achieve a high efficiency in the gigahertz range [10]. 

As opposed to the conventional classes PAs, switching mode PAs use a transistor as like an 

on/off switch. So, when the switch is closed, the current flows into the switch, and when the 

switch is open, the current flows into the load which causes the voltage as shown in Fig. 2-8: 

 

(a) 

 

(b) 

Fig. 2-8. Switching mode PAs operating waveform, (a) switch closed, (b) switch open. 

Ideally, this will result in square voltage and current waveforms with almost no overlap. Hence, 

almost no power will be dissipated by the transistor, yielding a maximum drain efficiency. To 

control the harmonics, a resonator can be added into the output of the transistor. The circuit 

will be shorted at the fundamental and open at all the harmonics. So, the action of opening and 
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closing the switch will force the sinusoidal current flow through the circuit. When the switch 

is closed, the current will flow out of the resonator into the switch as shown in Fig. 2-9: 

  

(a)                                            (b) 

Fig. 2-9. Switching mode PAs operation (a) switch closed, (b) switch open. 

However, when the switch is open, the resonator will try to pull back the current from the 

switch to form a sinewave, but there is no path for the current to return as the switch is an open 

circuit. Hence, a capacitor can be added into the circuit to form a return path for the current to 

the resonator as shown in Fig. 2-10: 

  

Fig. 2-10. Switching mode current path with a parallel capacitor. 

The idea of achieving the highest efficiency of the PA is to avoid the current and voltage exists 

at the transistor at the same time. Although with a parallel capacitor, the current will flow back 

to the resonator when the switch is open, the current waveform of the switch closing time will 

have a DC offset as shown in Fig. 2-11: 
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Fig. 2-11. A switching mode current waveform with a parallel capacitor. 

Therefore, to reduce the power dissipated on the transistor, the current can be delayed by a 

series-connected inductor and then the structure will form a typical Class-E PA. The structure, 

operating principle and waveform are shown as in Fig. 2-12: 

 

Fig. 2-12. Typical structure and waveforms of a Class-E PA. 

2.2 Overview of Efficient Broadband PA Matching Techniques 

Broadband high-power and high-efficiency PAs are very important for modern wireless 

communication systems to achieve low-cost and reliable features. However, the conventional 

methods to achieve high-efficiency performance such as Class-D [11], [12], Class-E [13] – 

[19], Class-F [20] – [24] and Doherty structure [25] – [29] need a high saturation level of the 
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transistor. Nevertheless, the accurate harmonics control will also be demanded. These 

requirements need the input/output matching network (IMN/OMN) of the PAs provide the 

precise impedances to the transistor at the desired frequencies and power levels [9]. But the 

transistors are non-linear devices which will require different optimal impedances at different 

frequencies and power levels. Therefore, the broadband feature is difficult to maintain with the 

high-power and high-efficiency performance [10]. Herein, the primary challenge to realize an 

efficient broadband PA is assigning the optimal impedances at the desired frequencies with the 

required power level. Some popular solutions to extend the operating frequency band of the 

PAs are introduced below. 

Distributed PA 

William. S. Percival formulated the first distributed amplifier (DA) in 1936 using vacuum tube 

technology [30]. Recently, the GaAs, GaN and InP have been applied to the semiconductor 

technology [31] – [33]. The DA architecture introduces delay lines to achieve the broadband 

characteristics. For a DA the input is fed in series into the transistors and parallel out of them. 

A delay line combines the outputs. An example of the DA using GaN technology is shown in 

Fig. 2-13 [34]: 

  

Fig. 2-13. An example of DA using GaN technology [34]. 

Although the DA structure will significantly improve the operating bandwidth, there exist 

several limitations in realising the high-efficiency performance. Each transistor used in the DA 

will contribute an unequal output power, which means some of the devices may not be working 

in the high-efficiency mode. On the other hand, the optimal impedance for each transistor may 

not be identical. Moreover, this structure needs multiple devices which will introduce more 

losses for the system and increase the circuit size. Overall, the DA structure is more suitable 

for broadband applications rather than the high-efficiency PA designs. 

https://en.wikipedia.org/wiki/Propagation_delay
https://en.wikipedia.org/wiki/Broadband
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Load Modulation 

As discussed before, due to the non-linearity of the transistors, the optimal impedances should 

be presented to the transistor for different operating frequencies and power levels to achieve 

the high-efficiency and high-power performance. Load modulation (LM) technique will 

provide the transistor with the optimal impedance yielding the maximum efficiency by 

alternating the effective load impedance both resistively and reactively [35]. Under the LM 

scheme, the drain voltage of the transistor will be kept at the same level for all different output 

powers by alternating the output current only. For high-efficiency switch mode amplifiers 

which work in the saturation or pinch-off condition, the above statement will be significant 

since it is the hard switching that gives the high efficiency. To reach fast switching with the 

very high power and bandwidth necessary for modern RF PAs, tunable elements or varactors 

with high power capability and good tunability are needed [7].  

D. J. Shepphard et al. presented a load modulated balanced PA (LMBA) which can modulate 

the impedance seen by a pair of RF power transistors in a quadrature balanced configuration 

via varying the amplitude and phase with an external control signal [36]. The LMBA schematic 

and a fabricated demonstration broad are shown in Fig. 2-14: 

 

Fig. 2-14. The schematic and fabricated demo broad of LMBA [36]. 

This method will dynamically optimise frequency, efficiency and power performance by 

adjusting the externally applied control signal [37]. The control signal can modulate the 

impedance presented to the balanced transistors, both in magnitude and phase. Therefore, the 

function of the conventional passive matching networks can be complemented, or even 
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replaced, by using dynamic adjustments to the external control signal. The control signal power 

is shown theoretically to add directly to the output power, regardless of its phase setting. In 

practice, this power conservation may be imperfect but is substantially realized under most 

conditions of control signal settings. The measured results show an efficiency better than 70% 

over an octave bandwidth from 0.8 GHz to 2 GHz with 30 dBm output power. 

R. Amirpouer et al. presented a Class-J PA with varactor-based dynamic load modulation 

(DLM). The schematic and a fabricated PA are shown in Fig. 2-15: 

 

 

Fig. 2-15. The schematic and fabricated demo broad of Class-J PA with DLM [37]. 

This work shows a PAE of 40% - 50% in an operating band from 1.7 GHz to 2.3 GHz. Although 

the optimal impedances required by the transistor are provided accurately by the LM scheme, 

the overall efficiency is relatively low as the active modulation unit will be energy consuming. 

Also, the design method requires the impedance tracking to optimise the load impedance 

actively, which will increase the complexity and cost of the system. 

Continuous Mode-Transferring PAs 

As discussed in the PA Classification section, some PA modes such as Class-E, Class-F and 

the continues modes will enhance the efficiency performance significantly by reducing the 

overlap of the drain current and voltage. However, suffering from the strict impedance 

requirements for both fundamental and harmonics frequencies, the operating frequency 

bandwidth is limited. Therefore, to expand the bandwidth, continuous mode concept has been 
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proposed such as Class-B to Class-J [38], [39] and continuous Class-F [40], where the PA 

modes can be switched between different high-efficiency modes for different frequencies. 

K. Chen et al. presented a broadband harmonic-tuned PA with in-band mode transferring 

feature in [41] which is developed from a dual-band PA design [42]. This concept extends the 

mode-transferring between Class-F and inverse Class-F to a more general case of continuous 

Class-F and continuous inverse Class-F with the circuit schematic shown in Fig. 2-16: 

 

Fig. 2-16. The schematic of Class-F and inverse Class-F PA topology with ideal second 

and third harmonic terminations [41]. 

The OMN will provide open-circuit at odd harmonics and short-circuit at even harmonics when 

the PA is operating in inverse Class-F mode at the lower-half band. The OMN will provide 

short-circuit at odd harmonics and open-circuit at even harmonics when the PA is operating in 

Class-F mode at the upper-half band. The ideal frequency response and the matching scheme 

are shown in Fig. 2-17 and Fig. 2-18: 

  

Fig. 2-17. The ideal frequency response of the mode-transferring PA, matching scheme 

and fabricated PA [41]. 
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Fig. 2-18. Measured results of the mode-transferring PA [41]. 

This method will automatically transfer the PA operating mode when the frequency changes, 

leading to a broadband high-efficiency performance. The measured results show a PAE of 56% 

- 78% from 1.3 GHz to 3.3 GHz. 

C. Huang et al. demonstrated a hybrid continuous mode PA with phase shift parameters [43]. 

The PA will operate between Class-J and continuous Class-F with a phase shift parameter 

introduced in the voltage waveform to generate the complex fundamental and harmonic load 

impedances, further extending the bandwidth with high-efficiency. The measured results and a 

fabricated circuit are shown in Fig. 2-19: 

  

Fig. 2-19. Measured results and a fabricated circuit of the hybrid modes PA [43]. 

The results show a DE of 65% - 72% when delivering 40.5 – 42.3 dBm output power over a 

bandwidth of 1.2 GHz – 3.6 GHz.  

The continuous mode PA is a promising candidate in achieving high-efficiency broadband 

performance. However, the bandwidth is still limited by the impedance required to form a 

specific waveform to realize the desired Class modes. Moreover, the in-band efficiency is also 
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degraded from the optimal design frequency point due to the desired waveform cannot be held 

when the frequency swept as shown in Fig.2-21 that there are two PAE peaks and multiple 

efficiency peaks in Fig.2-22. The operation modes are designed based on the optimal frequency 

points. Therefore, when the frequency shifts from its optimal one, the efficiency decreases. 

Also, the continuous mode method will not suit for wideband PAs with an octave or multi-

octave bandwidth due to the harmonics tuning approach cannot be applied, as the harmonics 

fall inside the required bandwidth. 

Broadband Filter-Type Matching Network 

The filter-type matching network is found to be useful in PA design as they can provide the 

accurate optimal impedances and filter the harmonics simultaneously. Furthermore, the filter-

type MN can realize the optimal impedances for an infinite bandwidth theoretically with a 

relative smooth in-band response. The filter-type MN can transfer the desired impedance to the 

industrial standard termination value for the desired bandwidth, and then the high-efficiency 

can be achieved with a relatively stable in-band response. 

M. Yang et al. presented a continuous inverse Class-F PA using a modified elliptic low-pass 

filtering MN [44]. Class-F PA requires a short-circuit at the even harmonics and an optimal 

impedance at the fundamental. Therefore, the impedance transition bandwidth (TBW) from the 

fundamental frequency to the second harmonics will limit the operating bandwidth of the PA 

as shown in Fig. 2-20.  

 

Fig. 2-20. The ideal frequency response of a broadband continuous Class-F PA [44]. 

The modified elliptic LPF MN will provide a very sharp impedance transition, minimising the 

TBW to increase the operating bandwidth. The realized MN, measured impedance and 

measured PA performance are shown in Fig. 2-21 and Fig. 2-22: 
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Fig. 2-21. Realized OMN and the measured OMN impedance [44]. 

 

Fig. 2-22. The measured PA performance [44]. 

The measured results show a DE of 68% - 82% across 1.35 GHz to 2.5 GHz. Different from 

the mode-transferring PAs, the efficiency performance of the filter-type MN PA is much more 

flat and stable. However, the bandwidth is still limited by an octave due to the second 

harmonics must be shorted to form an ideal waveform to achieve the high-efficiency. 
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P. Saad et al. presented a highly efficient octave bandwidth PA using a bandpass filter-type 

MN based on a source–pull/ load–pull simulation [1]. This method divides the desired 

bandwidth into several small frequency bands and then performs the source/load pull 

simulations to find out the optimal impedance yielding the maximum PAE for each frequency 

band. Due to the optimal impedances are close to each other, the optimal impedance at the 

centre frequency is selected for the whole frequency bands. A distributed OMN is designed to 

realize the optimal impedance. The topology and the fabricated circuit are shown in Fig. 2-23 

and Fig. 2-24: 

 

Fig. 2-23. The topology of the octave bandwidth PA and a photo of the PA [1]. 

 

Fig. 2-24. Comparison of the measured and simulated DE performance of the PA [1]. 

The measured results in Fig. 2-27 indicate a DE of 57% -72% across 1.9 GHz to 4.3 GHz. For 

a PA with bandwidth better than an octave, the efficiency is very high. However, it should be 

mentioned that in the filter-type design, the optimal impedances over the whole bandwidth 
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should be close to each other, which means a small impedance variation along the frequency. 

Otherwise, once the bandwidth is further extended where the optimal impedances are not close 

to each other anymore, the traditional filter-type design will be no longer suitable. 

In summary, the PA classifications with their bias conditions and characteristics have been 

introduced and analysed. Several broadband high-efficiency PA techniques such as DA, LM 

based methods, mode-transferring and filter-type MN have been introduced. The pros and cons 

of these methods have been analysed. The key to realising high-efficiency broadband PAs is 

assigning the optimal impedance over the whole operating bandwidth. Due to the optimal 

impedance at different frequencies varies a lot from each other, it is very challenging to present 

the perfect impedance for a very wide bandwidth. There are mainly two concepts to overcome 

the challenge. One is matching the various impedances as accurate as possible such as DA and 

load modulation methods, which will increase the system complexity and sacrifice the overall 

system efficiency. The other way is minimising the variation of the optimal impedances as used 

in filter-type MN design by trading off the efficiency performance or the bandwidth. 
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Chapter 3 Design of a Broadband PA with 

Constrained Optimal Impedance Contours  

This chapter presents the design, implementation and experimental results of a broadband high-

efficiency GaN-HEMT power amplifier (PA) with constrained optimal impedance contours. 

Due to that the optimal impedance for both input and output of a transistor varies with 

frequency, the impedance variation is constrained by establishing optimal impedance contours 

covering the required optimal impedance across the desired bandwidth. Source-pull and load-

pull simulations were employed to determine the optimum input and output impedances of a 

GaN transistor over 0.9-1.5 GHz to achieve high power added efficiency (PAE). A low-pass 

network based on a closed-form solution was applied for impedance matching. Then it was 

transferred to a band-pass network. Norton Transformation is used to increase the magnitude 

of impedances without sacrificing bandwidth or matching. Experimental results shown that the 

PA can achieve a power gain of 9.5-13.5 dB across 0.9-1.5 GHz while the output power is 10-

22W. The corresponding PAE is 60%-86%. This PA is suitable for satellite communications 

systems and particularly GNSS applications. 

3.1 Introduction 

A PA can be used for transferring DC power into RF power in wireless communications 

systems. The efficiency of PAs will significantly influence the power consumption of the 

system. Moreover, the performance of the PA in terms of bandwidth, efficiency, output power 

and linearity, determines the overall features of the system. It makes the design of broadband 

PAs with high efficiency an important topic.   

The broadband feature of PAs can be realized by several techniques such as distributed 

amplifier [1] [2]. Although flat gain and high linearity can be achieved through a distributed 

amplifier, a large number of devices are required, increasing the cost, size and reducing the 

efficiency. To improve the efficiency, some popular solutions are widely used including class 

D, class E/E-1, class F/F-1, and Doherty. Those switched-mode or harmonically tuning PAs have 

high efficiency over a narrow bandwidth. There are many broadband high-efficiency PAs using 
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switched-mode reported in the literature [3]-[5]. Designing a PA with wide bandwidth and high 

efficiency simultaneously is an attractive research area. 

In this chapter, the design of a GaN PA operating over the frequency range of 0.9-1.5 GHz 

(50% fractional bandwidth) with 60%-86% PAE is presented. The PA covers the majority of 

the Global Navigation Satellite System (GNSS) frequency bands from 1164 MHz to 1591 

MHz. This design employed source/load-pull simulation to find the optimal source and load 

impedances. A low-pass network was designed first to match the optimum impedances and 

transferred to a band-pass network. Then a PI-type Norton transformation was applied to scale 

the load of the band-pass network to 50 Ω. A general method for the design of a broadband 

matching network is presented in this chapter. 

3.2 Design of the Power Amplifier 

To realize a broadband efficient PA, bandpass filters were selected as the approach to design 

input and output matching networks to match the optimum source and load impedances to 50 

Ω. The topology is shown in Fig. 3-1. A 25-W Cree GaN-HEMT CGH40025F sealed in the 

Cree 440166 package was chosen to realize the broadband high-efficiency PA, due to its high 

breakdown voltage and low output capacitance [6]. In this case, the PA works in the switched-

mode for maximum PAE. Care should be taken in the design not to damage the device as the 

peak drain voltage is much higher than the DC supply voltage [7]. 
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Fig. 3-1. Typical broadband PA topology. 

3.2.1 Source-Pull and Load/Pull Simulations 

Source-pull and load-pull simulations have been performed using the large signal model by 

Advanced Design System (ADS) to find the optimum input and output impedances of the 

transistor in terms of maximum power added efficiency (PAE) across 0.9-1.5 GHz. Due to the 

nonlinearity of the transistor, the source and load impedances vary with frequency. The 

matching network has to match those impedances at each frequency to deliver RF power 

efficiently over the desired bandwidth. To minimize the effects of packaging, the intrinsic 

parasitic values are modelled via [6] and the datasheet from the manufacturer. The extrinsic 

parasitic capacitances are calculated according to the Y-parameter frequency responses of the 

FETs and the linear regression technique provided in [8]. Then, load-pull simulations were 

conducted at 0.9, 1.1, 1.3, 1.5 GHz. The results of the PAE contours higher than 70% are shown 

in Fig. 3-2.  

 

Fig. 3-2. Contours with optimal impedance leading to higher than 70% PAE. 
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Design reported in [3] - [5], [9] focused on the impedances of maximum PAE and then 

determine the optimum impedance at the centre frequency. This work analyses not only the 

maximum PAE but also the PAE contours higher than 70%. It can be seen that the PAE 

contours have an interaction point at 16+j13.5 Ω. With this impedance, the PAE at 0.9, 1.1, 

1.3, 1.5 GHz are 70%, 83.2%, 80% and 69% respectively. Hence, the optimum load impedance 

was chosen as ZL,Opt=16+j13.5 Ω. Similarly, the optimum source impedance can be determined 

with the same procedure. It was chosen to be ZS,Opt =7.2+j5 Ω. In this case, the matching 

network only needs to match ZS,Opt and ZL,Opt at the input and output to 50 Ω across 0.9-1.5 

GHz. 

3.2.2 Matching Network Design 

The optimal impedances of the source and load have been obtained as described in the previous 

section. Then, the output of the transistor can be modelled as an ideal current source with a 

shunt R-C network [9]. The optimum output impedance ZL,Opt  can be realized by an output 

resistance of Rout = 27.4 Ω and an output capacitance of Cout = 4.1 pF in parallel as shown in 

Fig. 3-3. Therefore, the task becomes to design an output matching network (OMN) that 

matches the shunt R-C network to a 50 Ω load across 0.9-1.5 GHz. Firstly, a lumped low-pass 

network can be designed using the method extracted from [10]. To realize the desired 

bandwidth, a third-order low-pass network is used. The normalized g-elements are shown in 

Fig. 3-3(a). The low-pass network can be transferred to a band-pass network as shown in Fig. 

3-3(b). Since the load of the matching network is not 50 Ω, an ideal transformer with a ratio of 

n=1.36 can be applied to upscale the load to 50 Ω. The two series-shunt capacitors C1 and C2 

are transformed to a PI network using Norton transformation with the inductor and resistor 

scaled up by a ratio of n2 = 1.845 [11]. 
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(a) 

 

(b) 

Fig. 3-3. Output matching network (a) Low-pass, (b) Band-pass. 

The lumped network is converted to the distributed network as shown in Fig. 3-3. The TL1 was 

added as a tapper to connect the output pin of the transistor as shown in Fig. 3-7. L1 was 

replaced by a transmission line TL2 left open at the far end with the line impedance equal to 4/π 

times the reactance of the inductor. Similarly, L2 was transformed to TL3. The DC-blocking 

capacitor C1 was realized by a lumped element. The grounded parallel L3 and C2 can be 

approximated by a shorted transmission line [12]. The layout of the distributed OMN is shown 

in Fig. 3-4. 

 

Fig. 3-4. Layout of the distributed-element OMN. 

The resistors in the bias network are used to ensure the amplifier is unconditional stable across 

the desired bandwidth. Two inductors are added in the bias circuit to prevent the RF signal 

from leaking to DC supply. The same procedure presented above can be used to design the 

input matching network (IMN). Tuning has been made using computer-aided-design tool to 
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maximize the efficiency and overcome the effects of bending the transmission lines. The 

completed circuit schematic of the designed PA is shown in Fig. 3-5. 

 

Fig. 3-5. Circuit diagram of designed broadband PA. 

The PA was biased at Vg = -3.5 V and Vd = 30 V. The simulated drain voltage and current 

waveforms of the designed PA at 1 GHz and 1.4 GHz are shown in Fig. 3-6. Simulated results 

from (Advanced Design System 2016 with transistor model provided by Cree) indicate that the 

amplifier was working at the switched mode. The duration of the overlap of current and voltage 

waveform is reduced to enable the amplifier to achieve high efficiency.  

 

(a) 



Chapter 3: Design of a Broadband PA with Constrained Optimal Impedance Contours 

P a g e | 35  

 

 

(b) 

Fig. 3-6. Simulated drain voltage and current waveforms of the broadband PA at: (a) 1 

GHz (b) 1.4 GHz. 

3.3 Measurement Results and Discussion 

3.3.1 Fabrication of the broadband PA 

The fabricated broadband PA is shown in Fig. 3-7. A 25-W Cree GaN-HEMT (CGH40025F) 

was chosen to realize the design. The high breakdown voltage will ensure safe operation of the 

transistor in the switched-mode operation [7]. The PA was implemented on a 1.52 mm thick 

Rogers 4350B substrate with εr = 3.48 and 1 oz/sqft copper.  

 

Fig. 3-7. A photo of the fabricated broadband PA. 
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3.3.2 Measured Results 

The fabricated broadband PA was characterized by large signal measurement to investigate its 

performance. The PA is tested with a single-tone CW input signal from 0.8 to 1.6 GHz 

generated by a KEITHLEY 2920 RF Signal Generator. A commercial general-purpose 

wideband PA ZHL42 from Mini Circuits was used as a buffer amplifier to provide a 30 dBm 

input signal to the designed PA. The output power level was measured by a power meter from 

Rohde & Schwarz (NRP-Z85). The gate of the transistor was biased at -3.5 V and the drain 

voltage was 30 V. The measured PAE, gain, output power and simulated PAE at fixed 30 dBm 

input power are shown in the Fig. 3-8. The broadband PA has a PAE higher than 60% over the 

desired bandwidth along with 9.5-13.5 dB gain. The corresponding output power varies from 

40 dBm to 43.5 dBm. The results show the PAE are relatively high at around 1.1-1.2 GHz and 

falls down to 60% and 63% at 0.9 and 1.5 GHz, respectively. This is mainly due to that the 

matching network was designed to match the same impedance rather than the optimum 

impedances at each frequency point.  

 

Fig. 3-8. Measured Gain, output power, PAE and simulated PAE versus frequency at 

fixed 30 dBm input power. 

The PA exhibits excellent efficiency at the lower L-band from 1.15 GHz to 1.3 GHz for GNSS 

applications and very high efficiency for the upper L-band. If desired, the PA can be further 

tuned by shifting the operating frequency slightly higher to cover the full L-band for GNSS 

applications. 
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3.4 Conclusion 

In this chapter, the detailed design methodology, implementation procedure and measurement 

results of a broadband high-efficiency PA are presented. Source-pull and load-pull simulations 

were applied to find the optimum input and output impedances of the transistor. A low-pass 

network was designed first to match the optimum impedances and it was transferred to a band-

pass network. Then a PI-type Norton transformation was applied to scale up the load of the 

band-pass network to the 50 Ω. The designed PA achieved a PAE of 60%-86% across 0.9-1.5 

GHz (50%) with a relatively flat gain around 11 dB and high output power of 10 to 22 W. The 

measured performance shows that the PA is a good candidate for satellite communications and 

GNSS applications.  
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Chapter 4 Adaptive Impedance Matching of a 

Multioctave High-Efficiency Power Amplifier Using 

Stochastic Reduced Order Models 

This chapter presents a novel general design method of frequency varying impedance 

matching. Due to the optimal impedance required for a multi-octave PA vary in a large range, 

variation constraining method cannot be applied. The method introduced in this chapter will 

be focusing on adaptively matching the variable optimal impedances required by the PA over 

a wide bandwidth. The proposed method defines the optimal impedance regions of a PA at 

several frequency sections over the operational frequency band. These regions contain 

impedances with which a PA can achieve high output power and high power added efficiency 

(PAE) simultaneously. An LC-ladder circuit is selected as the matching network (MN). The 

element values of the MN can be obtained using a synthesizing method based on stochastic 

reduced order models and Voronoi partition. The MN provides a desired impedance in the 

predefined optimal region at each frequency section. Thus, optimal output power and PAE of 

the PA can be achieved. To validate the proposed method, two eighth-order low-pass LC-ladder 

networks are designed as the input and output matching networks, respectively. A GaN HEMT 

from Cree is employed as the active device. Packaging parasitic of the transistor has been taken 

into account. A PA is designed, fabricated and measured. The measurement results show that 

the PA can achieve P1dB PAE of better than 60% over a fractional bandwidth of 160% (0.2-

1.8 GHz). The output power is 42-45dBm (16-32 W) and the gain is 12 -15 dB. The 

performance of the PA outperforms existing broadband high-efficiency PAs in many aspects 

which demonstrates the excellence of the proposed method. 

4.1 Introduction 

Power amplifiers (PAs) are essential devices of many communication systems. The features of 

a PA regarding the bandwidth, power gain, linearity, output power and power added efficiency 

(PAE) could significantly affect the overall performance of the system. A high-power, high-

efficiency broadband PA is in high demand by the industry and market. Consequently, a lot of 
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research effort has been made in this area. To achieve a high-efficiency PA, designs reported 

in the literature have adopted techniques such as Class-E [1] - [9], Class-D [9], [10], Class-F/F-

1 [11] – [16] and Doherty structures [17] – [21]. Although these methods enhance the efficiency 

of a PA, the requirement on accurate waveform engineering would restrict the bandwidth. To 

broaden the bandwidth of a PA, some designs such as [22] – [25] use a filter-type matching 

network (MN) to match the fixed optimal impedance at the centre frequency of the PA over a 

wide bandwidth. This technique achieves the optimal performance at the centre frequency and 

compromises the performance at other frequencies as the impedance of the matching network 

will vary from the optimal impedances at other frequencies. However, this method requires the 

optimal impedances across the band to be relatively close to each other. Therefore, this 

approach is not applicable to the design where the optimal impedance is not close to each other, 

which is a usual case for a multi-octave PA.  

Conventional computer-aided design (CAD) tools can be used for this kind of problems. 

However, CAD optimizers require good initial element values to start with [17], [25]. Methods 

such as the real frequency technique [38] and Bayesian optimization [37] can be applied to 

solve the problem. A proper initial guess or data training will be required for such optimizers, 

which can be very time-consuming [39]. 

This chapter presents a simple and effective method for the design of broadband high-

efficiency PAs. This new approach divides the wide frequency band into several frequency 

sections. At each frequency section, an optimal impedance region will be obtained, where the 

output power and PAE of the PA can be maintained at a resonably high level. The main 

advantage of the proposed method is that the MN can be obtained using the Stochastic reduced 

order model (SROM) method and a Voronoi partition directly. No initial guess or data training 

is required. The chapter is organized as follows. The design method is detailed and explained 

in Section 4.2, including how to define the optimal impedance regions and how to match the 

impedance with a low-pass LC-ladder network. Source-pull/load-pull simulations are 

performed to obtain the frequency dependent optimal impedance regions for the PA. As an 

example, the proposed design method is used to design a matching network in Section 4.3, and 

the MN is fabricated and measured to validate the method. In Section 4.4, A 25-W Cree GaN 

HEMT CGH40025F is used to design a PA, whose package parasitic is carefully analyzed. The 

measurement results of the PA are presented and discussed. Conclusions are finally drawn in 

Section 4.5. 
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Fig. 4-1. PAE optimal impedance of a CGH40025F transistor at different frequencies 

(0.3, 0.6, 1 and 1.8 GHz). 

4.2 Proposed Matching Network Design Method 

4.2.1 Broadband High-Power High-Efficiency PA Analysis 

The impedance presented to the gate and drain of a transistor could significantly affect the 

performance of a PA. Therefore, MNs with desired impedance are required for the transistor 

to achieve high performance. For broadband PA design, the impedances to achieve high PAE 

or high output power are usually different at different frequencies. Source-pull and load-pull 

techniques can be applied to find the optimal impedances for the PAE and output power. Fig. 

4-1. shows the PAE contours from 0.2 GHz to 1.8 GHz of a CGH40025F transistor in a Smith 

Chart. The contours vary with frequency and are quite different from each other. Consequently, 

to design an efficient high-power PA over an ultra-wide bandwidth, the optimal impedances 

should be implemented at different frequency regions across the band, instead of at the centre 

frequency.  

It is very common that the output power and PAE contours are not identical as shown in Fig. 

4-2. The impedance to maximize the PAE could limit the output power and vice versa. An 

optimal impedance region at each frequency region should be defined, which contains the 

impedance values that allows the PA to achieve high performance with a PAE and an output 

power better than the lowest acceptable levels as shown in Fig. 4-2. 
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Fig. 4-2. PAE contours, output power contours and the definition of an optimal 

impedance region at 1 GHz of a CGH40025F. 

4.2.2 Frequency-Dependent Optimal Impedance Regions 

The design methods reported in [7], [23], [24] that used the optimal impedance at the centre 

frequency for the whole frequency band may not be the best for a multi-octave PA design. The 

entire bandwidth can be separated into several frequency sections. The optimal impedance 

region at the centre frequency of each frequency section can be selected to represent the optimal 

impedance of this frequency section. In the literature, it is very common that designers simply 

divide the frequency band into several sections evenly such as [2], [22], [23], [25]. It is very 

important to notice that for an ultra-wideband design, the variation of the optimal impedance 

across the band is not uniform. As shown in shown in Fig. 4-1., the PAE optimal impedance of 

a CGH40025F is simulated by Advanced Design System (ADS) from 0.2 GHz to 1.8 GHz with 

a step of 0.1 GHz. As Fig. 4-1.  shows, the optimal impedances are getting closer at higher 

frequencies, but in general are very different at different frequencies. 

Hence, more frequency sections should be set at lower frequencies to ensure that the optimal 

impedance at the centre frequency of the section can be representative, for the PA to maintain 

the desired performance over the corresponding frequency section. Thus, the separation of the 

frequency band should be based on the variation of the optimal impedances across the 

bandwidth. The optimal impedance regions can be chosen based on the desired features of a 

PA such as the power gain, linearity, output power, PAE or any other parameters. In this work, 

high output power and high PAE are the main design targets. The optimal impedance regions 

across the band are defined and modelled as follows: 
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1) Divide the entire operating bandwidth into k frequency sections. The number of 

frequency sections depends on the bandwidth and the variation of optimal 

impedances at different frequencies.  

2) For each frequency section, the output power and PAE contours of the centre 

frequency of this section can be obtained via source-pull/load-pull simulation. The 

boundary of the contours is defined by the lowest output power and PAE acceptable 

for the design. The overlap region of output power and PAE contours is selected to 

be the optimal impedance region (shaded area in Fig. 4-2.). If the contours do not 

overlap, a sacrifice is necessary to extend the PAE or output power contours until 

they have an overlap region (if the output power is the priority concern, the lowest 

acceptable PAE level should be reduced and vice versa).  

3) For mathematical convenience, the optimal impedance region can be approximated 

by two circles as shown in Fig. 4-2. Any three non-collinear points can define the 

circumference of one circle, and one circle only. Two intercept points of the PAE and 

output power contour boundaries and another point on the PAE contour boundary 

inside the output power contour can define the PAE circle. The circle of output power 

can be defined likewise. Then the overlap region of the PAE and output power circles 

is defined as the optimal impedance region. The impedance values of the region can 

be expressed as a function of frequency as: 
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                                                                    (4.1) 

where ωx=2πfx, x=1, 2,.., k, and k is the number of frequency sections. dP and dEff are the 

Euclidean distance from the impedance point to the centre of the PAE and output power 

circles, rP and rEff are the radii of the PAE and output power circles respectively.  

The optimal impedance region at each frequency section across the desired bandwidth 

can be obtained as described above. The input impedance of the MN seen by the 

transistor at each frequency section should be constrained to the corresponding optimal 

impedance region. This approach will enable the output power and PAE of a PA to be 

better than the pre-defined level over the whole operational band. Also, some other 
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features of a PA such as noise figure or gain can be included to define the optimal region 

as well if required. 

4.2.3 Synthesis of the Matching Networks 

 

Fig. 4-3. A low-pass LC-ladder matching network with a DC block. 

Once the optimal impedance regions across the entire bandwidth are defined, the task resides 

in realizing the desired impedances using a proper circuit topology. A low-pass LC-ladder 

matching network with a DC block capacitor as shown in Fig. 4-3.  is chosen as the MN due 

to its desired in-band and out-of-band behaviour as analysed in [6], [27]. The input impedance 

of the MN can be described as a function of frequency and element values. Firstly, the MN can 

be treated as a cascaded structure of several LC sections. The ABCD matrix of the MN can be 

expressed [28] as: 
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where n is the number of LC-ladder sections used in the network, Li and Ci are the ith inductor 

and capacitor values. The input impedance Zin of the MN can be described [28] by: 
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where A, B, C and D are the values obtained in (4.2) and Zload is the load resistance of the MN, 

typically 50 Ω for most applications. With the expression of (4.3), the input impedance at each 

frequency section of the MN can be obtained once the LC values are known.  

The problem now resides in choosing proper LC values to ensure Zin of the MN at each 

frequency section is inside the optimal impedance regions defined by (4.1). The MN should 
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enable the device to achieve optimal performance across the whole bandwidth. Although some 

commercially available software such as ADS and AWR are useful in broadband impedance 

matching, the built-in optimizer is limited by high dimensional variables or strict optimization 

goals. Another solution is to use the Monte Carlo (MC) simulation to search all possible values 

of the LC components exhaustively, and then select the best LC values fulfilling the design 

requirements. The MC method requires massive calculation due to many possible LC value 

combinations to be examined.  

Alternatively, the LC values can be obtained in a more efficient way as proposed in this chapter. 

The idea is inspired by a novel statistical approach referred to as the stochastic reduced order 

model (SROM) method [36]. Unlike MC, the SROM method only needs to examine a very 

small number of samples but produces the results almost as accurate as that of the MC method. 

The SROM method is applied to the Voronoi partition [29] which is a method divides the 

possible values of variables into several regions based on the statistical properties of the 

variables. Then, a sample at the centroid of each region is used to represent all the points in 

this region. An example is shown in Fig. 4-4. illustrating the Voronoi partition of a two-

dimension variable. This method only looks at representative samples obtained using the 

Voronoi partition, but the effect is nearly equivalent to the MC method by checking all the 

possible samples. Hence, in this work, the Voronoi partition (the nucleus of the SROM method) 

is used to choose the LC values for MNs efficiently. 

 

Fig. 4-4. A low-pass LC-ladder matching network with a DC block. 

 

To perform the Voronoi partition, the input variable needs to be known beforehand. The 

dimension of the input variable is equal to the number of variables, e.g., the number of L and 

C components in the MN. In this way, each sample in the input variable contains a set of LC 
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values for a possible realization of the MN. The Voronoi partition of the components values 

for the proposed MN can be realized in the following steps: 

1) It can be assumed that the number of LC sections used in the MN is n (i.e., n inductors 

and n capacitors).  Let X be an input variable with a dimension of 2n. Each dimension 

of X describes a set of component values (either L or C) in the circuit, i.e., X = 

[𝐿1, 𝐿2, … , 𝐿𝑛, 𝐶1, 𝐶2, … , 𝐶𝑛]. The Voronoi partition of the input variable X with 2n 

dimensions can be constructed as shown in Fig. 4-4 (a two-dimension diagram is 

shown as an example).  

2) Divide the range of the possible L or C component values into m Voronoi regions for 

each dimension of X, based on the distribution in the variation range. Then select one 

sample at each section as a representative following the distribution of the component 

value between its upper and lower limits. The value of m can be heuristically chosen 

depending on the affordable number of trials. Theoretically, a greater value of m 

yields a higher probability of obtaining the optimum solution. In practice, the solution 

that meets the design requirement can be obtained even using a small value of m. 

3) The m samples of X are obtained as the ith (1 ≤ i ≤ m) sample of X contains 2n values 

(i.e., from the ith sample of 𝐿1 to the ith sample of Cn). Each element in sample (x(1), 

… , x(m)) should be the centroid of the ith Voronoi region [35]. Now, the infinite 

number of possible values for X is reduced to 2n×m samples. 

4) With the LC values in the obtained samples from Voronoi partition, equations (4.2) 

and (4.3) can be used to calculate the corresponding input impedance Zin ( x) of 

each sample. The shortest Euclidean distance from the input impedance to the output 

power and PAE contour dP(m)(  x) and dEff(m) (  x) can be calculated. If 
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Eff rd  , it indicates that the input impedances of the 

mth sample are in the optimal impedance regions over the desired band. The values 

in this sample can be used to synthesize the MN.  

5) If no subset can meet the requirements, the shortest Euclidean distance from the input 

impedance to the optimal impedance region should be calculated. The matching 

quality of the sample can be evaluated by: 
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where the )(
)(

x

m

ind  is the shortest Euclidean distance from the input impedance of the 

mth sample at xth frequency section to the corresponding optimal impedance region. 

The mth sample that has the minimum )(m
 will be selected as the optimum subset for 

further optimization. Repeat the Voronoi partition for the optimum subset as shown 

in Fig. 4-4 until the requirements are satisfied. If the requirements cannot be satisfied 

after repeating the partition, it indicates that the obligation cannot be met with the 

current order of the MN. Herein, it will be necessary to increase the order of the MN 

or decrease the lowest limits of the output power and/or PAE and start again from 

Step 1. A practical design procedure is shown in Section 4.3. 

Using the proposed method, only 2n×m samples need to be checked, which significantly 

reduces the calculation complexity. The solution of the LC values obtained using this method 

may not be the best one because the calculation cannot include every single possible 

combination of LC values. However, it is sufficient to obtain a solution that could ensure the 

input impedance at each frequency section is inside the corresponding optimal impedance 

region. An infinitely small separation of the LC value samples and an infinite order of the MN 

will offer a very accurate result, whereas the implementation will be very computationally 

intensive [36]. Consequently, the trade-off between accuracy and computation cost should be 

considered when determining the size of the separation and the number of iterations. 
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(a) 

 

(b) 

 

(c) 
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(d) 

Fig. 4-5. The simulation results of optimal impedance regions at (a) 0.3 GHz, (b) 0.6 

GHz, (c) 1 GHz, (d) 1.8 GHz. 

4.3 Design and Implementation of the Matching Networks 

In this section, a PA covering the frequency band of 0.2 GHz to 1.8 GHz is designed to verify 

the proposed method. The output power of the PA is expected to be higher than 42 dBm across 

the band, and the PAE at the 1 dB compression point is desired to be better than 60%. 

4.3.1 Load-Pull Simulation 

Gallium nitride (GaN) high electron mobility transistors (HEMTs) have been widely adopted 

in broadband high-efficiency PA designs [6], [16], [17], [25]. An unmatched 25-W Cree GaN 

HEMT CGH40025F is chosen for this PA design. This transistor has a breakdown voltage up 

to 84 V and a saturation drain current of 5.4 A. Intrinsic waveforms of the transistor are 

simulated by using CAD tools to investigate the operation of the transistor. The transistor is 

sealed in a Cree 400166 package. To minimize the parasitic effect introduced by the package, 

the intrinsic and extrinsic elements are calculated using the method provided in [6], [30]. These 

parasitic effects should be included in source-pull/load-pull simulations to predict the optimal 

impedance regions of the transistor. 

The source-pull/load-pull simulation was carried out to find the optimal impedance. The 

simulation is performed using ADS with the transistor model provided by the manufacturer. 
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The device is biased at 28 V drain voltage and -3.2 V gate voltage (IDQ=50mA). The input 

power is 30 dBm. 

The desired operation bandwidth in this work is 0.2 GHz-1.8 GHz. The operational band is 

divided into 4 frequency sections as discussed and shown in Fig. 4-5. Then load-pull simulation 

is conducted to obtain the output power and PAE contours. The design goals require an output 

power higher than 42 dBm and a PAE better than 60% across the band. The optimal impedance 

regions which satisfy the design goals are defined using the method described in Section 4.2 

and then extracted from the load-pull simulation as shown in Fig. 4-5. Then the method 

described in Section 4.2 was used to design the output matching network (OMN). The input 

matching network (IMN) can be designed via the same procedure. 

4.3.2 OMN Design 

This section presents details of the design and implementation of the OMN. Firstly, the order 

of the LC sections for the OMN should be determined [27]. A wider bandwidth and a greater 

range of impedance variations usually require higher order designs. On the other hand, a higher 

order matching network is typically lossier. The design process starts with the number of the 

LC sections n = 1. Then n is increased until the requirement is satisfied. It was found by 

calculation [27] that when n = 4 (for an eighth-order LC network), the impedance at each 

frequency section is inside the corresponding optimal impedance region. A 33-pF capacitor is 

added as a DC block at the end of the LC-ladder network and considered in the circuit 

optimization. The matching network circuit is shown in Fig. 4-3. 

The Voronoi partition of the LC values are constructed as X = [𝐿1, 𝐿2, … , 𝐿𝑛, 𝐶1, 𝐶2, … , 𝐶𝑛]. To 

define the Voronoi partition, the elements of L and C are uniformly divided into several 

samples from 0 nH to 30 nH and 0 pF to 30 pF into 16 steps, respectively. The greatest values 

of the inductances and capacitances are high enough for the operational frequency range. The 

number of samples m is selected to be 16. Then the input impedance at each frequency section 

for all samples of LC combinations were computed by (4.2) and (4.3). Then an investigation 

was conducted to check whether the corresponding input impedances of the samples are inside 

the predefined optimal impedance regions. Since no sample can satisfy the design goal, the 

matching quality of was calculated by (4.4). The optimal subset with X= [2 nH, 2 nH, 2 nH, 4 

nH, 2 pF, 2 pF, 6 pF, 2 pF] is found to have the best matching quality and selected for further 
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optimization. The values of the selected optimal subset are divided again. The process was 

repeated until the matching requirements have been met.  

For this design, the optimum subset containing the LC combination that satisfies the design 

goals has been found in the third-round Voronoi partition. All the three optimal subsets selected 

by the process are shown in Table I along with the corresponding LC element values. The input 

impedances realized by each optimal subset and the predefined optimal impedance regions are 

illustrated in Fig. 4-6 to Fig. 4-8. The input impedances of the second-round subset are inside 

the optimal impedance regions except for the impedance at 1.8 GHz. With the third-round 

optimal subset, the input impedance at each frequency section is constrained in the 

corresponding optimal impedance region, which will ensure that the design goals will be 

satisfied. 

 

(a)                                                                   (b) 

 
(c)                                                                  (d) 

Fig. 4-6. The input impedance of the first optimal subset. (a) 0.3 GHz, (b) 0.6 GHz, (c) 1 

GHz and (d) 1.8 GHz. 
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(a)                                                                   (b) 

 

 
 

(c)                                                                  (d) 

 

Fig. 4-7. The input impedance of the second optimal subset. (a) 0.3 GHz, (b) 0.6 GHz, (c) 

1 GHz and (d) 1.8 GHz. 

 
 

(a)                                                                   (b) 
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(c)                                                                  (d) 

Fig. 4-8. The input impedance of the third optimal subset. (a) 0.3 GHz, (b) 0.6 GHz, (c) 1 

GHz and (d) 1.8 GHz. 

 

4.3.3 OMN Implementation 

Since the availability of high-quality inductors and capacitors to implement the design is quite 

limited, a distributed element version of the OMN is designed and fabricated. All the LC 

components are realized by transmission lines expect the DC block capacitor [28]. The 

inductors are implemented by high-impedance transmission lines while the capacitors are 

realized by low-impedance open stubs. It should be mentioned that the effects of shunt 

susceptance of the high-impedance lines and the series reactance of the low-impedance stubs 

should also be considered [34]. The lengths of inductive lines and capacitive open stubs should 

satisfy: 
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TABLE I 

VALUES OF LC ELEMENTS FOR EACH OPTIMAL SUBSET 

 
Optimal 

Subset 

L (nH) C (pF) 

L1 L2 L3 L4 C1 C2 C3 C4 

1 2 2 2 4 2 2 6 2 

2 1 2 2 4 1 2 5 2 

3 0.5 1.6 1.9 4.6 1.1 2.6 4.6 2.7 
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where L and C are the lumped element values for inductors and capacitors from Table I, 𝜆𝑔𝐿 

and 𝜆𝑔𝐶  are the guided wavelengths for high-impedance transmission lines and open stubs 

respectively. They can be calculated by equations provided in [32]. The OMN is implemented 

on a Rogers 4350B substrate with a thickness of 1.52 mm, 𝜀𝑟 = 3.48 and a copper thickness 

of 35 µm. The realized distributed-element OMN was further optimized to achieve the pre-

defined optimal performance. The implemented OMN layout and corresponding size are 

illustrated in Fig. 4-9. (a). The fabricated OMN is shown in Fig. 4-9. (b) and the comparison 

between the measured and simulated OMN input impedance is shown in Fig. 4-9.  (c). A 50 Ω 

transmission line is cascaded to the DC-blocking capacitor to connect it to an SMA connector. 

For the IMN, the same procedure used to design and implement the OMN was used. 
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(a)                                                            (b) 

 

(c) 

Fig. 4-9. Output matching network. (a) Implemented OMN (b) fabricated OMN (c) 

comparison between the measured and simulated OMN input impedance. 

 

4.4 PA Fabrication and Measurement Results 

The PA is realized by connecting the IMN and OMN to the gate and the drain of the transistor, 

respectively. Importantly, the stability of the PA should be taken into consideration. DC power 

supplies for the gate and the drain of the transistor are connected by 22 nH inductors to prevent 

the leakage of RF into DC. A 100 Ω resistor is added in parallel with the inductor of the gate 

DC supply trail to improve the stability of the amplifier. A photograph of the fabricated PA 

and the measurement setup is shown in Fig. 4-10. 
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Fig. 4-10. Photo of the fabricated PA and measurement setup. 

 

The simulated voltage and current waveforms on the intrinsic drain at 0.6 GHz and 1.3 GHz 

are shown in Fig. 4-11.  The input power level is 30 dBm. The overlap between the voltage and 

current is relatively small which indicates that the PA can achieve high-efficiency performance. 

It can be seen that the operation modes of the PA at different frequency are not identical which 

may be caused by the harmonic reflection. For 0.6 GHz, the harmonics are still in the band of 

interest, while the harmonics of 1.3 GHz have been filtered by the MN. Therefore, the 

waveforms at 0.6 GHz are square wave like, while the waveforms at 1.3 GHz are sinewave. 
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(a) 

 

(b) 

Fig. 4-11. Simulated voltage and current drain waveform at (a) 0.6 GHz (b) 1.3 GHz. 

The fabricated PA has been measured with a continues-wave (CW) signal to examine the large 

signal performance. A single-tone signal was generated by a Keithley 2920 RF signal 

generator. Due to that the input power required by the PA is up to 32 dBm, a buffer amplifier 

was used to boost the input power. The output power of the designed PA was measured using 

a power meter (Rohde & Schwarz NRP-Z85). 
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Fig. 4-12. Measured PAE versus input power at 0.3, 0.6, 0.9, 1.2, 1.5 and 1.8 GHz. 

 

Fig. 4-13. Measured output power versus input power at 0.3, 0.6, 0.9, 1.2, 1.5 and 1.8 

GHz. 

The PA was designed to achieve a PAE better than 60% and an output power higher than 42 

dBm from 0.2 GHz to 1.8 GHz. To verify the proposed design method, the PA is firstly 

measured across the band with 28 V drain voltage, -3.2 V gate voltage and a sweeping input 

power. The measured PAE and output power are illustrated versus the input power in Fig. 4-

12.  and Fig. 4-13.  respectively. It can be seen in Fig. 4-13. that the output has a trend of being 

compressed when the input power is greater than 28 dBm and the corresponding PAE is also 

saturated as shown in Fig. 4-12.  The design requirement of a PAE better than 60% and the 
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output power higher than 42 dBm can be achieved simultaneously with an input power of 30 

dBm. 

 

Fig. 4-14. Measured drain efficiency, PAE, output power and gain versus drain voltage 

at 1.3 GHz. 

 

Fig. 4-15. Comparison between the measured and simulated PAE, gain and output 

power (VDS=28 V, VGS=-3.2 V and PIN=30 dBm). 

Then the PA is measured by sweeping the drain voltage while fixing the input power and the 

gate voltage at 30 dBm and -3.2 V, respectively. Fig. 4-14. shows the measured result of PAE, 

output power and gain versus drain voltage at 1.3 GHz. The maximum PAE (74%) is achieved 

at 28 V drain voltage.  
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The comparison between the measured and simulated gain, PAE and output power is illustrated 

in Fig. 4-15. It can be observed that the measured PAE has two peaks which agree with the 

simulation. The measured PAE is higher than that of the simulation at lower frequencies 0.2-

0.9 GHz and is lower at higher frequencies 1.1-1.8 GHz. The difference between the measured 

and simulated PAE over the band is less than 10%. Also, the trend of simulated and measured 

output power is consistent with a difference of less than 1.5 dB. This work has achieved the 

state-of-the-art performance in terms of bandwidth and efficiency.  The comparison with 

similar broadband PAs is shown in Table II. This PA has achieved a PAE of 60-82%, an output 

power of 42-45 dBm (16-32 W) and a gain of 12-15 dB over a frequency band from 0.2-1.8 

GHz. This PA has a much wider operational bandwidth compared to those PA with similar 

efficiency performance, and a higher efficiency compared with those with similar bandwidths. 

The PA in [6] has achieved a similar efficiency. However the fractional bandwidth is only 84% 

(fH:fL=2.4:1). The proposed work can achieve the same level of efficiency with a bandwidth of 

160% (fH:fL=9:1). To my best knowledge, no other work has achieved high efficiency with 

such a wide bandwidth. The achieved operation bandwidth and efficiency of this design are 

better than all other work reported so far.  

TABLE II 

PERFORMANCE OF STATE-OF-THE-ART BROADBAND HIGH-EFFICIENCY PAS 

Ref. Frequency (GHZ) FBW, fH:fL Gain (dB) Pout (W) Efficiency (%) 

[23] 1.9-4.3 78%, 2.3:1 9-11 10-15 57-72* 

[2] 0.36-0.79 81%, 2.2:1 5-14 10 30-81^ 

[6] 0.9-2.2 84%, 2.4:1 10-13 10-20 63-89* 

[12] 1.3-3.3 87%, 2.5:1 10-13 10-11 59-79^ 

[25] 0.9-3.2 112%, 3.6:1 10-14 9.1-20.4 52-85^ 

[26] 0.8-4 133%, 5.0:1 5-7 1-2 40-55* 

This work 0.2-1.8 160%, 9.0:1 12-15 16-32 60-82^ 

*: Drain Efficiency，^: Power Added Efficiency 

The bandwidth is defined based on the lowest PAE achieved in this table. 

4.5 Conclusion 

Owing to the variation of optimal impedances for high PAE across a wide bandwidth, the 

design methods of matching networks reported in the literature require an initial guess, data 
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training or complex optimization algorithms which significantly increase the design difficulty. 

This chapter has presented a general method to design frequency varying impedances matching 

networks which can be applied to the design of broadband high-efficiency PAs. The wide 

frequency band has been divided into several frequency sections based on the optimal 

impedance over the band. The optimal source and load impedances for a transistor have been 

defined by optimal impedance regions at different frequency sections, instead of a fixed value 

at the centre of the desired band. A low-pass LC-ladder network has been applied to match the 

predefined optimal impedance regions. The simplification of the design and optimization of 

the matching networks have been made possible by using the SROM and Voronoi partition.  

The designed PA has been fabricated and measured to validate the proposed method. The large 

signal experimental results have shown a PAE of 60-82%, a gain of 12-15 dB and an output 

power between 42-45 dBm (16-32 W) over a 160% fractional bandwidth from 0.2 GHz to 1.8 

GHz. The state-of-the-art performance is better than any previously reported work. The results 

have demonstrated the potential of the proposed method to design high-performance amplifiers 

for future communication systems. 
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Chapter 5 Improving Energy Extraction from AC 

Power Lines Under Magnetic Saturation 

This chapter presents a novel design method for energy scavenging from AC power lines by 

using a current transformer-based energy harvester under its magnetic saturation condition. 

The extracted power level of a conventional magnetic field energy harvester is limited by the 

maximum flux density of the magnetic core. When the magnetic core is clamped on AC power 

lines, the flux density of the core is proportional to the magnitude of the magnetic field strength 

around the power line. The flux density could reach its maximum value when the magnetic 

field increases. In this scenario, very little energy can be harvested since there is little flux 

density variation. Here we introduce an artificial magnetic field to manipulate the dominant 

magnetic field of power lines. The core will not be easily driven into the saturation region, 

hence more energy can be harvested. An additional control coil is added to the harvester. A 

power management circuit is employed to store the energy harvested by the control coil and 

feed it back to the harvester to generate a counter magnetic field. As a result, the magnetic flux 

density in the core will not be saturated. More energy can then be harvested. Experimental 

results of the proposed energy harvester prototype show that an average power of 283 mW on 

a 10 A power line is achieved which is increased by 45% compared with the conventional 

device. This design could be a promising solution for powering the smart grid monitoring 

devices and other industrial sensing applications. 

5.1 Magnetic Field Energy Harvesting 

Energy harvesting (EH) is a technique that capturing the energy stored in the ambient 

environment that in the form of wind, solar, vibration, electromagnetic waves, etc. The energy 

can be scavenged and stored to power electronic devices instead of the batteries. Hence, the 

EH technique has advantages of being maintenance free as the electronic devices can be self-

powered to eliminating the battery replacement. EH is also environmentally friendly as the 

usage of batteries which contain chemicals and metals that are harmful to the environment can 

be significantly reduced [1] – [3]. For the power transmission and distribution systems, there 
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exist many ambient energy sources such as solar, wind, electrical field and magnetic field 

especially in electrical substations or under electricity pylons. The wireless sensor nodes used 

for the power transmission systems monitoring can be powered by harvested energy instead of 

batteries. Solar power is a good source for harvesting the energy in the daytime with the good 

weather [4], [5]. Due to the dependency on the weather condition a large energy storage should 

be used which could be expensive. On the other hand, the wind energy is also relying on the 

weather conditions. In particular, around the high voltage equipment in power transmission 

systems, there exist strong electromagnetic fields which are stable as long as the power 

transmission system is operating. Hence, it will be a consistent and reliable energy source for 

driving the sensors. 

5.1.1 Theory and Impedance Matching Challenges Analysis 

The main EH techniques used for power transmission system are the electric field and magnetic 

field harvesting. The electric field is caused by the voltage of high power equipment (electric 

charges). Therefore, the electric field energy around the power equipment is stable regardless 

of the load demand. There is much research dedicated in electric field EH reported in the 

literature [6] – [12]. However, the electric field energy harvesters are limited because the 

required capacitance is usually very large to harvest high-power up to mW level [13]. The 

capacitance of a typical electric field EH circuit is usually in pF level, requiring a Mega 

Hennery inductor to resonate at 50/60 Hz, which is not commercially available.  Hence, the 

electric field method is only suitable for very low power applications or applicable when the 

power transmission line is conducting very high voltage up to 100kV [11]. 

The magnetic field generated by the AC current conducting lines as shown in Fig. 5-1 can be 

used for EH efficiently. 

 

Fig. 5-1. AC current conducting lines and the surrounding magnetic field. 
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Based on Faraday’s Law, a coil with N turns and a cross-section area A enclosed in a time-

varying magnetic field with a magnetic flux density Bcore, the voltage can be induced as: 

core
coil

dB
V NA

dt
=                                                                       (5.1) 

where the magnetic flux density can be calculated by the magnetic field strength HEX, 

permeability of the free space μ0 and the effective permeability of the core μeff as: 

0core eff EX
B H =                                                                       (5.2) 

Thus, the magnetic field energy harvester will extract more energy with higher μeff and higher 

HEX. Therefore, lots of works have been reported using a high permeability core to improve the 

harvested power level [14] – [17]. However, it should be stressed that the bottleneck of 

improving the magnetic field EH power is that the permeability of the core will change with 

the magnitude of the magnetic field strength. Thus, the magnetic flux density and the magnetic 

field strength will have a relationship as shown in Fig. 5-2: 

 

Fig. 5-2. Typical B-H loop. 

It can be observed that there are two boundaries which limit the maximum positive and negative 

magnetic flux density in the core regardless of the magnetic field strength. The boundary of the 

magnetic flux density Bsat is determined by the physical features of the material [15]. For a 

core clamped on a power line, when the conducting current is zero, each crystal in the core has 

a magnetic domain which is randomly oriented initially. When the current in the power line 

increases, a magnetic field is applied to the core which will re-orient the magnetic domains of 



Chapter 5: Improving Energy Extraction from AC Power Lines Under Magnetic Saturation 

P a g e | 69  

 

some crystal in the direction of the external field.  A higher H will align more domains until 

the core is magnetic saturated. A large amount of energy can be extracted when a core is in 

non-saturation region. When the current in the power line keeps increasing, almost all the 

domains will be aligned with the external H. The magnetic flux density will almost keep 

constant at Bsat. The ferromagnetic material is said to be saturated when the magnetic flux 

density reaches Bsat. In the saturation region, there is no more flux change in the core regardless 

of the magnitude of the current. The magnetic field energy harvester is modelled as a 

transformer with a resistive load as shown in Fig. 5-3: 

 

Fig. 5-3. Equivalent circuit model of the magnetic field energy harvester [19]. 

The voltage on the load can be calculated as: 

2 2 2

( ) 2
( ) [ arctan( ( ))]

2 ( )
( )

( )

sat

sat

dFlux t d N
V t B I t

dt dt

N dI t
B

N I t dt

 



 

= = 

=  
+

(  5.3) 

The voltage on the load and the power line current in the time domain with magnetic saturation 

can be plotted as Fig. 5-4: 

 

Fig. 5-4. Load voltage and power line current relationship in the time domain [20]. 
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For almost a half of the current cycle, the voltage on the load is near zero. This is caused by 

the parallel inductance behaves like a short circuit when the current magnitude in the power 

line is high enough to drive the core into saturation. The effective inductance and the current 

in power line can be expressed as Fig. 5-5: 

 

Fig. 5-5. Load voltage and power line current relationship in the time domain [20]. 

The periodic near-zero behaviour of the inductor will cause a time-domain variation of the 

impedance seen by the circuit, leading to a mismatch and limiting the harvested power level. 

Hence, to improve the harvested power of magnetic field energy harvester, the impedance 

variation caused by the magnetic core saturation should be solved. In the literature, there are 

mainly two directions in solving this problem, namely techniques for preventing the magnetic 

core saturation and methods on actively matching the circuit with saturation. 

5.1.2 Matching Methods with Magnetic Flux Saturation 

In [13], the authors selected three toroid coils with different materials (ferrite, iron powder and 

nanocrystalline alloy) to clamp on the same current conductor. From the experimental results, 

they concluded the nanocrystalline alloy was the best material due to its high permeability and 

high saturation flux density. They used a cylindrical core with the outer diameter OD of 33.5 

mm, inner diameter ID of 27.5 mm and the height H of 4 mm. Finally, 9 mW can be collected 

when it is mounted on a 5 A conductor which gives a power density of 7.8 µW/cm3. However, 

their results are based on the experiment without a theoretical analysis of the saturation problem. 

Roscoe et al [14] used cylindrical ferrite cores (OD = 22 mm, ID = 17 mm, H = 6 mm) to clamp 
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on a conductor which carries a current of 50 A at 50 Hz, through which a power of 170 mW 

can be collected. They selected the ferrite material with low relative permeability ( 𝜇𝑟 = 2000) 

to avoid the magnetic flux saturation. However, as shown in Fig. 5-6, when the current becomes 

bigger, the ferrite core will still be saturated, leading to significant energy losses.  

 

Fig. 5-6. The output power as a function of the conductor current [14]. 

In [19], a cylindrical core (OD = 16.3 mm, ID = 14.4 mm, H = 50 mm) with an air gap is 

designed to clamp on a current conductor. To prevent the core from being saturation, an air gap 

was introduced to the toroid core as shown in Fig. 5-7. The magnetic flux travels through two 

different mediums. As a result, the flux density in the core may be dramatically reduced 

compared to an unbroken toroid core, which prevents the core from the saturation.  

 

Fig. 5-7. Core with air gap [19]. 

Mu-metal is selected as the core material due to its high permeability. The air gap prevented 

the ferromagnetic core from the saturation so that the magnetic flux density in the core is 

linearly proportional to the current in the conductor. The experimental results show a power of 

14.36 mW was collected with a power line current of 13.5 A. Although using the low 

permeability core or air-gap core can prevent the magnetic saturation successfully, the 

harvested power is not improved significantly. 
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On the other hand, some works aim to improve the harvesting efficiency with the magnetic 

saturation. Jinyeong Moon et al proposed a method based on the transfer window alignment 

(TWA), flux-shaping capacitor and active rectifier in [16]- [18]. The flux-shaping capacitor is 

connected in series with the core before the rectifying unit. The added capacitor will reform 

the flux developed across the core and lengthen the transfer window. The circuit model and 

simulated waveform of the flux-shaping method are shown in Fig. 5-8: 

 

(a)                                                                      (b) 

 

(c)                                                                      (d) 

Fig. 5-8. Circuit model with a flux-shaping capacitor and simulated waveforms (a) 

before the current path reversal, (b) right after the current path reversal, (c) current 

waveforms, (d) core voltage waveforms [17]. 

The TWA method is to connect a purely resistive load to the magnetic core, then the middle of 

the transfer window is aligned with the peak of the power line current, enhancing the harvested 

power level. At the other time of the period, the load is disconnected from the core. The core 

is externally shorted to prevent itself from accumulating magnetic flux. The circuit model of 

TWA method and the simulated waveforms are shown in Fig. 5-9 and Fig. 5-10: 

 

Fig. 5-9. TWA circuit model [17]. 
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Fig. 5-10. Waveforms of the TWA circuit [17]. 

The actively controlled rectifier controls the current flowing directions. The switching devices 

used in rectification unit must be operated in accordance with the polarity of the power line 

current to ensure the current only flows into the load, which will enhance the harvesting 

efficiency. The active control circuit schematic is shown in Fig. 5-11 and Fig. 5-12: 

 

Fig. 5-11. Active rectifier circuit model [18]. 



Chapter 5: Improving Energy Extraction from AC Power Lines Under Magnetic Saturation 

P a g e | 74  

 

 

Fig. 5-12. The waveform of the active rectifier circuit [18]. 

In conclusion, the main methods of matching the impedance for maximum harvested power is 

to either prevent the magnetic flux saturation by introducing air gaps or reduce the core 

permeability or improve the harvesting efficiency when the core is saturated by applying flux-

shaping capacitors, TWA method. Impedance matching problem in the circuits without the core 

saturation will be relatively easy as the non-linear behaviour of the core is mitigated, and the 

required impedance will be fixed. However, this will significantly limit the power harvested by 

the system as a higher permeability will lead to a high-power level. On the other hand, the 

methods of improving harvesting efficiency with saturation show a relatively high harvested 

power. Otherwise, active control schemes should be applied, leading to a complex circuity. 

Moreover, the control unit will also be power consuming which means extra power supplies 

are required, losing the meaning of self-sustainable sensor driving.  

5.2 EH System Design Introduction 

For smart grid applications, the real-time monitoring of device features and environmental 

parameters such as current, voltage, moisture and temperature of power infrastructures is very 

important. Wireless sensors can be used to monitor and report the status of power lines. They 

are affordable and require very low power. Energy harvesting (EH) technique is one of the 
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most promising solutions for powering self-sustainable wireless sensing devices that have been 

widely demanded by the industry [21] – [31].  EH devices have been extensively researched 

for many different sources in the ambient environment such as solar [32], [33] wind [34], 

vibration [35] and kinetic [36]. However, solar and wind energy harvesters usually rely on the 

weather condition and require expensive energy storage devices for night or low wind 

operations [37], [38]. Based on the UK National Grid data, a typical substation has an average 

electric field strength of 10 kV/m and a magnetic field of 32 A/m, which can be a consistent 

and reliable energy source to drive sensors [39].  

Electromagnetic EH techniques and topologies have been widely studied to harvest 

environmental energy. [40] – [42] reported electrical field energy harvesters which are in full 

enclosure on a conductor with a high voltage up to 100 kV. More than 200 mW can be 

extracted. The collected power will drop significantly when the conductor is in the power 

distribution mode where the voltage will be lower than 33 kV as the harvested power is 

proportional to the voltage squared [37]. Moreover, electric field harvesters are limited by the 

reactance of the coupling capacitor which only has a capacitance up to tens of pF typically, and 

a relatively large size (30cm width 55cm length in [37]). Thus, inductors with MH (Mega 

Hennery) inductance level are required to resonate at the power line frequency of 50/60 Hz.  

Such inductors are not commercially available. Compare to electrical field energy harvesters, 

magnetic field harvesters have several advantages. Firstly, a relatively smaller toroid core can 

be used to reduce the circuit size. Also, the inductance of a toroid coil is around mH to H, 

which will only need an nF to mF capacitor to resonate at 50/60 Hz. Such capacitors are 

commercially widely available. More importantly, by using a high permeability core, the 

magnetic flux passing through the coil will be improved. A magnetic field harvester can collect 

a large amount of energy even with a low primary side current [43], [44]. However, the 

saturation behaviour of magnetic cores is the main challenge in designing a magnetic field 

harvester on a high current power line. Many works have been reported to improve the 

efficiency of magnetic field harvesters [45] – [49] with the existence of magnetic flux density 

saturation. To the authors’ best knowledge, there is still no suitable solution to harvest energy 

under the magnetic saturation condition. 

This chapter presents a novel method for an electromagnetic EH that maximize the energy 

extraction from AC power lines, especially for magnetic saturation conditions. The proposed 

method employs a core that is clamped on the power line. The core usually has a high 

permeability so that it can harvest sufficient power even when the current on the power line is 
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low. Owing to the high magnitude of the current flow of the power line, this core can be easily 

driven to its magnetically saturated region. An artificial magnetic field is introduced to the 

circuit which will manipulate the magnetic field induced by the power line so that the core is 

mainly working in the unsaturated region. With the aid of the presented novel method, the 

harvested power is significantly enhanced that would be large enough for many practical 

applications such as weather stations and data loggers etc. The chapter is organized as follow: 

Section 5.3 will discuss CT based EH devices and build the circuit model to analyze challenges 

of harvesting under the magnetic saturation condition. Section 5.4 will give details of the 

proposed method structure and numerical simulation results of the proposed prototype. Then 

the measured results and experimental validation will be shown in Section 5.5. Section 5.6 will 

conclude the chapter.  

 

Fig. 5-13. Clamped-on and free-standing energy harvesters for AC power lines (physical 

sizes are not scaled, normally a clamped-on device is much smaller than a free-standing 

one). 

5.3 Energy Extraction from AC Power Lines 

5.3.1 Current Transformer-Based Energy Harvesters 

Since the current on a power line is alternating, there exists a time-varying magnetic field 

whose magnitude is proportional to the magnitude of the current on the power line. Therefore, 

a current transformer (CT) consisting of a multi-turn coil wound on a magnetic core can be 

used to harvest energy by means of coupling the magnetic field around the power line. 
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Conventionally, there are two types of structures for such CT-based energy harvesters, namely, 

the clamped-on and the free-standing magnetic field energy harvesters which are depicted in 

Fig. 5-13.  The free-standing harvester has advantages and conveniences in terms of installation 

and maintenance. But the harvested power level from them is relatively low. The magnetic flux 

will travel through the air into the core material by a distance. Therefore, the magnetic flux 

density in the core is relatively low which would limit the harvested power. Tahoura et al. 

reported an energy harvester with an average power of 160 μW at 50 A with a distance of 1.5 

cm [24]. Yuan et al. achieved 360 μW at 500 A with a distance of 2 m [25]. These powers still 

cannot drive many high-power devices such as weather stations (e.g., input power > 1 W). 

For a clamped-on harvester, the current conductor is fully enclosed by the harvesting coil. The 

dominant magnetic flux will travel within the same material. The magnetic flux density in the 

core can be significantly increased by using a high permeability material. Therefore, a 

relatively high power can be extracted from the power line. It has been reported in the literature 

that the clamped-on harvesters can provide an average output power up to 467 mW from a 

current of 50 A [49], which would be sufficient for many smart-grid sensing and monitoring 

applications. However, the power level of a clamped-on harvester usually suffers from 

magnetic saturation phenomenon of the core. Since the current amplitude in the power line is 

very high, the core could be driven into its saturation region which will significantly limit the 

extracted power. This chapter will focus on the method of improving the extracted power of 

the clamped-on energy harvester by using an artificial magnetic field to desaturate the magnetic 

core. 

 

(a)                                                                            (b) 

Fig. 5-14. Circuit model (a) the magnetic core structure and dimensions used in the 

work, (b) secondary circuit model. 
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5.3.2 Circuit Modelling and Analysis 

Fig. 5-14. (a) shows a magnetic core model as well as the dimensions of the core used in this 

work, where rI, rO and h are the inner, outer radius and the height of the core respectively. The 

magnetic flux path length of the core and the cross-section area of the core are denoted by leff 

and Acore. Due to that, the magnetic flux in the core will concentrate more where the path length 

is shorter, the effective length of the core should be modified from the average of the inner and 

the outer circumference of the core to: 

0

0

2 ( )

/

I
eff

I

r r
l

r r

 −
=                                                                        (5.4) 

Fig. 5-14 (b) shows a circuit model of the secondary part of the magnetic core. The number of 

the secondary winding, primary side sinusoidal current, magnetizing inductance, magnetizing 

current, leakage inductance, load current, wire resistance are denoted by NS, IPsin(ωt), Leff, ICORE 

(t), LLeak, RWire IL(t) and RL respectively. Since the core used in this work has very high 

permeability, the leakage inductance is negligible compared with the magnetizing inductance. 

In this work, we assume that the wire used in the analysis is lossless, hence RWire = 0.  

When a primary current is applied, the equivalent circuit of the secondary side of the CT will 

have two branches of current. One branch flows into the load and the other one into the 

magnetizing inductor. The relationship between the primary side current, the load current and 

the magnetizing current can be described by Kirchhoff’s Current Law as: 

( ) ( )sin ( )
core P s L

I t I t N I t= −
                                    (5.5) 

The magnetic field H(t) can be expressed as: 
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( )core
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I t
H t

l


=

                                                                (5.6) 

The magnetic flux density B(t) is determined by the B-H curve of the core. A typical B-H curve 

of a magnetic core with saturation behaviour is shown in Fig. 5-15 (a). It can be observed that 

there are two boundaries which limit the maximum positive and negative magnetic flux density 
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in the core regardless of the magnetic field strength. The boundary of the magnetic flux density 

Bsat is determined by the properties of the material [50].  

For a core clamped on a power line, when the conducting current is zero, each crystal in the 

core has a magnetic domain randomly oriented initially. When the current in the power line 

increases, a magnetic field is applied to the material which will re-orient some of the magnetic 

domains in the direction of the external field.  A higher H will align more domains. The core 

now is in the non-saturation region, and the magnetic flux density is proportional to the power 

line current. A large amount of energy can be extracted from this region. When the current in 

the power line keeps increasing, almost all domains will be aligned with the external H. The 

magnetic flux density will almost keep constant at Bsat. The ferromagnetic material is said to 

be saturated when the magnetic flux density reaches Bsat. In the saturation region, there is no 

more flux change in the core regardless of the magnitude of the current.  

In this work, the target output power is about hundreds mW level, hence the hysteresis loss for 

the core is negligible. The nonlinear B-H behaviour can be idealized using the arctangent 

function as described in [45] as: 

( ) ( )( )sat

2
arctanB t B H t


=

                                             (5.7) 

The constant β represents the sensitivity of the core in the non-saturation region as the 

permeability in traditional method [45]. The Bsat*2/π is used to normalize the function to the 

maximum flux density Bsat when the core is saturated. The B-H curve is idealized into a 

saturation region and non-saturation as shown in Fig. 5-15. (b). Theoretically, the flux density 

will keep increasing even Bsat is achieved in the core due to that the vacuum permeability will 

still introduce a very small flux change. However, the vacuum flux variation is very small and 

can be ignored in the analysis. The core is considered saturated once the core magnetic flux 

density reaches Bsat.  
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(a)                                                                          (b) 

Fig. 5-15. B-H curves of the core with the saturation behaviour. (a) typical B-H curve, 

(b) idealized B-H curve. 

 

5.3.3 Power Analysis 

 

Fig. 5-16. Simulated core waveforms in the harvester and their relationship with the B-

H curve. 

If a current is applied to the primary side of the circuit, the voltage across RL can be calculated 

by the derivative of the core magnetic flux: 
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The relationship among the load voltage, magnetic field strength and magnetic flux density in 

the core is shown in Fig. 5-16. The voltage across the load is high for a small period when the 

core is in the non-saturation region. The magnetizing inductance can be treated as a parallel 

inductor of an ideal current. When the core is not saturated, the source impedance is very high 

and the current ICORE (t) flow into it will be near-zero. All current is consumed by the load. 

When the core is saturated, the magnetic flux density cannot increase anymore with the increase 

of the magnetic strength. The source impedance will perform like a short circuit to let the ICORE 

(t) flow through it to set up the magnetic flux [45]. Hence, only very little energy can be 

harvested when the core is saturated. The time that the core starts getting saturated is denoted 

by tsat. The power harvested on the load for a half cycle T/2 of the primary side current is: 
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The first coefficient “2” means that there are two non-saturation regions in half a cycle as 

illustrated by the shaded areas in Fig. 5-16. Before the core is saturated, all current from the 

ideal current source flows into the load. The time to drive the core into the saturation region tsat 

can be calculated by taking the integral of (5.8): 
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By substituting (5.11) into (5.96), the power harvested at the non-saturation region can be 

represented as a function of RL. The relationship between Pnonsat and RL with different IP can be 

plotted as shown in Fig. 5-17. 
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Fig. 5-17. Simulated harvested power versus load resistance under different primary 

currents. 

5.4 Proposed Energy Harvesting Method 

5.4.1 Proposed Desaturation Method 

As discussed in section 5.3, the core of a magnetic field energy harvester can be easily saturated 

by a strong current in the power line. It is desired to maintain the core working in the non-

saturation region for the whole period of the power line current. This can be achieved by 

applying a current in a direction opposite to that of the primary side. A controlled magnetic 

field HC can be applied to the core artificially to manipulate the resultant magnetomotive force 

in order to prevent the core from being saturated.  
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Fig. 5-18. The proposed EH structure by adding a control coil to apply the control 

current. 

To introduce the controllable magnetic field to the core, a third winding is needed as 

aforementioned. The proposed energy harvester structure is illustrated in Fig. 5-18. The third 

coil (control coil) has a winding number of NC, which can provide a current with a magnitude 

of IC of the opposite direction of the power line current. The current will only be applied when 

the core is nearly saturated. In this case, based on the vector superposition, the equivalent 

magnetizing field strength in the core can be expressed as: 
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−
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)(                                                                     (5.12) 

In order to ensure that the core will not be saturated during the whole period of the primary 

current, the magnitude of the control current should be high enough. On the other hand, 

applying the control current will consume energy. Hence to harvest energy efficiently, the 

control current should be as small as possible. Therefore, we should use a control current that 

will just pull IP back to IPsin(ωtsat) as: 
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                                  (5.13) 

The control current should be only applied when the core is working in the saturation region. 

Therefore, the duration of IP should be equal to the saturation time of each half cycle as: 
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Combining (5.12) – (5.14), the resultant magnetizing field that can prevent the core from being 

saturated can be calculated. The comparison of the primary side current, magnetic flux density, 

load voltage and added current waveforms on the circuit with and without the added current is 

illustrated in Fig. 5-19. With the added current, the magnetic flux density will not reach Bsat. 

There will be flux density change in the core most of the time in a period. Therefore, the amount 

of harvested energy can be significantly increased. 

 

 

Fig. 5-19. Waveforms comparison with and without the proposed method. 

5.4.2 Power Analysis and Numerical Simulation 

Compared with the core waveforms shown in Fig. 5-16, the EH circuit with the proposed 

method will not only harvest energy during the non-saturation region but also in the saturation 

region as shown in Fig. 5-20. However the control coil does consume energy. 
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Fig. 5-20. Core waveforms simulation with the proposed method. 

The power harvested during the non-saturation, saturation region and power consumed by the 

control coil are denoted by Pnonsat, Psat and PC respectively. The power harvested in the non-

saturation region will not be affected by the control coil, hence it still can be calculated by 

(5.12). When the core is about to be driven into the saturation region, the control coil starts to 

feed current to manipulate the magnetic field. The source impedance in parallel will still be 

very high and Icore(t) can be considered as zero. In this case, the current flowing into the load 

can be calculated by: 
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I I t I N= −                                                      (5.15) 

The power harvested in the saturation region Psat for a half cycle with the existence of the 

control current can be calculated by: 
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The control current IC is provided by a constant voltage source VC and NC number of windings 

on the core. The power dissipated by the control current for each half cycle can be calculated 

by: 

2
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Hence, the effective power Peff harvested on the load for half a period of the primary current 

can be obtained by: 

eff nonsat sat C
P P P P= + −                                                                 (5.18) 

It can be seen from (5.9) and (5.13) - (5.17) that for a given primary current, Pnonsat, Psat and PC 

are all dependent on the value of tsat. From (5.11), tsat is a function of load resistance RL. 

Parametric simulation results of Pnonsat, Psat and PC against RL with IP = 10 A and NS = 100 are 

shown in Fig. 5-21. Peff is simulated against primary current as shown in Fig. 5-22. 

 

Fig. 5-21. Parametric simulation of Pnonsat, Psat, PC and Peff  against load resistance. 
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Fig. 5-22. Simulated harvested power versus load resistance with the proposed method 

under different primary side currents. 

When the core is not saturated, the total harvested power with the proposed method is 

proportional to the load resistance. It equals to the power harvested in the non-saturation region 

as the control current is not applied. As the load resistance increases, the core starts to saturate. 

The power harvested will decrease. Then, a current will be applied to the control coil, to keep 

the core in the non-saturated region. According to (5.13) and (5.14), if the load resistance 

increases, the magnitude and duration of the control current will increase. Hence more power 

is needed for the control coil to manipulate the magnetic field. However, Psat cannot increase 

forever with the increment of the load resistance. In this case, the power consumption of the 

control current will lower the effective harvested power once the RL is greater than the optimal 

value. As aforementioned, the harvested power during the saturation period expressed in (5.16) 

is due to the introduction of the control current. Therefore, Psat should be greater than PC to 

ensure that the effective harvested power is increased by the proposed method.  As shown in 

(5.9), (5.16) and (5.17), Pnonsat, Psat and PC are dependent on the value of load resistance RL and 

the saturation time tsat. Eq. (5.11) indicates that the saturation time is a function of RL as well. 

The effective harvested power as expressed in (5.18) can be rewritten as a function of RL. Then 

the value of RL yielding the maximum effective harvested power can be calculated by solving 

the following equation: 
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5.5 Measurement Results and Discussion 

 

Fig. 5-23. A schematic circuit of the proposed energy harvester with a power 

management unit and a microcontroller. 

 

 

Fig. 5-24. A photo of the prototype and the measurement setup. 

Measurement of the proposed energy harvester was carried out to validate the method. The 

schematic circuit of the proposed energy harvester and the measurement setup are shown in 

Fig. 5-23. and Fig. 5-24. 

Table 5-I 
Core Parameters and Experimental Setup 

Core material: Nano-crystalline 
Number of secondary winding NS = 100 
Number of the control winding NC = 100 

Core height: H = 10 mm 
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Outer radius: ro = 27.5 mm 
Inner radius: ri = 17.5 mm 

Effective length: leff = 27.2 mm 
Maximum flux density: 1.19 T 
AC line current (rms): 10 A 

Frequency: 50 Hz 
Load resistor: RL = 67 Ω 

Power management unit: MAX17710 

Micro-controller unit: 
LAUNCHXL-F28377S 
BOOSTXL-DRV8305 

The energy harvester prototype is constructed using a nano-crystalline magnetic core with the 

secondary winding of NS = 100 and a control winding of NC = 100. The core is clamped on a 

primary conductor. The conductor was a line connected to a current source to represent the AC 

power line. The secondary winding was connected to a series compensating capacitor for 

impedance matching purposes as shown in Fig. 5-23. Then a bridge rectifier was connected to 

convert the AC current into DC. A capacitor was placed after the rectifier in parallel with the 

load resistor to smooth the output voltage. The control winding was connected to a 

microcontroller which can switch on or off the control current to compensate the magnetic field 

as required. To make the system self-sustainable, a power management circuit MAX17710 

from Maxim Integrated was applied to convert the energy harvested via the secondary winding 

and store it into an on-broad thin film rechargeable battery. The power management unit will 

also drive the microcontroller using a 3 V regulated output source. The core parameters and 

circuit components used in this system are listed in Table 5-I. 



Chapter 5: Improving Energy Extraction from AC Power Lines Under Magnetic Saturation 

P a g e | 90  

 

 

Fig. 5-25. Measured voltage waveforms with the proposed control coils (load only, half 

cycle control and full cycle control). 

The waveforms on the energy harvester are measured by an oscilloscope. With a 10 A rms 

primary current, the results are shown in Fig. 5-25.  When the current on the control winding 

is not activated, the core is working in the saturation region for the most duration of the primary 

current period, which limits the power harvested from the power line. Only 193 mW average 

power can be harvested without the proposed method. When the current on the proposed 

control winding is only activated in the negative half-cycle (the control current was applied 

only when the core would have been working in the saturation region), the average harvested 

power is increased to 230 mW.  When the circuit with the control current is fully activated in 

both cycles, the average harvested power is increased to 283 mW, which is 45% higher 

compared to the circuit without the control winding. 
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Fig. 5-26. Comparison of simulated and measured results of the circuit with and without 

the proposed method under a 10 A rms primary current. 

As aforementioned, Peff is dependent on the value of RL. Power harvested by the energy 

harvester under a 10 A rms primary current was measured against the load resistance.  Fig. 5-

26. shows the comparison of the simulated and measured results of the energy harvesting 

system with and without the proposed method. The measured results of the circuit using the 

proposed method are very close to the simulation before the saturation occurs. The measured 

power is lower than the prediction in the saturation region. This is because the control coil has 

been activated and the microcontroller will consume several mW power. Both have not been 

considered in the simulation. The measured results have shown good agreement with the 

simulation which verifies the derived equations and the proposed method. 

5.6 Summary 

In this chapter, a novel method has been introduced to increase the level of power harvested 

from an AC power line. To capture the magnetic field energy around the power line, a nano-

crystalline core with a high permeability has been used.  Due to the high current in the power 

line, the core is easily driven into the saturated operation condition.  Very little power can be 

harvested when the core is saturated. To keep the core in the non-saturation operation region, 

a control coil has been added to the harvester. The control coil can generate a magnetic field 

HC to artificially mitigate the magnetic saturation of the core. Numerical simulation shows very 
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good agreement with the measured results. The proposed energy harvester has achieved an 

average output power of 283 mW on a power line with a current of 10A rms, which indicates 

a 45% increase compared to a harvester without using the proposed method. The proposed 

harvesting method have shown excellent potential for smart-grid applications such as driving 

the power line monitoring sensors and weather stations.  
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Chapter 6 Range-Adaptive Wireless Power 

Transfer System Using Multi-Antiparallel Loops  

This chapter presents a range-adaptive wireless power transfer (WPT) system with high power 

transfer efficiency using a two-coil structure with multiple bidirectional loops. This work 

focusses on constraining the impedance variation caused by mutual inductance variation with 

respect to the changing of the transfer position. WPT systems using coupled magnetic 

resonances are susceptible to the transfer position. This is mainly due to that the coupling 

condition between the transmitting and receiving coils is highly position-dependent. Once the 

transfer position deviates from the optimum one, the coupling will be either excessive or weak 

which results in transfer efficiency degradation. Here we present a transmitter structure 

consisting of multiple sub-coils oriented in opposite directions to keep the coupling relatively 

constant over an extensive range of transfer positions. We were able to achieve a transmission 

coefficient of 70% - 88% with transfer distance varying from 0 mm to 70 mm and a coefficient 

of 60% - 85% with the misalignment changing from 0 mm – 80 mm at a 40 mm transfer 

distance. The diameters of the transmitter and receiver are 84.6 mm and 45.1 mm respectively. 

The measured transmission coefficient of the proposed design can be kept better than 70% with 

a transfer distance varying from 0 mm to 50 mm while the misalignment changing from 0 mm 

to 50 mm. The performance of the system much less sensitive to the transfer position shows 

that the design method has a great potential in wireless charging applications. 

6.1 Range-Adaptive Wireless Power Transfer Review 

Wireless power transfer (WPT) is the transmission of electrical energy without solid state 

media as a physical media between the source and receiver. In a typical WPT system, the 

transmitter (Tx) is usually driven by electric power source which generates a time-

varying electromagnetic field. Then the receiver (Rx) captures the electromagnetic field 

propagating in the space and supplies the power to the load. WPT is a promising technique to 

power electrical devices where interconnecting wires are inconvenient, hazardous, or are not 

possible. 

https://en.wikipedia.org/wiki/Electrical_energy
https://en.wikipedia.org/wiki/Electromagnetic_field
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WPT based on the magnetic resonance was first reported by Tesla [1]. His main contributions 

in WPT research have been concluded in three aspects by an article in 1943 [2] as: i) the idea 

of inductive coupling between the driving and the working circuits; ii) the importance of tuning 

both circuits, that is, the idea of an ‘oscillation transformer’; iii) the idea of a capacitance loaded 

open secondary circuit. It is no doubt that these aspects formed the operating principles for the 

WPT technologies. One of Tesla’s WPT experimental diagrams is shown Fig. 6-1: 

 

Fig. 6-1. A diagram of Tesla’s WPT experiment [3]. 

Modern WPT techniques are mainly categorized into far-field or radiative and near-field or 

non-radiative. The most popular technologies in far-field WPT are microwave and lasers. The 

power can be radiated or emitted by an antenna and transmitted via air for a very long distance 

up to kilometres [4]. However, suffering from the unavoidable path, the power transfer 

efficiency (PTE) of far-field WPT is usually very low. On the other hand, the non-radiative 

near-field WPT such as magnetic coupling with inductive coils or electric coupling using 

capacitive conductors will provide a promising PTE [4].  

WPT researches have been conducted in energy systems for medical implants since the 1960s 

[5] – [9] and induction heaters [10] since 1970s. For modern short-range applications, the 

inductive WPT (IPT) systems [11] – [15] for portable devices [16] – [18] have attracted much 

attention. WPT solutions for portable electronic devices have reached the commercialisation 

stage through the launch of the “Qi” Standard by the Wireless Power Consortium. It has been 

a common practice to adopt Tesla’s principles of i) using near-field magnetic coupling; ii) 

resonance coupling between the Tx and Rx. The primary reason for using the near-field 

magnetic coupling and resonance techniques together is to compensate the inductance leakage 

in the power flow path for high PTE. For the IPT applications of several kilowatts such as 

charging an electric vehicle (EV), 90% efficiency is achievable. However, the PTE of WPT 

systems will depend on many parameters such as transfer distance, displacement and coil sizes. 
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Many applications demand a flexible transfer position. Once the transfer position of the device 

deviates from its optima, the impedance matching quality will be degraded. In this case, the 

PTE will be heavily reduced. Herein, designing a WPT system with high PTE that robust to 

the variation of transfer position becomes my research interest. The second part of the thesis 

will mainly focus on: 

• To improve the PTE of MRC-WPT devices 

• To extend the transfer position of WPT 

• To propose a novel structure that can maintain high PTE and robust to the variation of 

transfer position for WPT devices. 

6.1.1 Impedance Matching of WPT System 

For a typical four-coil MRC-WPT system contains two magnetic coupling resonators as shown 

in Fig. 6-2 [19], [20]: 

 

 

Fig. 6-2. Equivalent circuit model of a four-coil MRC-WPT system. 
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Following the analysis in [19], let denote the self-inductance, parasitic resistance and 

resonating capacitor by Ll, Rl and Cl in the feed/load loop respectively. Represent the self-

inductance, parasitic resistance and resonating capacitor by LC, RC and CC in the 

transmitting/receiving coil where the transmitter and receiver are set to be identical for 

simplicity. The coupling coefficients between coils and loops are represented by kij, where k12 

= k34 and k13 = k24. The power source in Tx is represented by the voltage source Vs with internal 

resistance R0. The load in Rx is represented by R0. The node matrix of the system can be drawn 

at the resonant frequency ω0: 
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where Mij is the mutual inductance. The PTE can be represented by the quality-factors of the 

coils and the coupling coefficients as [21]: 
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It can be found from (6.2) that the PTE varies with k23, [22], [23]. This can also be explained 

by that the input impedance of the WPT system depending on d23. Therefore, the input 

impedance Zin changes with k23 and it is matched to R0 at only a single k23,matched, for a fixed 

k12. The k23,matched, where WPT system can achieve the maximum efficiency can be calculated 

as: 

( )
2

2 2 2 2

23, 12 13 1 2matchedk k k Q Q
−

= − −                                                               (6.3) 

Similarly, the two-coil WPT system can be modelled by this method as well by deleting the 

feed/load loops. The PTE degrades as the k23 vary from its optima caused the impedance 

mismatch. However, the WPT system is desired to have a PTE over a large range of the transfer 

position. Therefore, matching the variable impedance is the key challenge in achieving high 

PTE range-adaptive WPT systems. 
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PTE and Transfer Distance 

The analysis of mutual coupling between two resonant circuits has been well established [19] 

– [23]. For the two-coil MRC-WPT technology, the magnetic coupling coefficient k12 between 

two coils with radians of rTx and rRx can be described with the transfer distance d as [24]: 

( )
2
3

12 3

2 2

1

1 2 / Tx Rx

k

d r r

=

 +
  

                                                  (6.4) 

In [23], a transmitter coil (with a diameter of 30 cm and a Q-factor of 1270) and a receiver coil 

(with a diameter of 20 cm and a Q-factor of 1100) are used to transfer a power of 105 W over 

30 cm. A system PTE of 77% has been achieved in this case when the dimension of the 

transmitter coil and the transfer distance are the same. But if the transfer distance exceeds the 

transmitter coil dimension, the PTE will fall rapidly as predicted by (6.1) – (6.3). 

The transfer coefficient S21 can be used as an indicator of PTE performance which can be 

described in a two-coil system as: 
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When the Tx and Rx coils are both designed to resonate at the same frequency, the transfer 

coefficient can be simplified to: 
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The optimal input impedance seen by the source should be: 
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Therefore, the impedance matching should rely on the value of the mutual inductance. The 

relationship between the mutual inductance and transfer distance, and the corresponding 

frequency response can be plotted as shown in Fig. 6-3 and Fig. 6-4: 

 

Fig. 6-3. The relationship between the transfer distance and mutual inductance. 

 

Fig. 6-4. Frequency response with the variation of the mutual inductance. 

The frequency splitting phenomena can be observed when the transfer distance is small where 

the mutual inductance is strong. When the separation between the Tx and Rx increases to a 

certain value, the mutual inductance will be reduced to its optimal value where the maximum 

PTE of the system can be achieved. This coupling condition is known as critical coupling. Once 

the distance increases from critical coupling position, the mutual inductance degrades, and the 

PTE drops rapidly as described in (6.2). 
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Herein, the key to achieving range-adaptive WPT performance is getting a mutual inductance 

that inmate to the transfer position variation and the value of which can be kept at its optimal 

one in (6.3). 

6.1.2 Range-Adaptive WPT Impedance Matching Techniques 

Several techniques have been proposed in the literature. In [25], a multi-loads WPT system 

using relay resonators with intermediate coils has been reported. Different coils are optimized 

for different transfer distance and served as receiver and relays simultaneously. Frequency 

tuning method is adopted in [26] to make the use of frequency splitting phenomena as the 

system will alternate the operating frequency when the transfer position is changing to achieve 

the maximum PTE. The three-dimensional structure is used in [27] to transfer the power 

omnidirectional achieving a range-adaptive WPT. The beamforming loop array is reported in 

[28] by controlling the loop current and selecting the appropriate resonant capacitance for high 

PTE. Overall, there are two directions to solve the impedance matching problem in the range-

adaptive WPT, namely, variation adaptive matching where the matching method will try to 

satisfy the different optimal impedance at different transfer positions to achieve outstanding 

performance, and variation compress matching where the technique will try to avoid the 

impedance variation with respect to the position change. 

Adaptive Matching Methods of Variable Impedances 

Jungsik Kim et al presented a range-adaptive WPT system using multi-loop and tunable 

matching circuit [21]. The multi-loop structure is applied to adapt the variation in the input 

impedance of the WPT system with regards the transfer distance, where one of the four loops 

with a different size is selected, depending on the transfer distance. It enables the design of a 

simple tunable matching circuit using a single variable capacitor. The proposed topology and 

fabricated circuit are shown in Fig. 6-5: 
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Fig. 6-5. The schematic of the multiloop structure and fabricated circuit [21]. 

This design used four different transmitting and receiving resonant coils optimized for four 

different transfer distances. When the transfer distance is varying, the system will automatically 

select a proper transmitter/receiver pair and tune the required resonant capacitor. The results 

are shown in Fig. 6-6: 
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Fig. 6-6. Required capacitance for the impedance matching as a function of the distance 

including the S11 and S21 response [21]. 

This method used active tuning circuits and multi-loop structure to match the impedance 

adaptively. The performance of this work is promising, and the measured results show a range-

adaptive operation with PTE better than 48% up to a transfer distance of 100 cm. However, it 

should be noticed that the system is complex as multiple resonant coils are required and the 

impedance tuning unit is necessary. In this case, the overall efficiency of the system will be 

relatively low as the impedance tuning unit is energy consuming. Moreover, the complexity as 

well as the cost of the system should be considered. Therefore, the impedance variation 

adaptive matching in WPT may not be a competitive candidate for the applications require high 

PTE. 

Matching Methods based on Constraining the Variable Impedances 

Yue-Long Lyu et al presented a WPT system using nonidentical resonant coils for frequency 

splitting elimination to achieve a range-adaptive power transfer [29]. In this work, two 

nonidentical resonant coils (NIRCs) are used as a wireless power transmitter and receiver, 

respectively. Based on the elliptic integral term in the analytical expression, the impedance 

variation with respect to the transfer distance can be limited by using the two NIRCs. Due to 

the size difference between the transmitter and receiver coil is comparable with the transfer 

distance, the mutual inductance change regards the transfer distance can be compressed 

significantly. The comparison of the NIRCs and conventional identical coil design has been 

displayed in Fig. 6-7: 
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Fig. 6-7. Comparison between the NIRCs and identical resonant coils [29]. 

 

Fig. 6-8. Transfer coefficient S21 contrast between the NIRCs and identical resonant 

coils [29]. 

The Fig. 6-8 shows that the efficiency of the close transfer distance is improved significantly 

compared to the identical resonant coils structure. The measured results show a transfer 

efficiency of 39% - 62% with a transfer range from 0.5 cm to 7 cm. However, due to the 

requirement that the size difference between the transmitter and receiver coil should be 

comparable to the transfer distance. This method requires large coil size or small transfer 

distance range. Otherwise, the method may not be valid. Moreover, the achieved transfer 

efficiency is not promising which is limited by the small Q value as the receiver used in this 

method is very small leading to a small inductance. 
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Wang-Sang Lee et al proposed a contactless WPT system using antiparallel resonant loops to 

compress the frequency splitting and achieve the range-adaptive high-efficiency performance 

[30]. This structure employed a transmitter containing a set of forward and reverse loops 

forming an antiparallel resonant coil to stabilise the impedance variation caused by the 

changing of transfer distance. Due to the mutual inductance is very large when the transmitter 

and receiver are placed close to each other. This structure will degrade the excessive coupling 

at close distance, constraining the impedance variation. The realized mutual inductance 

between the transmitter and receiver against the transfer distance is shown in Fig. 6-9: 

 

Fig. 6-9. Mutual inductance regards the loop distance of the antiparallel loops [30]. 

The realized mutual inductance is compressed significantly along the loop distance by using 

the mutual inductance difference between the forward and reverse loop. Therefore, the stable 

output power performance can be expected. The measured efficiency is shown as Fig. 6-10: 
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Fig. 6-10. Simulated and measured results of the antiparallel loops [30]. 

It is obvious that the frequency splitting has been compressed significantly by the antiparallel 

loop structure. However, the peak S21 achieved by the work is around 35% due to that the 

mutual inductance is only be compressed but the optimal matching criterion has not been met 

perfectly.  

In conclusion, the section has introduced the basic theory of the WPT system and analysed the 

challenges in realising a high-efficiency range-adaptive WPT system. State-of-the-art WPT 

designs dealing with the position variation problem have been introduced in detail. The key 

point to achieving range-adaptive WPT performance is getting a mutual inductance that will 

not vary with the transfer position changes and the value of which can be kept almost constant 

at its optimal. 

6.2 Introduction of Novel WPT System Design 

WPT systems via strongly coupled magnetic resonances (CMR) have shown a breakthrough in 

high-efficiency WPT applications [31], [32]. However, the resonant condition is a critical 

requirement of achieving maximum power transfer efficiency (PTE) between the transmitter 

(Tx) and receiver (Rx). The resonant condition of a given CMR-WPT system is usually fixed. 

Once the transfer position of the system varies from the optimum one, the PTE of the system 

will decrease significantly. In this work, the “distance” is defined as the space between the two 

planes where the Tx and Rx are located. The “horizontal misalignment” refers to the 
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displacement of the centre points of the Tx and Rx along the parallel planes. A shorter transfer 

distance (h) between Tx and Rx would cause over-coupling where the excessive coupling will 

split the resonant frequency. It weakens the PTE level at the original resonant frequency [33] 

– [35]. A larger transfer distance or a horizontal misalignment (d) would reduce the coupling, 

leading to the impedance mismatch and degrade the PTE too. Many applications such as the 

charging of biomedical bioelectronic device [36] – [42], electric vehicles [43], [44] and mobile 

electronics [45], [46] would require the flexibility of the transfer position and a high PTE 

simultaneously. Ideally, WPT systems should have a high PTE regardless of the transfer 

position variation [47], [48].  

Recently, many methods have been presented to address this issue such as adaptive frequency 

tracking [31], [32], [49], [50] impedance control circuit [51], metamaterial [36], [37] and 

switching coils with different transfer distances [51], [52]. However, the added control or 

switching circuits will significantly increase the complexity of the system and reduce the 

overall system operating efficiency. Lee et al presented an antiparallel resonant loop structure 

to eliminate the frequency splitting by weakening the excessive coupling caused by the short 

transfer distance [53]. However, the maximum PTE will only be achieved at an optimal transfer 

distance, and the anti-misalignment ability was not discussed. Chen et al used the multiple-

input and multiple-output concept with a multi-transmitter and array system [54]. 

Assawaworrarit et al applied a nonlinear parity-time-symmetric circuit to achieve robust WPT. 

Excellent range-adaptive performance has been achieved [55]. But active circuits are needed, 

and the resonant frequency was adaptively changed to maintain high PTE. It can be a great 

limitation for WPT applications.  A reconfigurable system is used to further increase PTE in 

conforming to charging device positions [56], [57]. However, there is no optimal solution for 

a WPT system to achieve high PTE under both transfer distance variation and horizontal 

misalignment conditions simultaneously. Thus, how to design high-efficiency range-adaptive 

WPT systems without active control is still very challenging. 

This work aims to investigate a method to solve this challenge. Here we present a planar Tx 

structure with multiple bi-directional sub-coils to maintain the resonant condition of the CMR-

WPT system. We show theoretically and demonstrate experimentally that the proposed Tx 

structure can achieve a relatively constant mutual inductance between Tx and Rx over a broad 

range of transfer distance and misalignment variation without the need for any impedance 

tracking or active control circuits. The design concept will be described, and a robust 

mathematical model will be established for the optimisation of the structure. 
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This chapter is organized as follows. In section 6.3, the basics of a two-coil MRC-WPT 

operating principles are analysed in detail with the derivation of formulas. The challenges of 

high-efficiency position-free WPT are identified. In Section 6.4, the proposed multiple bi-

directional resonant coils structure will be introduced with theoretical analysis and numerical 

simulation, A comparison with the conventional method is discussed. In Section 6.5, a 

prototype is fabricated. Measurement results are shown and analysed. Conclusions are drawn 

in Section 6.6 to summarize the chapter. 

6.3 Theoretical Analysis 

6.3.1 Two-Coil MRC-WPT Operating Principle 

 

Fig. 6-11. Equivalent circuit of a typical two-coil MRC-WPT system. 

An equivalent circuit of a typical two-coil CMR-WPT system is depicted in Fig. 6-11. RS, RL, 

LT, LR, RT, RR, CT, CR, and MTR are the source resistance, load resistance, coils’ self-inductance, 

coils’ radiative and ohmic losses, resonating capacitor and mutual inductance of the Tx and Rx 

respectively. For simplicity, assuming a lossless case, RT = RR = 0 Ω, the ratio of the received 

power on the load PL and the input power PS, namely, PTE is [35]: 

2

21
100%L

S

P
S

P
 = = 

                                                                                                            (6.8) 

The node equations of the circuit based on Kirchhoff’s voltage law can be built as: 
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where ω represents the angular frequency of the system in radius. Combining (6.9) and (6.10), 

the current flow through the Rx loop can be obtained as: 
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Then the transmitting coefficient can be calculated as: 
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If the circuit is operating at the resonant frequency ω0 with the following requirement satisfied 

on both Tx and Rx side: 

0

1 1

T T R R
L C L C

 = =
                                                                      (6.13) 

Then, (6.5) can be simplified to: 
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It can be observed form (6.14) that the power transferred to the load is heavily dependent on 

the magnitude of the mutual inductance between the Tx and Rx. To yield the maximum PTE 

to the load, an optimal mutual inductance should be achieved critically as: 

0

S L

Optimal

R R
M


=                                                                                  (6.15) 

For a given source/load termination value, the relationship between S21, the mutual inductance 

and the frequency can be plotted as shown in Fig.6-12. It can be seen from the plot that the 

maximum PTE operation at the desired resonating frequency can only be achieved when the 

mutual inductance is MOptimal. When the system is operating under over coupling conditions, 

the resonating frequency will be split into two. The PTE at the desired frequency will be 

degraded significantly due to the excessive coupling between Tx and Rx. On the other hand, 

when the system is working at under coupling conditions, the desired resonant frequency will 

be maintained but the PTE will drop dramatically due to the weak coupling. Hence, to transfer 

the power with the maximum PTE at the desired resonating frequency, the mutual inductance 

must be maintained at MOptimal. 

 

Fig. 6-12. Typical relationship between S21, mutual inductance and resonant frequency. 

6.3.2 Transfer Position and Mutual Inductance 

The Tx and Rx of the MRC-WPT can be realized by using multi-loop circular coils connected 

in series with a capacitor to resonate. To calculate the mutual inductance between the Tx and 

Rx, a multi-loop coil can be simplified to a set of concentric single-loop coils. Each single loop 
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can be further simplified to a filamentary coil as shown in Fig. 6-13. NT, NR, rTi and rRj denote 

the number of loops, and radius of each single-loop coil for the Tx and Rx, respectively. The 

mutual inductance Mij between the ith single Tx loop and jth single Rx loop can be expressed as 

a function of the transfer distance h, horizontal misalignment d, by the equation [58]: 

 

(a)                                                      (b) 

 

(c) 

Fig. 6-13. (a) A multi-loop circular coil, (b) a set of single-loop filament coils, (c) 

simplified single-loop filamentary Tx/Rx coil configuration. 

NT, NR, rTi and rRj denote the number of loops, radius of each single-loop coil for the Tx and 

Rx. The mutual inductance Mij between the ith single Tx loop and jth single Rx loop can be 

expressed as a function of the transfer distance h, horizontal misalignment d, by the equation 

[53]: 
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where the parameters in (6.16) can be expressed as: 

3

2 4

2
1

Rj Rj

d d
C

r r

 
= + − 
 
 

                                                                              (6.17) 

( ) ( ) ( )
2 2

k k K k E k
k k

 
 = − − 

 
                                                                (6.18)  

( )

4
3

4
3

2
2

4

1

C
k

C



 

=

+ +
                                                                                (6.19) 

,
Rj

Ti Ti

r h

r r
 = =

                                                                                     (6.20) 

where μ0 = 4π×10-7 H/m is the magnetic constant, K(k) and E(k) are the complete elliptic 

integrals of the first and second kind respectively [53].  Hence the total mutual inductance 

between Tx and Rx with the number of the turns are NT and NR can be calculated as: 

1 1

( , , , )
R TN N

TR ij Ti Rj

j i

M M r r h d
= =

=                                                                  (6.21) 

Herein, for a given two-coils MRC-WPT system, there only exists one optimal position regards 

h and d which can achieve the total mutual inductance MTR between Tx and Rx equal to MOptimal 

yielding the maximum PTE at the desired resonating frequency. Both variation in transfer 

height and horizontal misalignment will introduce a degradation in efficiency as the mutual 

inductance is very sensitive to the transfer position as shown in (6.16). Therefore, a mutual 

inductance that robust to the transfer position is essential to realize a position-free high-

efficiency WPT system. 
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6.4 Bidirectional Resonant Coils Design and Simulations 

6.4.1 Smooth Mutual Inductance Against Transfer Position 

By combining (6.14) and (6.21), the relationship between the transmission coefficient and the 

transfer position including both transfer distance and misalignment can be obtained as shown 

in Fig.6-14. It can be observed that for different Tx coil sizes coupled with the same Rx coil, 

the mutual inductance will generally decrease with the increase of either transfer distance or 

misalignment. For any Tx size, there exists one optimal transfer distance or horizontal 

misalignment where the maximum S21 can be achieved. It indicates that a given CMR-WPT 

system will have a fixed optimal transfer position.  

 

(a) 
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(b) 

Fig. 6-14. Mutual inductance and S21 against the variation of (a) transfer height, (b) 

horizontal misalignment for different Tx coil sizes with the same Rx. 

The maximum S21 can be only achieved when the MOptimal is obtained. Either excessive or weak 

coupling will decrease the PTE at the original resonating frequency. For different Tx size, there 

exists one optimal transfer height that can ensure the maximum S21 for the system. A larger Tx 

size will result in a longer optimal transfer height. With the misalignment condition, the 

efficiency of the medium and small size Tx with drop with d increase due to the MOptimal cannot 

be achieved even without the misalignment. However, the efficiency of the large Tx coil 

increases from a relatively low level when the misalignment is small and reaches a maximum 

then starts decreasing when the misalignment is getting larger. This because the mutual 

inductance is large when d is small which resulting in over coupling and with an increase of d, 

the MOptimal is obtained and then it drops from its optimal value.  



Chapter 6: Range-Adaptive Wireless Power Transfer System Using Multi-Antiparallel Loops 

P a g e | 118  

 

 

(a) 

 

(b)                                                                   (c) 

Fig. 6-15. (a) Mutual inductance variation with the transfer distance of different Tx 

sizes with the same Rx (b) Tx and Rx configuration, (c) Ideal case of mutual inductance 

variation against the transfer position of coils with different sizes. 

While the mutual inductance magnitudes of different Tx coil sizes are not identical, the 

degradation trends of which are similar for both transfer height and misalignment conditions 

as shown in Fig. 6-15. Therefore, it is not easy to smooth the mutual inductance magnitude 

against the transfer height and misalignment if only designing the coil size or the number of 

the loops. 
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6.4.2 Proposed Structure Analysis and Design 

Noticed that the mutual inductance magnitude difference between different coil sizes is 

relatively robust to the transfer height and misalignment as shown in Fig. 6-15. Thus, if the 

currents fed into the different size coils are oriented in opposite direction, the total mutual 

inductance Mtotal between Tx and Rx can be represented by the difference of the mutual 

inductance of different size coils. Then just need to optimize the Mtotal to equal to MOptimal, the 

position-free high-efficiency feature can be realized. 

 

(a) 

 

(b)                                                              (c) 

Fig. 6-16. Tx and Rx structures (a) proposed bi-directional Tx, (b) conventional 

unidirectional Tx, (c) unidirectional Rx. 

The mutual inductance between each sub-coil in the Tx and the Rx will decrease with the 

increase of the transfer distance or misalignment. The sub-coils in the Tx have two opposite 
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directions. The mutual inductance between Tx sub-coils of one direction and the Rx has an 

overall mutual inductance Mone. The mutual inductance between Tx sub-coils of the other 

direction and the Rx has an overall mutual inductance Mother. The total mutual inductance Mtotal 

will be the difference of Mone and Mother. Although both Mone and Mother will decrease with the 

increase of the transfer distance or misalignment, by properly designing the sub-coils, Mtotal 

can be maintained relatively constant. For example, for Tx with different sizes, the simulated 

mutual inductance variation with the transfer distance via (6.16) is shown in Fig.6-15 (a). 

Although the magnitude of the mutual inductances of different Tx are not identical, they follow 

a similar degradation trend. If the currents fed into two coils of the different size are of opposite 

directions, the total mutual inductance Mtotal can be depicted by Fig.6-15 (b) and (c). An Mtotal 

that is robust to the transfer position can be realized. Mtotal can be optimized to approach 

MOptimal. Once the optimal mutual inductance of the system is obtained by (6.15), the task 

resides in realising the desired mutual inductance by choosing a proper coil size, the number 

of sub-coils and the number of loops in each sub-coil for the Tx and current direction in each 

sub-coil, depending on the size and shape of the Rx. To ensure that current can flow in both 

directions, the Tx sub-coils are oriented in a bi-directional manner. The coils on the Rx are 

unidirectional. In the practical design, the Tx consists of X sub-coils. Each sub-coil has NTi 

loops with an average radius of rTi. The X sub-coils are connected in series with adjacent sub-

coils wounded in opposite directions as shown in Fig.6-16 (a). Four sub-coils are used in this 

design. A capacitor is connected to the coil to form a resonator. Therefore, the total mutual 

inductance between Tx and Rx of the proposed structure can be calculated as: 

1

1 1 1

( 1) ( , , , )
TnR NNX

n

total ij Ti Rj

n j i

M M r r h d
−

= = =

= −                                                       (6.22) 

The total mutual inductance can be simplified by central approximation which uses the average 

coil size to represents each loop in the same coil. Herein, (6.22) can be approximated as: 

1
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n

total R Tn n Tn R

n

M N N M r r h d
−

=

 −                                                   (6.23) 

Where Mn represents the mutual inductance between the nth transmitter coil and receiver coil. 

The Rx coil loops number is designed to be fixed in this work. The design parameters of every 

coil are chosen empirically based on the desired transfer range and size requirement of the 
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applications. The robustness of the mutual inductance against the transfer position can be 

obtained by optimizing the number of loops in every coil of Tx, and the differentiation-based 

method can be applied. Due to the mutual inductance slopes against the transfer height and 

misalignment are not identical, the optimization process regards the height and misalignment 

should be separated. Let assume the condition without the misalignment where d = 0 mm. If 

the total mutual inductance Mtotal (h) changes slowly against transfer height h, the 

differentiation of Mtotal (h) regards h should be close to zero. Assume that the desired transfer 

height range of the smooth mutual inductance is denoted by the interval [h1, h2], and Y samples 

are selected in the interval [h1, h2]. At the mth sample hm, it is desired to achieve: 

1

1

( )
( 1) 0

m

X
n n

R Tn h h

n

dM h
N N

dh

−

=

=

− =                                                              (6.24) 

On the other hand, let assume the transfer height h is constant and now the total mutual 

inductance Mtotal (d) changes slowly against misalignment d, the differentiation of regards d 

should be close to zero. Thus, the differentiation of the mutual inductance regards d at the qth 

sample dq in the desired misalignment range [d1, d2] should satisfy: 
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− =                                                                    (6.25) 

For Y samples in the interval [h1, h2], a matrix can be constructed based on (6.24), namely: 

0MHU =                                                                                               (6.26) 

Where �̅� is a vector consisting of the number of loops for every Tx coil and  𝑀𝐻̿̿ ̿̿ ̿ is a matrix 

whose element in row m and column n can be represented by 

1

,

( )
( 1)

m

n n
m n R h h

dM h
M N

dh

−

=
= −                                                                            (6.27) 

Similarly, a matrix 𝑀𝐷̿̿ ̿̿ ̿ for misalignment condition whose element in row q and column n 

represented by 
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Now, the optimal loops number for each coil against the transfer height and misalignment can 

be found by solving the following equations:  
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Finally, the optimal solution can be obtained to maintain the system achieve the desired mutual 

inductance regardless of the transfer position for the desired range [h1, h2] and [d1, d2]. 

6.4.3 Numerical Simulation 

Finally, the optimal solution can be obtained so that a constant mutual inductance of the desired 

value can be achieved for the range of [h1, h2] and [d1, d2]. To evaluate the proposed structure, 

a numerical simulation has been performed. The desired optimal range for transfer distance 

and misalignment are set to h1 = 10 mm, h2 = 50 mm and d1 = 0 mm, d2 = 50 mm respectively. 

The number of samples used in (6.24) is 5 for both transfer distance and misalignment. The 

calculated parameters via (6.24) – (6.29) are listed in Table 1.  
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TABLE I: Design Parameters 

Coil Number of loops 
Average radius 

(mm) 
Direction 

The proposed system 

NT1 5.2 84.6 Clockwise 

NT2 4.2 67.7 Anti-clockwise 

NT3 1.8 45.1 Clockwise 

NT4 2.2 33.9 Anti-clockwise 

NR 14 45.1 Clockwise 

Type I 

NT 5 45.1 NA 

NR 5 45.1 NA 

Type II 

NT 5 84.6 NA 

NR 4 45.1 NA 

The anti-misalignment feature of the proposed system is optimised at h = 50 mm. The mutual 

inductance between Rx and each sub-coil in Tx, and total mutual inductance of the system 

against the transfer distance and horizontal misalignment are calculated using (6.16) and shown 

in Fig. 6-17. For both the transfer distance and misalignment varying from 0 mm to 50 mm, 

the total mutual inductances are very smooth against the transfer position variation and close 

to the optimal value. Moreover, the numerical simulation of the misalignment performance 

against different transfer distances of the proposed system and two conventional designs are 

plotted in Fig.6-17 (c) – (d). 
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(a) 

 

(b) 
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(c)(d)(e) 

Fig. 6-17. Optimized flat mutual inductance against the position variation of (a) transfer 

distance, (b) horizontal misalignment of the proposed Tx structure, and numerical 

simulation of the misalignment performance with different transfer height (c) Type I, 

(d) Type II, (e) the proposed system. 

The magnitude of the mutual inductance between each Tx coil and the Rx is decreasing with 

the height or misalignment increasing, and far away from the optimal value. However, for both 

transfer height and misalignment varying from 0 mm to 50 mm, the total mutual inductances 

are very smooth and close to the optimal value which validates the proposed design method. 

Herein, the relationship between S21, transfer height and resonate frequency has been plotted 

in Fig. 6-18.  
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Fig. 6-18. Relationships between S21, resonate frequency and transfer height of the 

proposed structure. 

It can be compared to the performance of a conventional design in Fig. 6-13. that the frequency 

splitting phenomena have been mitigated and high-efficiency performance has been maintained 

at the desired resonant frequency for a wide range of transfer height variation. The transfer 

efficiency of the proposed system has been plotted against the transfer position in terms of 

height and misalignment as shown in Fig. 6-19.  

Herein, the high-efficiency position-free WPT can be realized. It should be noticed that due to 

the anti-misalignment ability of the design was optimized with h = 50 mm, the optimal 

performance has been achieved at this height. When the transfer height is very small (< 30 

mm), the transfer efficiency against the misalignment will be degraded significantly, though, 

still with relatively high efficiency better than 60% as shown in Fig. 6-19. 
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Fig. 6-19. Simulated transfer efficiency of the proposed structure against the transfer 

height and misalignment with a reference of 60% efficiency. 

6.5 Implementation and Measurements 

To validate the proposed MRC-WPT structure and design method, a prototype has been 

fabricated using PCB with the parameters listed in Table I. Also, two conventional 

unidirectional design have been fabricated with the same enclosed area of the proposed design 

and the receivers are identical for both conventional and proposed design for fair comparison. 

Due to this work focuses on achieving the stable transferred power level with high PTE by 

maintaining the smooth mutual inductance values regards the transfer position variation, the 

port terminations are selected to be 50 Ω for simplicity. Herein, the vector network analyser 

(VNA) and 50 Ω cables can be applied with perfect matching conditions. The S21 performance 

will be evaluated by the two-port 50 Ω VNA. A photo of the measurement set-up is shown Fig. 

6-20. 
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Fig. 6-20. A photo of the measurement setup. 

To investigate if the proposed structure has the high-efficiency performance regards the 

transfer position, the fabricated prototype has been measured against the transfer height and 

horizontal misalignment respectively. As discussed in Section II, conventional design will have 

frequency splitting phenomena when the Tx and Rx are placed too close to each other, 

therefore, the frequency response of the proposed structure has been measured with the transfer 

height varying from 10 mm to 130 mm with the comparison of the conventional design as 

shown in Fig. 6-21.  

 

(a) 
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(b) 

 

(c) 

Fig. 6-21. Measured S21 against the variation of transfer distance h of (a) Type-I, (b) 

Type-II, (c) the proposed system. 

When the transfer height changes from 10 mm to 50 mm, the PTE at the desired resonant 

frequency of the conventional design suffers from the frequency splitting due to the excessive 
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coupling. A minor frequency splitting also occurred when the proposed Tx was placed 10 mm 

from the Rx, and when the transfer height is increasing, the desired frequency can be 

maintained with relatively high efficiency. The measured and simulated efficiency 

performances at the desired resonate frequency against the transfer height comparison of the 

proposed and conventional design have been plotted in Fig. 6-22.  

 

(a) 
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(b) 

Fig. 6-22. Comparison of the measured PTE of the proposed system with conventional 

designs against (a) transfer distance (d = 0 mm), (b) horizontal misalignment (h = 40 

mm). 

The measured results for both conventional and proposed design follow the slope trend of the 

simulations with lower magnitude caused by the ohmic and radiation losses which were ignored 

in simulations. The maximum efficiency of the conventional design was only obtained at h = 

50 mm and degraded very fast when the height deviated from the optimum. Although the 

efficiency of conventional design is higher than the proposed design at 40 mm to 50 mm by 

less than 10%, the proposed design has significant improved efficiency at the close range from 

10 mm to 40 mm. Also, the efficiency of the proposed design has a slower degradation slope 

when the transfer height is larger than 70 mm which agrees with the numerical simulation 

results. The efficiency of the proposed design has been kept better than 70% with transfer 

height varied from 10 mm to 70 mm. On the other hand, the measured results show that the 

proposed design has achieved an efficiency better than 38% with transfer height change from 
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10 mm to 140 mm. This has validated the robustness of the proposed design against transfer 

height.  

The anti-misalignment feature has been measured and the frequency response of the proposed 

structure has been measured with the misalignment varying from 0 mm to 100 mm with 

different transfer height as shown in Fig. 6-23.  

 

Fig. 6-23. Measured efficiency performance against the horizontal misalignment with 

different transfer height. 

When the transfer height is lower than 40 mm, the efficiency can be maintained above 70% 

with the misalignment vary from 0 mm to 70 mm. Although, the anti-misalignment ability will 

decrease with the transfer height increase, the efficiency has been kept better than 30% with 

both transfer height and misalignment are 100 mm. The measured anti-misalignment 

performance at h = 50 mm of the proposed and conventional are compared with the simulations 

as shown in Fig.6-24. Although, the conventional design has a better efficiency when the 

misalignment is small, its efficiency drops much faster than the proposed design.  
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Fig. 6-24. Measured efficiency performance against the horizontal misalignment with 

different transfer height. 

Finally, the measured PTE performances with the transfer position variation for both 

conventional and proposed design are shown in Fig. 6-25. The efficiency can be kept better 

than 70% with transfer height from 10 mm to 50 mm and misalignment from 0 mm to 50 mm. 

The results show that the proposed design is capable of maintaining a relatively high efficiency 

with the existence of the transfer height and misalignment simultaneously. The measured 

results show a good agreement with the theoretical analysis and numerical simulations, which 

validated the proposed structure and design method. 

 

Fig. 6-25. Measured efficiency performance with the transfer position variation with a 

reference efficiency of 70%. 
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6.6 Summary 

WPT systems using coupled magnetic resonances are susceptible to the transfer position due 

to that the coupling condition between the transmitting and receiving coils is highly position-

dependent. Once the transfer position deviates from the optimum one, the coupling will be 

either excessive or weak which results in a transfer efficiency degradation. Here we present a 

transmitter structure consisting of multiple sub-coils oriented in opposite directions to keep the 

coupling relatively constant over an extensive range of transfer position. We were able to 

achieve a transfer efficiency of 70% - 88% with transfer distance varying from 5 mm to 70 mm 

and an efficiency of 60% - 85% with the displacement changing from 0 mm – 80 mm at a 40 

mm transfer distance. The diameters of the transmitter and receiver are 84.6 mm and 45.1 mm 

respectively. The measured efficiency of the proposed design can be kept better than 70% with 

a transfer distance varying from 5 mm to 50 mm while the misalignment from 0 mm to 50 mm. 

The performance of the system regarding transfer efficiency much less sensitive to the transfer 

position shows a great potential in wireless charging applications. 
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Chapter 7 Conclusions and Future Work 

7.1 Summary  

In this thesis, the techniques of efficient power transfer in wireless communication systems 

have been introduced in detail. The impedance matching techniques for devices with variable 

impedances have been studied, analysed and applied into three diffident device designs. The 

power transfer devices studied in this thesis are laid in three different field, from signal 

amplification stage, signal transmission stage and energy harvesting part. The fabricated 

devices including broadband efficient power amplifiers (PA), a range-adaptive wireless power 

transfer (WPT) system and a magnetic energy harvesting (EH) circuit have demonstrated the 

state-of-the-art performance, proving the validity of the proposed matching techniques. An 

Radio Frequency (RF) PA that can operate in a multi-octave bandwidth with high output power, 

stable power gain and high efficiency has been designed and introduced. This design improved 

the power transfer efficiency in power amplification stage of the wireless communication 

system. The input and output matching networks of the PA are be able to maintain vert good 

matching condition passively regardless the impedance variation caused by nonlinear effects 

of the transistor, in terms of frequency sweeping, output power level change, to keep the PA 

operating with a high-efficiency feature. A range-adaptive magnetic resonant coupling wireless 

power transfer system (MRC-WPT) that can transfer the desired power level with desired high 

efficiency in a large adaptive position range has been introduced. The transmitter and receiver 

of the system are be able to provide a relatively smooth mutual inductance passively regardless 

of the transfer position in terms of transfer height and horizontal misalignment. This design has 

improved the power transfer efficiency of the signal transmission in the wireless 

communication system. A magnetic energy harvester for AC power transmission lines which 

can deliver high power with the existence of the magnetic core saturation has been investigated 

to harvest the available energy in ambient environment. The matching network of the energy 

harvester is be able to manipulate the dominant magnetic field of an AC power line to an 

optimal level to mitigate the magnetic core saturation phenomenon, achieving a high output 

power. The presented designs have validated the proposed matching techniques can be 

categorised by adaptively matching the variable impedance and constrain the impedance 

variation.  
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In Chapter 2, an in-depth literature review has been presented introducing the variable 

impedance matching challenges in the broadband efficient PAs design. The pros and cons of 

the conventional impedance matching methods have been introduced, analysed and compared. 

The knowledge and previous work summited in this chapter will help readers to understand the 

state-of-the-art in variable impedance matching techniques. It should be valuable for 

researchers who are presently working on this topic and who are going to investigate this area 

in the future. 

Chapter 3 presents the design, implementation and experimental results of a broadband high-

efficiency GaN-HEMT PA with constrained optimal impedance contours. Due to that the 

optimal impedance for both input and output of a transistor varies with frequency, the 

impedance variation is constrained by establishing optimal impedance contours covering the 

required optimal impedance across the desired bandwidth. Source-pull and load-pull 

simulations were employed to determine the optimum input and output impedances to achieve 

high power added efficiency (PAE). A low-pass network based on a closed-form solution was 

applied to realize the optimal impedance. Then it was transferred to a band-pass network using 

Norton Transformation without sacrificing of bandwidth or matching quality. Finally, the PA 

has demonstrated an out-standing performance in terms PAE and shown a great potential in 

GNSS applications. 

Chapter 4 presents a novel general design method of frequency varying impedance matching. 

Due to the optimal impedance required for a multi-octave PA vary in a large range, the variation 

constrain method cannot be applied. Therefore, the method introduced in this chapter will be 

focusing on adaptively matching the variable optimal impedance required by the PA over a 

wide bandwidth. The proposed method defines the optimal impedance regions of a PA at 

several frequency sections over the operational frequency band. These regions contain the 

impedances that can achieve a high output power and a high PAE simultaneously. A low-pass 

LC-ladder circuit is selected as the matching network (MN). The element values of the MN 

can be obtained using a synthesising method based on stochastic reduced order models and 

Voronoi partition. The MN provides a desired impedance in the predefined optimal impedance 

region at each frequency section. Thus, an optimal output power and PAE of the PA can be 

achieved. To validate the proposed method, two eighth-order low-pass LC-ladder networks are 

designed as the input and output matching network, respectively. The performance of the PA 

outperforms existing broadband high-efficiency PAs in many aspects which demonstrates the 

excellence of the proposed method. 



Chapter 7: Conclusions and Future Work 

P a g e | 142  

 

Chapter 5 chapter presents a novel design method for EH from AC power lines by using a 

current transformer-based energy harvester under its magnetic saturation condition. The 

extracted power level of a conventional magnetic field energy harvester is limited by the 

maximum flux density of the magnetic core. When the magnetic core is clamped on AC power 

lines, the flux density of the core is proportional to the magnitude of the magnetic field strength 

around the power line. The flux density could reach its maximum value when the magnetic 

field increases. In this scenario, very little energy can be harvested since there are few flux 

density variations. Here we introduce a novel artificial magnetic field to manipulate the 

dominant magnetic field of power lines. The core will not be easily driven into the saturation 

region. Hence more energy can be harvested. An additional control coil is added to the 

harvester. As a result, the magnetic flux density in the core will not be saturated easliy. More 

energy can then be harvested. This design could be a promising solution for powering the smart 

grid monitoring and other industrial sensing applications. 

Chapter 6 presents a range-adaptive WPT system with high efficiency using a two-coil 

structure with multiple bi-directional loops. This work focusses on constraining the impedance 

variation caused by mutual inductance fluctuation concerning the changing of the transfer 

position. Conventional magnetic resonance coupling WPT systems are very sensitive to the 

transfer position due to that the mutual inductance is highly position-dependent.  Most designs 

rely on the optimal position between the transmitter and receiver to achieve the desired 

coupling condition. Once the transfer position deviates from the optimum one, the coupling 

will be either excessive or weak resulting in a transfer-power or efficiency degradation. The 

proposed structure adopts a transmitter consisting of multiple loops oriented in opposite 

directions to keep the coupling relatively constant over a large range of transfer position. 

Consequently, the transfer efficiency of the proposed system is much less sensitive to the 

transfer position which demonstrates a great potential in mobile devices charging applications. 

7.2 Key Contributions  

This work has provided a thorough study on variable impedance matching techniques in 

wireless communication systems. The most challenging research problems have been identified 

and analysed. Several cutting-edge techniques to solve the problems have been presented and 

validated by experiments. Some results of this thesis have been peer reviewed by many top 

scientists and researchers.  
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The key contributions to new knowledge are detailed as follows: 

1.(Chapters(1&2:(Introduction(and(Literature(Review 

A comprehensive literature review has been presented to illustrate the recent development of 

variable impedance matching techniques for wireless communication systems. A clear 

evolution of the matching techniques for different device design has been presented. 

2.(Chapter(3:(Broadband(Efficient(PA(with(constrained(optimal(impedance(contours 

The idea of optimal impedance contour is proposed to limit the variation of the impedance of 

PAs. The detailed design methodology, implementation procedure and measurement results of 

a broadband high-efficiency PA are presented. Source-pull and load-pull simulation were 

applied to find the optimal input and output impedance of the transistor. A low-pass network 

was designed first to match the optimum impedances and it was transferred to a band-pass 

network. Then a PI-type Norton transformation was applied to scale the load of the band-pass 

network to the 50 Ω. The designed PA achieved a PAE from 60%-86% across 0.9-1.5 GHz 

with a relatively flat gain around 11 dB and an output power of 10 to 22 W. The measured 

performance shows that the PA is a good candidate for satellite communications and GNSS 

applications.  

3.(Chapter(4:(Adaptive(Impedance(Matching(of(Multi-Octave(Efficient(PA 

This chapter reports state-of-the-art performance in terms of bandwidth and efficiency of PAs. 

The main contribution is the optimization procedure of the MNs over a multi-octave bandwidth 

by proper application of a statistical approach presented in 2009 by Grigoriu for reduced order 

modelling problems, as referred by the authors. This technique only needs to examine a reduced 

number of samples, and no initial guess or data training are required. The commercially 

available software provides useful tools for broadband matching, but the approach used in this 

work has shown to work well with complex problems involving multidimensional optimisation 

space and strict optimisation goals such as it is the case of the reported multi-octave high-

efficiency PA. The experimental results have shown a PAE of 60-82%, a gain of 12-15 dB and 

an output power between 42-45 dBm (16-32 W) over a 160% fractional bandwidth from 0.2 

GHz to 1.8 GHz. The performance is better than any previously reported work. The results 

have demonstrated the potential of the proposed method to design high-performance PAs for 

future communication systems. 
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4.(Chapter(5:(Harvested(Energy(Improvement(by(Magnetic(Field(Manipulation 

In this chapter, a novel magnetic field EH method is presented which can significantly increase 

the level of energy harvested from AC power lines. The impedance variation in the time-

domain caused by the magnetic core saturation is significantly reduced by the applied artificial 

magnetic field manipulation technique. To capture the magnetic field around the power line, a 

nano-crystalline core with a high permeability has been used.  Due to the high current in the 

power line, the core is easily driven into saturation region.  Very little power can be harvested 

when the core is saturated. To keep the core in the non-saturation region, a control coil has 

been added to the harvester. The control coil can generate a magnetic field HC to mitigate the 

magnetic saturation of the core artificially. The numerical simulation shows excellent 

agreement with the measured results. The proposed energy harvester has achieved an average 

output power of 283 mW on a power line with a current of 10A rms, which indicates a 45% 

increment compared to a harvester without using the proposed method. The proposed 

harvesting method have shown excellent potential for industrial applications such as driving 

the power line monitoring sensors and weather stations. 

5.(Chapter(6:(Range-Adaptive(Structure(for(WPT(system( 

A circular multiple bi-directional loop WPT system has been presented in this chapter. The 

proposed structure has been analysed in detail, and the design formulas have been derived 

accordingly. To validate the novel design structure and method, a prototype of the proposed 

structure has been fabricated and measured. With the proposed structure, the over-coupling 

region has been weakened by using bi-directional loops. The mutual inductance between the 

transmitter and receiver has been kept very uniform within the desired transfer distance. On 

the other hand, the proposed structure also provides a smoothed mutual inductance against the 

horizontal misalignment. The range-adaptive WPT characteristic is achieved by the proposed 

structure. Based on experimental results, the proposed system achieves a transfer efficiency of 

70% - 88% with transfer distance varying from 0 mm to 70 mm and an efficiency of 60% - 

85% with the displacement changing from 0 mm – 80 mm at a 40 mm transfer distance. The 

diameters of the transmitter and receiver are 84.6 mm and 45.1 mm respectively. The measured 

efficiency of the proposed design can be kept better than 70% with a transfer distance varying 

from 0 mm to 50 mm while the misalignment from 0 mm to 50 mm. The performance of the 

system regarding transfer efficiency much less sensitive to the transfer position shows great 

potential in wireless charging applications. 
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7.3 Future Work 

Based on the conclusions above and considering the limitations of the work existed, future 

research could be carried out in the following areas. 

➢ In-band(Mode(Transfer(PA  

It has been shown in Fig. 4-11 of Chapter 4 that the voltage and current waveforms for 

different frequencies are not identical. As analysed in Chapter 2, the variation of the 

waveforms indicate that the PA is operating in different modes when the operating 

frequency varying. However, given that the operation mode of a PA will be only 

controlled by the bias voltage condition as discussed in Chapter 2. In this case, the PA 

operation mode variation with the operating frequency is worthy to be investigated for 

efficient wideband PA design. One possible design based on in-band mode transfer is 

using Class-F and inverse Class-F together, where PA can operate in Class-F mode for 

first half of the operational band and inverse Class-F mode for the second half band. 

➢ Broadband(Efficient(PA(based(RF(Rectifier 

Rectifiers are important devices in WPT and microwave energy harvesting. 

Conventionally, rectifiers are realized by diodes at microwave frequencies, GaN 

HEMTs provide advantages of broadband harvesting and high-power rectification. For 

certain load conditions, a GaN HEMT can achieve similar efficiencies as both a power 

amplifier and a rectifier due to its time-reversal duality property. Assume a PA operating 

in some high-efficiency mode such as Class-E or Class-F that has an RF output power 

POUT at a supply voltage of VD and appropriate gate drive and bias. If now the drain 

supply is disconnected and an RF power PIN =POUT input into the RF drain port, the PA 

will behave as a rectifier with a conversion efficiency equal to the power-added 

efficiency of the PA, η=PAE. Furthermore, the output DC voltage VDC=VD across some 

optimal DC load RD, assuming the gate bias and input drive conditions are kept the 

same. With a highly reflective termination, Zgate, the coupled power can be reflected 

into the gate to turn on the transistor without a second RF source. Therefore, based on 

the broadband matching technique introduced in Chapter 4, the PA structure can be 

reformed to a broadband efficient RF rectifier which is able to recover the RF signal 

propagated in the ambient environment to usable DC power. 
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➢ Current(independent(EH(system 

The magnitude of the magnetic field strength near the high-power equipment will 

change with the real-time demand from the grid. However, the winding of the 

transformer and load resistance of the harvester are designed based on the primary 

current magnitude. Once the primary current varies from the optimal value, the 

harvested power density will decrease dramatically. Therefore, the magnetic EH system 

should be further optimised to capture the magnetic field with different current level of 

the power transmission system. One promising solution for future work is to add a 

current monitoring unit at the primary current power line to sense the primary current 

magnitude and then control the load resistance to maintain the maximum harvested 

power density for the system. This current independent EH system will have a great 

potential in practical power grid energy harvesting applications. 

➢ Hybrid(Current(Sensing(and(Energy(Harvesting(Circuit 

The magnetic energy harvesting system presented in Chapter 5 improved the harvested 

power density by using the compensating unit to prevent the magnetic core from being 

driven into saturation region. In this case, the harvested power will be proportional to 

the primary current magnitude where the harvested power density can be used to 

indicate the primary side current magnitude. This method will significantly improve the 

current sensing accuracy compared to conventional current measuring method 

especially for high amplitude current measurement. If the current sensing function can 

be added to the proposed energy harvesting circuit, the primary side current can be 

monitored in real-time, furtherly improving the magnetic field compensating unit to 

recover the unsaturation operation mode of the magnetic core. 

➢ Anti-Rotation(and(Range-Adaptive(WPT(System 

The bi-directional coils presented in Chapter 6, although, provide a range-adaptive 

WPT system with high power transfer efficiency, the transmitter and receiver are 

required to be placed in two parallel planes. However, in practical applications such as 

mobile devices charging, the end user devices will not be maintaining in a plane that is 

parallel to the transmitter where the high transfer efficiency cannot be achieved. In this 

case, the angle between the transmitter and receiver planes should be taken into 

consideration. For practical applications, the anti-rotation and range adaptive features 
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are desired to achieved simultaneously. The proposed design method in Chapter 6 has 

shown the ability of high-efficiency range-adaptive power transfer. The main idea of 

this method is to keep the mutual inductance between transmitter and receiver to be 

smooth with the variation of the charging position. At the moment, the mutual 

inductance is only investigated with transfer distance and misalignment variations. For 

further research, the receiver rotation in vertical axis and horizontal axis should be 

examined. 
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