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ABSTRACT 

The widespread use of all kinds of small portable devices including cell phones have 

created the demands for wireless power transfer (WPT) systems that are proper for small 

size mobile devices. Most of the existing systems developed in the past decade are large 

compared to mobile phones. For those small size WPT systems, power transmitting 

distances are very limited and the receivers need to be placed in proximity with the 

transmitters or even require contact. Moreover, ferrimagnetic materials have been 

investigated in several papers to improve wireless charging system performances. However, 

there are few published works that effectively incorporate different ferrite structures with 

various functions. 

In this thesis, magnetically coupled resonance (MCR) WPT systems are developed 

with innovative design techniques. Specifically, two MCR-WPT systems are proposed: 

one is symmetric while another is asymmetric. The symmetric system has a small 

transmitter of the same size as the receiver of 32×32×3.91 mm. The optimal charging 

distance is 35 mm with the maximum transfer efficiency of 32.8%. The asymmetric system 

has a large transmitter of 200×200×1.6 mm and the receiver size remains small. The 

maximum transfer efficiency is 51.8% and the optimal charging distance is 60 mm. 

The proposed systems are first simulated using the finite element method, and then 

fabricated and tested. The results demonstrate that the proposed systems can enable 

wireless power charging of small electronics with acceptable efficiency.  
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CHAPTER 1  INTRODUCTION 

1.1 Motivation 

Nowadays, we are surrounded by all kinds of electronic devices ranging from relatively 

large size apparatuses, such as household appliances, automobiles and industrial 

equipment, to handheld mobile devices including laptops, tablets and cell phones. All these 

electronic devices need continuous power supply or batteries for limited periods of use, 

which make the device tethered by a cable or wire. Most people have suffered from 

disruptions in use when their mobile devices ran out of battery and no power plugs or wires 

nearby can be found to recharge immediately. On the other hand, the advanced wireless 

communication and semiconductor technology has enabled smaller and smaller mobile 

devices; as a result, charging wires has become redundant and inconvenient. To address 

the issue, the wireless power transfer (WPT) concept has become attractive.  

The WPT concept is used to transfer electric power without any physical connections. 

In the 19th and early 20th century, before the electrical wire grids, Nikola Tesla devoted 

much effort toward schemes to transport power wirelessly. The Tesla coil is a well-known 

invention by him for long-range wireless power transmission [1]. Since then, a wide range 

of WPT techniques have been explored and reported, in particular after recent surges with 

uses of numerous autonomous electronic devices (robots, electric vehicles, laptops, cell 

phones, etc.). The WPT overcomes the shortcomings that traditional wired power transfer 

methods have: cable abrasion, electric spark, noise generation, and mechanical damages 
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[2].  

There are many WPT methods developed and each of them is developed based on 

different applications and design requirements. However, in general, they can be classified 

into four major types: inductive, magnetically coupled resonance, microwave radiation and 

laser beaming.  

Inductive power transfer is the most commonly used WPT method based on Faraday's 

law of electromagnetic induction. It works in the way that alternating electromagnetic (EM) 

energy in a transmitter excites EM energy that is magnetically coupled to a receiver. 

Magnetically coupled resonance (MCR) is the second method where a transmitter and a 

receiver resonate at the same preselected frequency and then magnetically coupled for 

power transfer. Both the transmitter and receiver have capacitive components to adjust the 

resonant frequencies to be the same. Microwave radiation and laser beaming are the long-

range power transfer methods which use electromagnetic radiation or laser to carry power 

over a long distance. The MCR method presented longer transmission distance than the 

inductive coupling and higher efficiency than the far-fields methods [2]-[3]. Thus, the 

MCR is the subject of this thesis for intermediate-distance wireless power transfer. 

Different MCR-WPT systems have been proposed for recharging electric vehicles [4], 

[5] and [6], laptop computers [3] and [7] and medical devices [8] and [9]. For portable 

electronic devices, [3] reports a WPT system that has a power transfer efficiency of 50% 

at a distance of 0.7 m; the radius of the receiver coil is 30 cm which is bulky for tablets 

and cell phones. In [10], a WPT system for cell phones was proposed but the system is 
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complex and hard to produce in a large quantity. Some other planarized designs are 

demonstrated in [11]-[15] with good performances but their sizes are still too large to be 

used for mobile phones. An effective WPT method is needed to make electronic devices 

completely mobile without redundant cable or wire connection, especially for those 

commonly used small size consumer electronic devices like mobile phones. In addition, 

some implantable medical devices such as cardiac pacemakers are in need of wireless 

recharging via human body and air gap to avoid surgical operations [8].  

Magnetic materials, such as metamaterials and ferrimagnetic materials (i.e., ferrites), 

are used in WPT system designs. Ferrites are known to be capable of confining and leading 

magnetic flux; thus, they are investigated for use in WPT systems to improve system 

performances [16]-[20]. Several other design techniques such as frequency tracking [3], 

additional relay coil [21] and multilayer transmitter and receiver [13] are proposed and 

applied to solve the challenges facing the WPT systems. The search for better and more 

practical wireless charging systems has been conducted unabatedly. 

1.2 Research Objectives 

The primary goal of this thesis is to develop a novel WPT system for charging small 

electronic devices with receiver size smaller than a typical smart phone and overcome the 

disadvantages of the existing WPT systems have such as limited charging distance. This 

research is a continuation of the previously published work of our research group [11]-[13], 

and the specific research objectives are as follows: 
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1) To study planar four-coil MCR-WPT systems and their performances with small 

receiver sizes. This objective is to assess the effects of geometrical parameters (such 

as the width and turns of the printed spiral coil (PSC)) and electrical parameters (such 

as self-inductance (L), mutual inductance (M), quality factor (Q) on power transfer 

efficiency.  

2) To develop easy-to-implement, low-profile and fully planar symmetric and 

asymmetric MCR-WPT systems for different applications. They are simulated, 

prototyped and tested for their feasibility and performances. 

3) To research different ferrite components and configurations and to understand how 

they can be used to improve the proposed WPT system performances.  

1.3 Contributions 

This thesis contributes to the state of the art in the following ways: 

1) A planar symmetric MCR-WPT system is proposed, with both transmitter and receiver 

size equal to 32 mm2; it is much smaller than most of the existing systems. Two ferrite 

components are incorporated into the system to effectively improve the power transfer 

efficiency.  

2) A planar asymmetric MCR-WPT system with the receiver size of 32 mm2 and the 

transmitter size of 200 mm2 is proposed. Two different ferrite component structures 

are used to improve the power transfer efficiency. The directional misalignment 

performance is investigated as well. 
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3) Effects of ferrite and conductive materials, such as aluminum, on the asymmetric 

MCR-WPT system performance are investigated. Possible solutions for mitigating 

influences of nearby conductive materials for the WPT systems are presented. 

4) Three different ferrite configurations are studied and summarized for future 

applications. 

1.4 Thesis Organization 

This thesis is divided into six chapters, together with the abstract and list of references. 

The contents in each chapter are summarized as follows. 

Chapter 1 presents the motivation, research objectives, contributions and organization 

of the thesis. Chapter 2 provides the general review of the state-of-the-art. General system 

configurations, classification, practical applications and the main challenges are introduced. 

Chapter 3 describes the WPT systems without ferrites and their equivalent circuit models. 

Chapter 4 and 5 present the designs and test results of the proposed MCR-WPT systems. 

They are optimized, fabricated and then compared. More specifically, a planar symmetric 

MCR-WPT system is proposed in Chapter 4 with the dimension of the transmitter and 

receiver smaller than a typical cell phone. Two ferrite components are incorporated to 

improve system performances. Chapter 5 shows the asymmetric MCR-WPT system. An 

auxiliary strip is employed to improve the power transfer efficiency. Adjustment of system 

structures based on the symmetric system is made to improve the maximum power transfer 

efficiency as well as to extend transmission distance. The optimized system is fabricated, 
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and the measurement results presented. Ferrite and metallic sheets are investigated for their 

influences on the system performances. Chapter 6 draws the conclusions and presents the 

future directions for wireless charging systems used for small electronic devices. 
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CHAPTER 2  BACKGROUND AND LITERATURE 

REVIEW 

In this chapter, background and literature review of the WPT systems are presented. A 

brief introduction to the WPT concept, system configurations, applications and challenges 

is given at first, followed by the details of four classifications of the WPT systems. The 

WPT systems used for small electronic device applications and the MCR method are then 

further discussed including the recent works. 

2.1 Introduction to the Wireless Power Transfer (WPT)   

From a practical point of view, WPT is to wirelessly transfer electric power without any 

physical connection from a power source to an electrical load such as an electrical power 

grid or an appliance. From the theoretical point of view, WPT is to deliver energy carried 

in a time-varying electromagnetic field from a power transmitting unit to a power receiving 

unit through a dielectric media such as air and water. 

Based on this WPT concept, all types of battery or plug-in charging devices can be 

powered and recharged wirelessly when being aligned to a wireless charging transmitter 

and placed nearby. The WPT concept has become popular these years for its convenience, 

reliability and safety. Current power supply systems such as plugs or batteries can suffer 

from mechanical damages and mismatching with wrong connections. 

So far, many commercial products have been developed with the capability of being 
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wirelessly charged. The newly released iPhone 10 has the wireless charged capability. 

Tesla is promoting automobile wireless charging systems. The Mercedes-Benz S550e 

plug-in hybrid will add a wireless charging system in year 2018. Dell also released the 

Windows 10 laptop with intrinsic wireless charging function. Experts predicted that Apple 

and Tesla, as the industrial leaders of consumer electronics and automobiles respectively, 

will lead the trend with their efforts for wireless charging [22]. 

The configuration, classification, applications and challenges of WPT systems are 

discussed in the following sections. 

2.1.1 Configuration 

Many WPT systems have been developed over the past few decades [4, 5, 10, 23, 24]. 

Figure 2-1 shows a typical WPT system for low power consumer electronics. A complete 

WPT system consists of the following components: the power source, power transmitting 

unit (or wireless charging transmitter), power receiving unit (or wireless charging receiver), 

electrical load and peripheral circuits. 
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Fig 2-1: Elements of WPT systems [22] 

Figure 2-1 shows a typical charging transmitter biased by a 5 - 19 V direct current (DC) 

power. The DC power may come from the rectification of the 50 or 60 Hz alternating 

current (AC) power available in most buildings. The transmitting coils driven by an H-

bridge circuit consists two or four field-effective transistors with a serial connected 

capacitor through which an intrinsic resonant frequency is achieved. 

A WPT system comes with a transmitter coil that delivers wireless power to the 

receiver coil. A coil array can also be used [15] and each coil is driven by an H-bridge. The 

power is delivered over space to the receiver that has the similar structure as the transmitter 

does. Diodes or transistors are then used to rectify the receiving power and to have the 

highest possible power transfer efficiency. Then the power is being filtered by capacitors 
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as well as other adjusting components and finally is transferred to batteries or loads. The 

charging process starts when the batteries or electrical loads inside portable devices begin 

receiving energy. 

One of the most desirable features for wireless charging is that multiple electronic 

devices can be charged at the same time with a single power transmitter. It is achieved 

using multiple transmit coils or coil arrays in a transmitter. The transmitter in Figure 2-1 is 

an example for multi-receiver charging using coil arrays. In [15], both 2×2 and 3×3 

transmitter arrays were designed and fabricated to charge a Bluetooth speaker, a 

smartphone and LED table lambs at the same time. Another 2×2 transmitting coils 

configuration was presented in [25] with hardware validation. [26] explored the multiple 

charging potentials using resonant coupling mechanism and validated them through 

lighting two LEDs simultaneously with the same transmitter. The main challenges for 

multi-receiver charging WPT systems are that the power achieved by each receiver is 

divided from the same power source, leading to the decrease of power transfer efficiency 

in comparisons with a single receiver. In other words, to achieve the same power transfer 

efficiency, a much higher power level is needed from the transmitter in the multi-receiver 

WPT systems. Another challenge is that the output power and the end-to-end power 

transfer efficiency is dependent on the loads [25]. 

The focus of this work is the design of the transmitter and receiver coil components. 

The peripheral circuits such as rectifiers, filters and converters are not the scope of this 

thesis. 
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2.1.2 Classification 

Many WPT techniques have been proposed and developed. They can be classified into 

four categories based on the WPT methods. The four methods are inductive coupling, 

magnetic coupled resonance, microwave radiation and laser beaming. They are 

summarized in Table 2-1. 

Table 2-1: Comparison of the main WPT technologies [16] 

 Efficiency Distance Mobility Safety 

Inductive Coupling High Short Bad Safe 

Magnetically 

Coupled Resonance 
High 

Short - 

Middle 

To Some 

Extent 
Safe 

Microwave 

radiation 
Low Long Good 

Safety 

Constraints 

May Apply 

Laser Beaming High 
Long (Line 

of Sight) 

To Some 

Extent 

Safety 

Constraints 

May Apply 

 

In terms of the power transfer distance, WPT techniques can be grouped into two 

categories, near field (also called non-radiative) and far-field (also called radiative). In non-

radiative techniques, power is transferred by magnetic fields using inductive coupling 

between coils of wire, or by resonant coupling between power transmitting and receiving 

units. The former is the most commonly used wireless technology not only presented in 

academic papers including [4, 5, 10, 23, 24] but also available in commercial products such 

as electric toothbrush chargers. The latter is a mid-range non-radiative coupling method 
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whose transmission distance is greater than inductive coupling. It uses the resonant 

coupling with both the transmitting and receiving coils tuned at the same resonant 

frequency. This method has been investigated and developed for charging electric vehicles 

[27], medical implantable devices [8], and small handheld electronic devices [28]. 

In the far-field or radiative techniques, also called power beaming, power is transferred 

by beams of electromagnetic radiation such as microwave or laser beams. These techniques 

can transport energy at a much longer distance. However, for the laser beaming method, 

the receiver must be aimed at the transmitter in the line of sight, while for the microwave 

radiation, the underlying safety issue for a human body cannot be neglected. Their 

applications include solar power satellites and wireless powered drone aircraft. 

The fundamental theories of four main wireless charging techniques, their charging 

distance, features, pros and cons, as well as applications are discussed in [29]-[31]. This 

thesis focuses on magnetically coupled resonance (MCR) since its advantages include high 

charging efficiency and relatively long transmission distance. The applications under 

consideration are the charging of small consumer electronics, especially mobile phones.  

2.1.3 Applications 

The WPT techniques can be widely applied to charge electronic devices and systems. 

The existing products and systems as well as potential applications can be categorized as 

follows: 

• Applications to small consumer electronics such as smart phones [10, 28, 33], portable 
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multimedia players such as Bluetooth amplifier, digital cameras, tablets, computers [3, 

7] and wearable electronic devices [34, 35]. Consumers are continually looking for 

easy and user-friendly solutions that can provide free charging space and less charging 

time. The power level for these applications is between 2 W and 15 W. The 

communications between the transmitter and the receiver are needed to negotiate the 

charging specifications such as start and stop charging as well as charging voltage.  

• Applications to wireless accessories such as wireless headsets, speakers, mice and 

keyboards. These accessories are less aware by public for the needs of wireless 

charging but they could have wireless charging functions. With the continuously 

shrinking sizes, charging coils should be small enough to be implantable in these 

devices. Many of accessories need to be mechanically sealed well for waterproof which 

presents the challenges for wired charging; therefore, WPT is a good means for the 

charging. 

• Development of public-access charging terminals. They can be used in public places 

such as cafeterias, airports and hotels. They can be incorporated into furniture with 

products such as charging pads attached under the tables. Safety issues should be taken 

into consideration when deploying such charging pads in public areas. 

• Charging of electric vehicles such as cars and autonomous unmanned vehicles [4, 6, 

27]. High power is needed for this application and both inductive and magnetically 

resonant coupling are employed for they can provide high-power and short-distance 

power transfer.  
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• Recharging of medical implanted devices [8], [9]. Many devices have been and will be 

implanted into human bodies. They require constant power supply and replacements 

of battery if needed. Such a replacement often asks for surgery that may lead to health 

risks and even life safety. Wireless charging provides a means to avoid the problem.     

2.1.4 Challenges 

There are three main factors to be considered in developing WPT systems. First, power 

transfer efficiency normally decreases with the increase of the distance between a 

transmitter and a receiver. Secondly, power transfer efficiency normally decreases with 

lateral or angular misalignment between a transmitter and a receiver. Finally, 

electromagnetic radiation and interferences generated by a WPT system may lead to safety 

concern. 

Power transfer efficiency is the most important specification for a wireless charging 

system. Power transfer distance and misalignments between transmitter and receiver are 

the key measures for feasibility and convenience of a WPT system. In most of the cases, 

the transfer or transmission distance and efficiency of a WPT system are inversely square 

relation as shown in equation (2-1). 

 
2

1

d
  (2-1) 

where d is the transmission distance,   is the transfer efficiency.  

Many efforts have been made to address the above-mentioned problems. A transmitting 

coil array structure has been presented in [15] to mitigate axial and lateral misalignment 
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problems. The results show that the transfer efficiency is fairly stable when the receiver 

moves in a plane or rotates around the central point. A minimum of 65% power transfer 

efficiency can be achieved [15]. 

Shielding materials such as ferrite and aluminum have been used to deal with the 

electromagnetic interference and leakage problems in [16]-[20]. The systems developed 

with shielding materials can efficiently control unwanted electromagnetic fields and 

concentrate power within the areas covered by the transmitter and the receiver. 

2.1.5 Standards 

Given the different WPT systems using for different power and voltage levels and 

operating frequencies, certain WPT standards have been studied and proposed by various 

organizations. The most well-known ones are the ‘Qi’ standard, proposed by the so-called 

Wireless Power Consortium. This standard regulates issues for WPT systems and lists, but 

not restricted to, alignment approaches, categories of power requirements and 

interoperable wireless charging formats [30, 36]. Circuits and systems with this standard 

are proposed such as those presented in [9, 25, 36]. The history, specifications and outlook 

for the ‘Qi’ standard can be found in [37]. 

Another standard was proposed by the Alliance for Wireless Power (A4WP). It operates 

at 6.78 MHz and uses the magnetically resonance coupling scheme [36]. The WPT systems 

using this standard have been developed such as those described in [9] and [38]. 

Theses WPT standards are used to regulate different wireless charging solutions for 
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charged objects. Taking a mobile phone as an example, the WPT standards should allow 

wireless charging techniques applied to mobile phones of most brands [37]. 

The WPT standard is one of the important factors that should be taken into consideration 

in a WPT system design process to obtain a more practical and compatible system. This 

paper considers 13.56 MHz of industrial, scientific and medical (ISM) band that is widely 

used for radio frequency identification (RFID) under the ‘Qi’ standard. 

2.2 Near-Field Wireless Power Transfer Techniques 

Near-field WPT techniques are also known as non-radiative WPT methods. They 

usually use magnetic coupling instead of radiative electromagnetic waves to transfer 

wireless energy. They are also being applied in nearer distances compared to the far-field 

or radiative methods. This type of WPT technique can be used to benefit power utilities 

such as cell phones [10, 28, 33], high power transportation applications [4, 6, 27] and RFID. 

Inductive coupling and resonant coupling are the most common WPT methods in this type. 

2.2.1 Inductive Coupling 

Inductive coupling is a widely used wireless charging method which has been applied 

in many products on the market. The theory is based on Faraday’s induction law which 

says that time-varying electromagnetic field generates time-varying electric current. Figure 

2-2 is a common block diagram of an inductive coupling WPT system. In the area enclosed 

by dashed lines, the transmitting coil on the left is driven by time-varying current which in 
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turn induces time-varying magnetic fields; they pass through the receiving coil on the right 

over the air gap and excite time-varying electric current in the receiving coil. Hence, power 

is delivered from the transmitter to the receiver through air space without wire connection. 

 

Figure 2-2: Block diagram of inductive coupling [40] 

Inductive coupling is a major candidate of WPT systems and much work has been 

done along this line. The inductive coupling WPT system presented in [10] for cell phone 

charging was able to achieve 90% transfer efficiency with the power level between 6.8 W 

to 8.2 W. Wireless charging of electric vehicles is demonstrated in [4], [23] and [39]. The 

highest efficiency was 74% [39] and up to 20 kW power could be transferred [23]. 

The inductive coupling WPT systems have been commercialized by Apple and Tesla. 

iPhone 10 and electric tooth brush were wireless-charging enabled with simple 

implementation and high efficiency. The drawback is that the charged devices are required 

to be tightly aligned with the transmitters within several millimeters (usually 5 mm), which 

greatly degrades mobility. Moreover, inductive coupling is easily affected by surrounding 

conductive objects that could cause heat generation which is hazardous and unwanted. 
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2.2.2 Magnetically Coupled Resonance 

The magnetically coupled resonance (MCR, also named magnetic resonance) WPT is a 

method that becomes increasingly popular for short- to middle-range wireless charging. It 

is chosen as the WPT method in this work, due to its extended transmission distance and 

suitability for portable electronic device application as mentioned in Section 1.1. 

Magnetically coupled resonant WPT has greater power transmission distance than the 

inductive coupling method due to its magnetic resonance mechanism. 

A typical MCR-WPT system consists four coils, a driving loop and a transmitting 

resonator on the transmitter side and a receiving resonator and a load loop on the receiver 

side as shown in Figure 2-3. The driving loop is driven by an electric source while the load 

loop is connected to the object to be charged. The resonators are regarded as two RLC tank 

circuits; they can be self-resonant or capacitive loaded. The differences and comparisons 

of these two topologies were given in [41]. A self-resonant topology can be found in [42] 

and the drawback is that the self-capacitances are usually small and hard to tune the 

resonant frequency. In addition, the resonant frequency is easily affected by external 

objects. The capacitive loaded one is used in this thesis since it is convenient to adjust the 

resonant frequency by changing the values connected to coils. There are various kinds of 

capacitors can be used for MCR-WPT resonators such as parallel-plate capacitors, high Q-

lumped capacitor, or flexible coaxial-like capacitor [42]. The lumped capacitor is used in 

this thesis because it is easy to set a desired capacitance. By fine-tuning the capacitor values, 
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the transmitter and receiver resonators can resonate at the same frequency. Power is 

transferred from the driving loop to the transmitting resonator loop through inductive 

coupling, and is magnetically coupled to the receiving resonator and then inductively 

coupled to the load loop, thus achieving power transfer from one point to another through 

an air gap. 

 

Figure 2-3: Schematic of the MCR-WPT system [41] 

The MCR-WPT concept was first introduced by a research group from MIT, it was able 

to transfer 60 W with 40% efficiency over distances more than 2 m [1]. This method then 

gained attention in the following decade because of its intrinsic advantages that its resonant 

coupling feature makes the energy transfer more efficient over a larger distance compared 

to inductive coupling. Once the system has been optimized, a typical MCR-WPT system 

can achieve a transmission distance several times of the coil size with a favorable transfer 

efficiency. 

The main evaluation parameters in the MCR-WPT systems are self-inductance, mutual 

inductance, coupling coefficient (k, 0<k<1), Q factor and S-parameters, which all should 
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be considered in the design process. The self-inductance shows the inductive features of a 

single coil; it is decided by the coil length, turn and size. The mutual inductance indicates 

coupling features between two coils [43]. In the WPT system, it indicates how well are the 

transmitter and receiver sets being coupled. High coupling coefficient means strongly 

coupled and vice versa. The Q factor characterizes the rate of energy losses of a resonator. 

The higher the Q factor, the stronger energy storage ability of the resonator. The S-

parameters can be used to evaluate the energy delivery performance of a WPT system. S11 

(input power reflection coefficient, also known as return loss) and S21 (forward power 

transmission coefficient) are of particular interest and are measured in Chapter 4 and 5. 

Theses evaluation parameters are being greatly influenced by structural variables such as 

width, length and turns of the coils, gap between each turn, gap between the resonator and 

the loop circuit, substrate materials, etc. 

There are three charging conditions for the MCR-WPT systems, ‘over coupled’, 

‘critically coupled’ and ‘under coupled’ as shown in Figure 2-4, where K23 is coupling 

coefficient between the transmitting and receiving resonators. There is an optimal 

transmission distance at which the maximum efficiency can be acquired. The ‘critically 

coupled’ condition occurs at this distance. When the distance becomes smaller than this 

threshold, the strong coupling between the transmitter and receiver leads to change of 

inductance and capacitance of system components; the resonant frequency will shift away 

from the operational frequency and induces the frequency shifting phenomenon [3]. 

Transfer efficiency thus decreases at the operational frequency; this situation is called ‘over 
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coupled’ which is indicated by the red dashed area in Fig. 2-4. When the distance becomes 

larger than the optimal distance, the transfer efficiency will drop rapidly due to the 

aforementioned inverse square relation between the efficiency and distance; this situation 

is known as ‘under coupled’. 

 

Figure 2-4: Three conditions of MCR-WPT technique [7] 

The above-mentioned frequency splitting phenomenon is one of the intensive research 

topics on MCR-WPT systems. A few methods to overcome this problem have been 

proposed. For instance, in [3], an adaptive frequency tuning technique has been presented 

to maintain the maximum transfer efficiency in the over coupled area. In [26], the 

frequency splitting problem is even worse in the multiple receiver systems because of the 

strong coupling between receivers when placed in near proximity. A control circuitry was 
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developed to tackle the situation by tracking the resonant frequency shifts and re-tuning 

the receiving coil capacitances [26]. 

The major drawback of the MCR-WPT systems is that the capacitance value for the 

coils is very sensitive to change of distance, coil parameters, and positions of the charged 

objects with respect to the transmitter. As the effective methods have been developed, these 

problems can be well addressed. After all, the MCR-WPT technique is regarded as the best 

candidate to recharge small electronic devices in this thesis. 

2.3 Far-Field Wireless Power Transfer Techniques 

Far-field or radiative WPT systems can transfer wireless power over a much longer 

distance compare to that of the non-radiative systems; they often employ microwaves or 

lasers can be applied to charge anonymous sensors [44], aerial vehicles and solar power 

satellites [45]. But the consequent safety issues will need specific attention and standards 

to regulate their uses, to avoid the exposure of human bodies to hazardous electromagnetic 

fields. 

2.3.1 Microwave Radiation 

Figure 2-5 shows a WPT system using microwave radiation; the process can be named 

microwave power transfer or microwave power transmission. The configuration is similar 

to that of a wireless telecommunication system; the difference is that the receiver receives 

energy or power instead of data. The electrical power from the power source, whether it is 
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DC or AC, is first converted to microwave, sent to the transmitting antenna, propagates 

into the free space in the form of electromagnetic fields and then intercepted by the receiver. 

At the receiver, the microwave is converted back to the DC power to charge the load.  

Figure 2-5: Block diagram of microwave power transfer [45] 

Kilometers of transmission distance can be achieved using this method, but the key 

drawbacks are the free space loss and possible high RF density exposure [29] that leads to 

low power efficiency and safety issues because of its radiation feature. The history, basic 

theories, features and applications of microwave radiation WPT can be found in [46] and 

[45]. 

2.3.2 Laser Beaming 

As explained in [29], laser refers to optical amplification based on stimulated emission 

of radiation. Laser beams are generated from the process as depicted in Figure 2-6. The 

photons that move from mirror 1 (M1) to mirror 2 (M2) along the dashed line direction will 
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absorb energy when passing through the gain medium, and are transferred from the lower 

stable state (green arrows) to the upper excited state (curved red arrows). When they arrive 

at M2 they are reflected back to M1 to stimulate more photons (straight red arrows) to repeat 

the same process. This process creates a very sharp high-power light beam, which is known 

as a laser beam or resonating beam because its similar to the resonance phenomenon. The 

laser beaming wireless power transfer system is illustrated in Figure 2-7, where R1 and R2 

are retroreflectors that filter the photons which are not moving along the perpendicular 

direction of the retroreflectors. A photovoltaic cell, like a solar panel cell, is installed 

behind R2 to convert laser light to electrical energy. The gain medium and R1 together is 

called the transmitter, while the combination of R2 and the photovoltaic cell is the receiver. 

Hence the energy is wirelessly delivered by the laser beam.   

 

Figure 2-6: The laser fundamentals [29] 
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Figure 2-7: Schematic of distributed laser charging [29] 

The transmission distance of laser beaming can be extended to several meters. One 

important requirement for this technique is that the transmitter and receiver must stay 

within the line of sight since the laser beam can only go cross over transparent objects. 

This line-of-sight restriction limits the system’s mobility to some extent. Another problem 

is the electromagnetic field exposure of the human body, like microwave radiation. It 

creates safety issues and requires regulations. The fundamentals, features and applications 

of the laser beaming method has been concluded in [29]. 

2.4 WPT for Small Electronic Devices 

With all the possible applications described in 2.1.3, the most demanding application is 

for our daily consumer electronic devices, especially cell phones, which are the target 

objects in this thesis. The challenges for this specific application and recent research efforts 
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are presented and discussed in this section. 

Generally speaking, only a small space is available for the WPT receivers. In other word, 

the receivers must be of small size, so they can be attached to portable electronics such as 

cell phones. The form factors of the receivers have to be small and they make shielding 

indispensable to avoid internal noises and inductive EM interferences. A handheld MCR 

charger was introduced in [27] and [47] which suppressed electromagnetic field (EMF) 

and electromagnetic interference (EMI) noise by using ferrimagnetic material and metallic 

shielding. Metamaterials were also applied for improvements of WPT systems 

performance in [48]-[51]. 

Another matter that needs to be considered for high frequency (MHz or higher) is that 

power transmission cannot penetrate metallic covers, which effectively separate a 

transmitter and a receiver. The main cause of the problem is the use of a relatively high 

frequency, 13.56 MHz, such that skin depth of a metal is much thinner than its thickness. 

This problem was investigated and solved in [10] by utilizing camera holes in a cell phone 

that allow magnetic field to pass through. In other words, a proper solution should be 

developed. One of the other options is to change a metallic cover to a plastic one or glass 

(like the WPT enabled iPhone 10) to avoid the shielding of the metal phone case. 

The size challenge forces the WPT systems designed for small electronic devices must 

be small enough to become feasible. The laptop model and receiver coils demonstrated in 

[7] for laptop wireless charging has the dimension of 40 cm3. The receiver presented in 

[34] is a 32 mm-diameter PCB coil that could be used to recharge small wearable devices. 
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The receiver coil presented in [8] for cell phone charging has the size of 25×30 mm. One 

of the trade-offs is that the smaller the size of a receiver, the harder it is to achieve a high 

transfer efficiency.  

Finally, heat generation on metal covers caused by magnetically induced eddy currents 

is an issue which cannot be ignored [10]. This is normally a problem of inductive coupling 

that typically operates at a lower frequency range of 100 – 300 KHz. Since the application 

frequency in this thesis is 13.56 MHz, this will not be a major problem that need to be 

considered in design. 

The solutions to the above issues have been addressed so far to some extent. A wireless 

charging system for smart phones in Bluetooth environment has been presented in [33]. 

The system made use of the existing Bluetooth function and charging controller was 

developed to activate or disable the charging function when Bluetooth is on. The entire 

system including matching circuit, rectifier and antennas were designed and fabricated 

with a real commercial film-type integrated board. Since Bluetooth uses microwave, the 

charging power was only 750 µA at maximum. 

A fabrication process of an aluminum phone cover with complete inductive coupling 

WPT systems for cell phone recharge has been shown in [10]. A vertical slot from the 

camera and flash holes to the edges of medal covers and horizontal slots on both broadsides 

of aluminum covers were created to enable magnetic fields to go through the metal body. 

A center coil was placed around the camera lens to maximize strongly coupling to the 

transmitter. Two side coils on both left and right edges were designed and in serial 
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connection with the central coil as a complement to intensify mutual coupling. The mutual 

inductance between the medal cover and the receiving coil embedded in a cell phone was 

optimized based on the induced voltage. Ferrite structures were combined into the system 

to confine magnetic fields. They were placed to cover the center coil with two major roles: 

one is to magnetically shield the coils from nearby metallic objects and another is to 

increase self-inductance of the coil and in turn enhance mutual inductance between the 

transmitter and receiver. 

An aluminum body of a cell phone with enabled wireless charging function at 6.78 MHz 

was fabricated with a circuit card that integrates impedance matching network, rectifier, 

EMI filter, converter and shielding [10]. The central receiving coil attached to the 

aluminum body had the size of 25mm×30mm with the coil diameter of 0.25mm and the 

space of 0.5mm between two consecutive turns. The entire system including the coils and 

the circuit integrated with the aluminum case whose volume was comparable to that of a 

typical handset, 136 × 70 × 8 mm. The aluminum thickness was 1mm. The power transfer 

efficiency between the certified AirFuel Alliance transmitter and the receiver was 

measured to be 90%. The measured load power ranged from 6.8 W to 8.2 W which is 

suitable for mobile devices. The rectified voltage, current as well as the temperature of the 

aluminum cover were also tested. Besides, how the camera openings and slots on the 

aluminum sheet as well as ferrites affect inductance, resistance and mutual coupling were 

experimentally investigated. Simultaneous wireless charging of three aluminum encased 

phones placed on the same transmitter were also tested; the results showed the multi-
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receiver charging capability of the proposed system [10]. 

The system proposed in [10] has the highest transfer efficiency reported to date for 

wireless cell phone charging, and the entire system was fabricated and proved to be 

practical by measurements of output power and charging three of Samsung mobile phones 

in one charging pad. However, it requires sophisticated multistage manufacturing process 

that raises cost and difficulty in producing it in a large quantity. Also, it provides very 

limited spatial freedom since the mobile phones had to be physically in contact with the 

transmitter to achieve maximum power transfer efficiency. 

A controlled resonance technology was proposed in [28] for charging mobile phones 

with relatively good spatial freedom. The entire system consists of a magnetic shield, 

receiving and transmitting coil windings, and a metal back cover between them. The 

technical keys are the bipolar windings of the transmitter and receiver as well as the hole 

in the middle of the metal back. The opening has the same function as that presented in 

[10] for magnetic fields to pass through the metal. Another advantage with this opening 

design was that the hole together with the bipolar windings enabled the enhancement of 

the magnetic coupling by the eddy current in the metal around the opening [28]. A 70% 

system efficiency was achieved with a 10 W power available at the load. 

2.5 Auxiliary Materials 

Magnetic materials are known to be capable of confining and leading magnetic flux 

because they possess high relative permeabilities. They can be used to improve self-
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inductances of coils and coupling between them. The ferrimagnetic material is one of the 

popular magnetic materials and is widely used to confine and guide magnetic flux because 

of its high relative permeability (e.g., 1000r   ) and low conductivity (e.g., 

210 /S m  ). These properties are beneficial to the WPT systems and lead to improved 

performances.  

Ferrites have been used in [16] to increase magnetic fluxes and coupling in helices for 

small devices. The analytical relationship between the Q factor of the helices and their 

geometrical parameters with ferrite cores were given in [16], and the expression of Q factor 

can be used to derive the maximum power transfer efficiency of a helix with a ferrite 

cylinder core. 

The problem that electromagnetic field emission is potentially harmful to the 

surrounding living organisms was pointed out in [17]; thus, magnetic emission should be 

minimized using shields without compromising system performances. Shields can be 

divided into passive and active ones. with passive shielding, magnetic field is reduced by 

a combination of blocking of low resistivity metals like aluminum and low magnetic 

resistance materials such as ferrites. Active shielding is developed by having additional 

fields in opposite directions to the fields surrounding the primary coil. Active shielding 

was used in [17] with secondary coil to generate an opposite magnetic flux to reduce the 

overall magnetic fields.  

An MCR-WPT system topology for electrical vehicles was proposed in [17] with the 

litz coil embedded in a ferrite disc. A similar structure can be found in [18] for 100W-class 
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WPT system. The magnetic coupling coils were surrounded by ferrite materials as well. 

The difference between [17] and [18] is that the aluminum shield is incorporated with the 

ferrite material by surrounding it. The comparisons between different systems with 

different shielding materials were made in [18]; they showed that the magnetic fields were 

greatly confined and had significantly less leakage with the improvement of system 

performance.  

The common issue of the ferrite structures described in [17] and [18] is that the complex 

ferrite structures are hard to produce in numbers and to maintain with ferrite fragility. 

The ferrite structures used for planar WPT systems can be found in [19, 20, 45]. The 

problem for cell phone WPT applications is that when the receiver is positioned close to 

the adjacent conductive objects such as a battery and a metal case, the Q factor of the 

receiving resonator is degraded [40]. In [19], four receiver structures were proposed and 

compared. They include a receiver coil, a receiver coil on a conductor, a receiver coil with 

ferrite sheet and conductor, and a receiver coil with two-layer ferrite sheet and conductor. 

The results showed that the receiver coil with single-layer ferrite sheet and conductor has 

the highest relative permeability and the lowest loss. The reason why the two-layer ferrite 

structure lead to a worse scenario was because of the losses caused by the ferrites. An air 

gap was added in [20] between the ferrite sheet and metal strip. The magnetic flux 

distribution and magnetic shielding results demonstrated the air gap between the ferrite 

plate and metal strip is effective for the shielding performance as well as the power transfer 

efficiency. The reason is because the eddy current cancellation has been decreased with the 
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air gap [20]. A novel ferrite shield with an auxiliary loop on a ferrite in a metallic 

environment was proposed in [52]. After comparing with the traditional topology, 30% 

transfer efficiency was achieved due to the auxiliary loop on the ferrite. 

When the ferrite sheet is introduced into the WPT systems, different coil winding 

methods can influence the effects of ferrites as well. This problem has been investigated in 

[23] with different coil topologies for inductive power transfer. The results showed that 

when ferrites are used, the single square coil structure is the most suitable candidate to 

achieve the good system performance. 

As mentioned before, The disadvantages of the ferrites are the eddy current losses in 

high frequencies and hysteresis losses; the details can be found in [18] and [52]. 

2.6 WPT Using MCR for Small Electronic Devices 

Based on the discussions presented above, the MCR technique is chosen as the most 

suitable method for recharging small consumer electronics. The following sections review 

and summarize the MCR-WPT systems. 

2.6.1 Coil Structures 

Most MCR-WPT systems proposed in the literature are of three-dimensional, such as 

helical coils presented in [42]. The disadvantages of the three-dimensional structures are 

that the coils are bulky in geometry and precise fabrication is necessary to maintain a high 

Q-factor, making them less feasible or even impossible for small mobile devices and 
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implanted medical devices. 

In order to make the WPT system small and more applicable, efforts have been made in 

[8] to use the planar coil rings or spiral coils instead of helical coils. The size of the WPT 

systems were decreased by reducing the distance between the resonators and the source or 

load loops. In the planar structures, the gap between the transmitter resonator and the 

source loop is reduced to zero and so is the gap between the receiver resonator and the load 

loop. In [3], four coils were being laid on two planes. The helix, spiral coil and coil ring 

geometries for resonant WPT were compared in [53]. In recent years, the printed spiral 

coils (PSCs) were developed and became popular in both research community and industry 

[11]-[15]. The transmitter and receiver coil sets were fully planarized and printed on one 

side of RF4 substrates, making the system even thinner and practical for applications. 

These fully-planar MCR-WPT systems have the advantages of low profile, small footprint 

and easy fabrications when compared to three-dimensional coils; they make the systems 

much portable and feasible to be attached to or implemented in small electronic devices 

[11]. 

The symmetric, planar MCR-WPT systems designed for small electronic devices have 

been described in [12] and [11], and achieved the highest efficiency of 74.1% and 82.8%. 

The coil configurations were optimized for the transmitter and receiver, and they realized 

the optimum power transfer at the distance of 20 cm and 10 cm respectively. Additionally, 

asymmetric transmitter and receiver designs can be found in [3, 10], with a receiver size 

smaller than the transmitter size. This asymmetric configuration can better solve the trade-
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off problem between power transfer efficiency and system mobility than the symmetric 

one. It also mitigates axial and angular misalignment problems. Nearly 80% transfer 

efficiency was achieved by the asymmetric, planar MCR-WPT system with the distance of 

7 cm [41]. The transmitter and receiver sizes were 200 mm2 and 100 mm2 respectively. 

The three-dimensional L-shape configuration was proposed in [14]. The size of 

transmitting and receiving resonators were 62×33×5 cm. The 84.38% power transfer 

efficiency was obtained with the transmitter and receiver sizes of 100×100×1.6 mm and 

70×70×0.8 mm, respectively. The lateral misalignment problem has been greatly improved 

by the L-shape topology, validated through electromagnetic fields distributions. An 

intermediate coil was placed in between the transmitter and receiver in [7], acting as a 

“repeater” to extend the WPT distance. An intermediate self-resonator was also designed 

in [21] and placed perpendicularly between the transmitting and receiving resonators to 

constitute a “   ” shape configuration. The comparison between the coaxial and 

perpendicular arrangements of the intermediate resonators [21] was made with the 

conclusion that the efficiency of an MCR-WPT system with the primary resonators and 

the intermediate resonator arranged perpendicularly is as good as that of a coaxially 

arranged system within a certain area. An asymmetric MCR-WPT system with around 80% 

power transfer efficiency within 100 cm transmission distance was validated as well in 

[21].  
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2.6.2 Coil Shapes 

Square [11]-[13] and circular [3, 6, 25] coils are two commonly used basic geometries 

for WPT systems. The mutual inductance is the key figure in magnetically coupled systems, 

since it determines quantity of magnetic flux that goes through receiver coils and thus 

decides power transfer efficiency [4]. The comparison between circular and square coils 

were done in [4] which shows that the square coil has larger inductive area than the circular 

coil does when the dimensions (diameter of circle and length of square) are the same. The 

drawback is that magnetic flux distribution of square coils is not cylindrically symmetric, 

resulting in higher calculation time and larger memory space. Because their flux 

distribution is mirror symmetric at least, square coils are more acceptable and popular than 

the circular ones. 

The analytic and measurement results showed that the circular and square coil have 

similar S-shapes (climb - surge - climb) of self and mutual inductance [4]. This finding 

indicates that when high permeability materials such as ferrites are used, better power 

transfer efficiency will be achieved. Another interesting finding of [4] is that the self-

inductance increases faster than the mutual inductance; it means the coupling coefficient 

will decrease with increasing permeability [4]. This is caused by the energy losses of the 

high permeability materials. 

2.6.3 Planar MCR-WPT for 13.56 MHz Applications 

The planar MCR-WPT for charging small electronic devices at 13.56 MHz is selected 
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to achieve WPT in this thesis. This frequency is licensed for RFID applications that form 

an important part of Internet of Things (IoT). The recent WPT work on these applications 

can be found in [11]-[13]. The novel MCR-WPT systems being proposed in Chapter 4 of 

this thesis are the continuity of the published work. Their comparisons and improvements 

will be demonstrated in Chapter 4 and Chapter 5. 

A planar wireless power transfer system through strongly coupled magnetic resonance 

was proposed in [12]. Both the transmitter coil set and the receiver coil set were fully planar 

and printed on one side of a FR4 substrate with the size of 200 mm2 and thickness of 

1.6mm. Both the transmitter and receiver units have lumped capacitors connected. At the 

operating frequency of 13.56 MHz, a maximum transfer efficiency of 74.1% can be 

achieved at the distance of 200mm between transmitter and receiver.  

Effects of ferrimagnetic materials and perfect electric conductors were also investigated. 

At the distance of 200 mm, two rectangular ferrite sheets were firstly placed behind the 

transmitter and receiver sets respectively and then replaced with the copper plate of the 

same thickness. The maximum power transfer efficiency of the system is increased from 

76% to 82.8% in the presence of ferrite plates, whereas it is reduced by 71% with the 

copper plates. 

The optimization process of the WPT system in [12] has been demonstrated in [11] with 

the geometric parameters provided. The equivalent circuit model of the proposed system 

was analyzed first. The analytical expressions of resistance R, inductance L and 

capacitance C for each coil circuit were found through mathematical calculations. Then, 
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the matrix equation for the relationship among current I, voltage V, impedance Z and 

mutual coupling coefficient M are given. An optimization algorithm for dimensional 

parameters was developed to produce the optimum transfer efficiency, and explanations 

were given on how each variable affects the system performance. In addition, the 

phenomenon of frequency splitting and how the input impedance affect the transfer 

efficiency were investigated. 

It was shown that increase of the space between two spiral coils will result in the 

decrease of Q factor. To compensate for the decease, auxiliary strips were added and 

utilized in [12] without changing the low profile of the planar WPT system. Two identical 

auxiliary strips were applied first to the backside of transmitter and receiver, respectively, 

and are connected to the primary resonators on the opposite sides of the substrates through 

via. The measured transfer efficiency was increased from 77.27% to 79.75%, and further 

increased by 82.67% through adding the shorting walls that conductively connected the 

primary coil and auxiliary coil. Without the shorting walls, a second auxiliary strip can be 

added. By putting the two boards together, a three-layer resonator that has three repetitions 

of the resonating coils was reported to improve the transfer efficiency from 79.75% to 

82.01%. By adding shorting wall to the three-layer resonator, a further maximized 

efficiency of 84.38% was achieved. 

2.7 Summary 

The configuration, classifications, applications and challenges of the WPT systems are 
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discussed in this chapter. The focus in this thesis is to develop an MCR-WPT system that 

suitable for small electronic devices. With a large amount of existed WPT systems and 

results reviewed in this chapter, there are always defects that prevent the better application 

for small electronic devices. The challenges face the WPT systems for small electronic 

devices require WPT designers to design novel WPT systems that are implantable or 

attachable to small mobile devices specially cell phones with good system performance. 

Moreover, good free-positioning capability and misalignment performance are desirable 

to be standout from the existing systems. 
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CHAPTER 3  OUR DESIGN METHODOLOGY 

The methods used in our designs are discussed in this chapter. The equivalent circuit of 

the ferrite-less structure is given at first with mathematical formulas provided for circuit 

parameters including transfer efficiency. Incorporation of ferrite materials into the WPT 

systems to improve system performance is then described. The analytical solutions of the 

ferrite incorporated systems are not available due to non-linearity of ferrite properties. 

Therefore, electromagnetic simulators, ANSYS High Frequency Structure Simulator 

(HFSS) is used to compute ferrite structures. The simulator uses a numerical method called 

Finite Element Method which will also be briefly introduced. 

3.1 Theoretical Analysis 

The planar MCR-WPT system was built first and then incorporated with the ferrite 

structures. The equivalent circuit model for a conventional four-coil planar MCR-WPT 

system without ferrite is shown in Figure 3-1. The ‘M’ represents mutual coupling: for 

example, M12 is the mutual coupling between the source loop and transmitting resonator, 

while M14 is the mutual coupling between the source loop and the load loop. In order to 

get the transfer efficiency, the key point is to figure out mutual coupling coefficients [11]. 
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Figure 3-1: Equivalent circuit model of the planarized MCR-WPT system 

As presented in [11], the key circuit parameters including inductance, capacitance and 

resistance for each loop and resonator can be expressed as (3-1), (3-4) and (3-6). Printed 

spiral coils were considered in this thesis.  

The expression for the self-inductance of the PSCs is:  
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where 0  is the permeability in free space, n is the number of PSC turns, 0r  and ir  are 

the outer and inner radii of the coil, and 
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where    is the fill factor. 

The capacitance can be calculated as: 

 
  00.9 0.1air sub g
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where 
gl  is the length of the gap, rW  is the width of the resonator coil and s  is the gap 

between two turns of resonator coil as depicted in [41] (figure 4-1). air  and sub  are 

the permittivity of air and the substrate respectively. 

The resistance of a PSC can be expressed as: 

 S skin pR R R 
. (3-6) 

The resistance is the sum of the resistance due to skin effect and the resistance due to 

proximity effect. They can be expressed as follows:   
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where dcR   is the DC resistance,    is the skin depth and t   is the thickness of the 

conductive trace. 

  2

p dcR R f f   , (3-8) 

where f   is the frequency,    and    are fitting coefficients to be determined 
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empirically [11]. 

Mutual inductance M can be calculated using equation (3-9). Since the distance between 

each loop and resonator is relatively large for the conventional three-dimensional MCR-

WPT systems, only the mutual inductance between the proximal coils is taken in to account 

(i.e., M12, M and M34). A modified equation to calculate M for planar MCR-WPT systems 

was used in [11]. The M12, M24 and M14 cannot be omitted in this case because the loop 

and resonator are printed in the same substrate and close to each other; thus, a more precise 

equation for mutual inductance is given in [11] as 
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where ia  and 
jb  are defined in [11] and error of this formula was reported as 0.52%. 

Now the matrix equation based on Kirchhoff voltage law for the four-port network in 

Figure 3-1 can be written as: 
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where 1C  and 4C  are the parasitic capacitances of the driving loop and the load loop, 

respectively. The transfer efficiency can be acquired by solving the above matrix equation. 

The ratio between the voltage obtained at the load and the source voltage  sourceload VV /  

can be calculated first and the expression of transfer efficiency is then: 
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The capacitor-loaded PSCs structure is used to achieve MCR-WPT. It can be regarded 

as an equivalent RLC resonating circuit. The capacitor can be used to adjust resonant 

frequencies based on the relationship among frequency, inductance and capacitance (3-17): 
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2
rf
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 . (3-17) 

The optimization scheme based on the above mathematical analysis and theoretical 

results was proposed in [11].  

3.2 Ferrite Materials 

As mentioned in section 2.5, ferrite structures can be used to confine magnetic field, 
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resulting in larger inductance. One of the reasons is that ferrite materials have high relative 

permeability (usually greater than 1000 H/m) and low conductivity (mostly less than 102 

S/m). This characteristic can improve mutual inductance and self-inductances of the 

coupled coils as well as reduce magnetic field leakage around the source. More specifically, 

ferrite materials can play the following three roles: confine magnetic field, mitigate 

magnetic leakage and shield magnetic interference. 

However, ferrite structures have their downsides too. They are normally very fragile; it 

makes difficult to attach them to anything. Moreover, ferrite structures are hard to produce 

in numbers with inconsistent electrical properties. Finally, eddy current loss and hysteresis 

losses become significant at high frequencies (MHz or higher) [2]. For instance, the 

double-layer ferrite system presented a worse power transfer efficiency than the single 

layer system because of the losses [3]. 

Considering the pros and cons of various ferrite structures and functions, this thesis 

presents and studies the three ferrite structures: ferrite core, ferrite plate and ferrite sheet, 

for implementations with the planar MCR-WPT systems for small consumer electronics. 

They are incorporated to develop the new symmetric and asymmetric WPT systems with 

improved power transfer efficiency and reduced impact by metal objects. The design 

specifications and improvement results will be discussed in Chapters 4 and 5. 

3.3 The Finite Element Method 

Because of the nonlinear behaviors of ferrites, analytical solutions to ferrite structures 
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are not available. Numerical methods have to be applied for theoretical analysis of the 

structures. To this end, the well-known High Frequency Structure Simulator (HFSS) by 

ANSYS is used in this work. It is powerful in computing electromagnetic field distribution 

and scattering parameters [54]. It uses the Finite Element Method to find solutions of 

Maxwell’s equations.  

The way HFSS works is that a solution domain is subdivided into numerous small 

elements (e.g. tetrahedrons) first. The field solution within each element is expanded in 

terms of a preselected shape function. Maxwell’s equations are then applied, and the 

expansion coefficients are found in an approximate manner. Once the coefficients are 

found, an approximation to Maxwell’s equations is then found. Because tetrahedrons can 

be used to approximate any arbitrary three-dimensional geometry, the HFSS is able to solve 

any problem with complex shapes of spatial boundaries or interfaces. 

In this work, the HFSS is used to compute the S parameters of the proposed systems 

and magnetic characteristics by plotting electromagnetic field distributions. The 

optimization process is finished by optimizing the variables in the system geometries to 

have the best power transfer efficiencies.  

3.4 Summary 

In our design and optimization approaches, the conventional ferrite-less systems are 

studied first to understand how each geometric variable influence system performances. 

Then, different ferrite components are investigated and incorporated into the WPT systems 
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with HFSS. Finally, the optimized structures are fabricated and measured. Comparisons 

are made to verify the design results. 
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CHAPTER 4   THE PLANAR SYMMETRIC MCR-

WPT SYSTEM 

The objective of this chapter is to design a planar MCR-WPT system with size 

constraint of 32 mm2. The ferrite-less system is given first, and the relationships between 

system geometric parameters and system evaluation parameters are discussed and used to 

optimize design in section 4.1. The geometric parameters include the width of and the gap 

between the copper coils, and system evaluation parameters refer to self-inductance, 

mutual inductance and quality factor. The ferrites then being integrated into the ferrite-less 

system to improve system performance. The optimized transmitter and receiver are 

fabricated, and measurement results are presented as well. Comparisons between 

simulation and measurement results were made and are described in the results section of 

this chapter. 

4.1 Design 

4.1.1 Design Parameters Selections 

As mentioned before, the square-shaped coil structure is chosen for our development. 

The main advantage is that when ferrites are incorporated, the rectangular coil has better 

power transfer efficiency performance than their circular counterpart. 

The key performance parameter of the proposed system is power transfer efficiency as 

it is affected by coil widths, turns, and the gaps between the loop and resonators. It was 
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shown in [11] that the wider and more turns of the resonating coils, the higher self-

inductance, Q factor and power transfer efficiency. However, because of the size limit, the 

gap between each turn has to be small. Consequently, parasitic capacitances significantly 

arise, resulting in impedance mismatch. The number of turns of resonant coils has been 

optimized to be one turn using the optimization scheme proposed in [11] under the 32 mm 

size constraint. The gap between the loop and resonator is then fine-tuned with HFSS to 

achieve the maximum power transfer. 

The optimized symmetric planar MCR-WPT system receiver without ferrite is shown 

in Figure 4-1. The dimensional parameters as well as capacitor value are listed in Table 4-

1.  

 

   (a)                                         (b) 
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(c) 

Figure 4-1: The proposed ferrite-less symmetric WPT system transmitter and 

receiver; (a) front view, (b) back view and (c) view of the corner. 

A ferrite cubic core (which can confine magnetic fields) and a ferrite plate (which can 

both confine and mitigate magnetic leakage) are incorporated into the symmetric ferrite-

less WPT system to improve the system performance as depicted in Figure 4-2. The 

dimensions of the ferrite core and the ferrite plate are 8×8×2 mm and 26.42×26.42×1.91 

mm respectively. 

 

 

(a) 
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(b) 

Figure 4-2: The Ferrite structures being used for the proposed symmetric MCR-

WPT system; (a) central ferrite core, (b) bottom ferrite plate. 

The receiver of the ferrite incorporated system is shown in Figure 4-3. It has a hole of 

8×8×1 mm in the middle of the substrate which the ferrite core places in, while the upper 

half of the ferrite core emerges above the substrate like a bump as seen in the side view in 

Figure 4-3. The capacitor values are equal to 1.8 nF for the ferrite-less system and 2 nF for 

the ferrite incorporated system; they satisfy equation (3-17) when rf  equal to 13.56 MHz. 
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(a) 

 

(b) 

 

(c) 

Figure 4-3:  Structure of the proposed symmetric WPT system transmitter and 

receiver with ferrites; (a) front view, (b) back view, (c) side view. 
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Table 4-1: Design parameters for symmetric MCR-WPT system 

LS (mm) 32 RS (mm) 9 

WS (mm) 2 Central Ferrite Core (mm) 8×8×2  

SS (mm) 2 Bottom Ferrite Plate (mm) 26.42×26.42×1.91  

Capacitor1S (nF) 1.8 Capacitor2S (nF) 2 

 

The bottom ferrite plate in chosen because it possesses the closest size to that of the 

substrate available from the manufacturer. The central ferrite of different sizes are 

simulated and the |S21| results are shown in Figure 4-4. A slight improvement can be 

observed with the increase of the length of cubic ferrite core (from 8 mm to 11mm and 15 

mm) while the height remains 2 mm. The frequency shifts occur due to changes of system 

configurations that affect system inductances. Since larger ferrites are more expensive and 

more fragile, the smaller one is preferred to the larger one because improvement of the 

power transfer efficiency is not significant with the increase of the sizes. 
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Figure 4-4: S21 versus sizes of central ferrite with the symmetric WPT system 

4.1.2 The Proposed System 

Because of the reciprocity, the proposed receiver structures can also be used as the 

WPT transmitters for our testing purpose. The optimized system with the ferrite structures 

is shown in Figure 4-5, where d is the transfer distance between the transmitter and the 

receiver. 
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Figure 4-5: Overview of the proposed symmetric WPT system 

4.2 Results 

The symmetric MCR-WPT systems proposed in section 4.1 are then fabricated and the 

test is set up as seen in Figure 4-6 and Figure 4-7. The receiver and transmitter components 

are smaller than half of an iPhone 6s as shown in Figure 4-8. 
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Figure 4-6: The conventional WPT system and its test setup. 

 

Figure 4-7: The proposed system with the ferrite structures and its test setup. 
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Figure 4-8:  The conventional and the proposed WPT receivers in size comparison 

of iPhone 6s. 

From the simulated and measured results, the distance of 35 mm between the 

transmitter and the receiver is the optimized transmission distance for both the 

conventional MCR-WPT system and the proposed system with the ferrites at the 

operational frequency of 13.56 MHz. The comparisons of S21 parameter between the 

conventional system and the proposed system with or without ferrites are listed in Table 4-
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2. The results show that the central ferrite core can improve the transfer efficiency |S21| by 

0.5 dB, while the incorporation of both the central ferrite core and bottom ferrite improve 

the transfer efficiency |S21| by 3 dB. The simulated maximum transfer efficiency is 

improved from 16.6% to 33.1% after the ferrites are incorporated. 

Table 4-2: The simulated results of S21 parameter with or without ferrites 

 

Measured transfer efficiencies are also compared with those of the simulated results as 

shown in Figure 4-9. A big difference between the transfer efficiencies of the conventional 

WPT system without ferrites and the proposed system with ferrites is shown. They verify 

the effectiveness of the ferrite materials in improving the WPT system performances. The 

peak values of the efficiency are 33.1% by simulation and 32.8% by measurements. The 

simulation and measurement results are in good agreement. The slight differences between 

simulation and measurement results are due to fabrication errors as well as non-ideal 

printed circuit boards and capacitors used. 
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Figure 4-9:  Measured and simulated transfer efficiency of the symmetric WPT 

system with or without ferrite with 35 mm air gap. 

For the proposed system with ferrites, the power transfer efficiencies are measured at 

every 10 mm step from 10 mm to 80 mm of the distance between the transmitter and 

receiver. The results are shown in Figure 4-10. The frequency splitting phenomenon is 

observed in the first three curves when the transmission distance is smaller than 30 mm. 

When the distance is greater than 40mm, the power transfer efficiency significantly 

decreases with the increasing distance. 
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Figure 4-10:  Measured power transfer efficiency of the proposed symmetric WPT 

system with ferrites when the distance between the transmitter and the 

receiver is changed from 10 mm to 80 mm. 

4.3 Summary 

In this chapter, a symmetric planar MCR-WPT system with size constraint of 32 mm2 

is proposed. The conventional planar MCR-WPT system is studied first and two ferrite 

structures (ferrite core and ferrite plates) are incorporated into the WPT system for 

performance improvement. Based on the measurement results, the power transfer 
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efficiency can be improved by 16.2%. The frequency splitting phenomenon is observed in 

the end to better understand the over coupled condition for a MCR-WPT system. 
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CHAPTER 5   THE PLANAR ASYMMETRIC MCR-

WPT SYSTEM 

The power transfer efficiency and transmission distance of the symmetric MCR-WPT 

system proposed in Chapter 4 was limited due to the small size of both transmitter and 

receiver coils. In this chapter, a large transmitter is presented to extend the power transfer 

range as well as the efficiency while the receiver size remains the same; they form the 

proposed asymmetric MCR-WPT system. Besides, an auxiliary copper strip is added to the 

receiver to increase self-inductance and mutual inductance. Moreover, influences of the 

nearby metallic objects for the WPT system will be investigated. By plotting the 

electromagnetic field distributions, ferrite materials can be shown capable of effectively 

reducing the impact of conductive objects. Finally, a planar asymmetric MCR-WPT system 

will be proposed in this chapter. The receiver size remains 32 mm2 while transmitter size 

increases to 200 mm2. Different ferrite components are incorporated to improve system 

performances with respect to magnetic field leakages and EMI. The system is optimized 

using HFSS and fabricated as well with simulated and measured results show in section 

5.2.  

5.1 Design 

5.1.1 Efficiency Improvement by Auxiliary Strips 

An additional PSC printed on the back of the receiver substrate was proposed and 
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investigated in [13]; it improved the Q factor and power transfer efficiency. This technique 

is now applied to the asymmetric WPT system. By applying the auxiliary PSC or strip on 

the back of the receiver substrate proposed in Chapter 4, the same effect as adding a new 

turn can be achieved without increasing the size of the receiver. The simulated results show 

that the |S21| with or without the auxiliary strip are -2.86 dB and -3.75 dB, respectively, as 

shown in Figure 5-1, with other geometric parameters unchanged. 

 

Figure 5-1:  Measured |S21| of the proposed asymmetric WPT system receiver with 

and without auxiliary strip at the distance of 60 mm between the 

transmitter and receiver. 
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5.1.2 The Proposed System 

As indicated before, a larger transmitter is employed in the proposed system as it will 

increases the magnetic flux intensity of the magnetic field being transmitted and improve 

the power transfer distance as well as transfer efficiency. The proposed transmitter is 

optimized using the same method as that described in Chapter 4. The final geometry is 

depicted in Figure 5-2. The geometric parameters and capacitor value are listed in Table 5-

1. 

 

                  (a)                                                 (b) 

Figure 5-2:  Geometry of the proposed asymmetric WPT system transmitter; (a) 

front view and (b) back view. 

Due to a relatively large transmitter size, the small central ferrite core mounted on the 

receiver only shows an improvement of power transfer efficiency |S21| by about 0.1dB. 

Therefore, it is taken off as it increases the cost and complexity of the receiver. Only the 

ferrite plate is attached to the bottom of the receiver and the auxiliary strips are employed 
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to improve the performances.  

The optimized asymmetric system geometry of the receiver with the auxiliary strip is 

depicted in Figure 5-3. The receiver dimension is 32×32×2.91 mm. The PSC on the top of 

the receiver substrate is connected with the auxiliary strip on the back through four vias 

located in each corner of the resonator. The bottom ferrite plate is attached in the middle 

of the back of the receiver and has a dimension of 26.42×26.42×1.91 mm. The capacitor 

is 2 nF at 13.56 MHz. The geometric parameters as well as capacitor values are listed in 

Table 5-1. 

 

                             (a) 

 



 65 

         

  (b) 

Figure 5-3:  Structure of the proposed asymmetric WPT system receiver; (a) front 

view, (b) back view. 

Table 5-1: Design parameters for asymmetric MCR-WPT system 

Receiver Transmitter 

Ls(mm) 32 LL(mm) 200 

WS(mm) 2 W1L(mm) 14 

S(mm) 3 W2L(mm) 4 

RS(mm) 9 S1L(mm) 8 

Capacitor3S (nF) 2 S2L(mm) 14 

Bottom Ferrite Plate (mm) 26.42×26.42×1.91 RL(mm) 46 

  CapacitorL(pF) 120 
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The overall asymmetric MCR-WPT system is shown in Figure 5-4, where d is the 

transfer distance. The center points of the transmitter and the receiver are aligned with 

each other. 

  

Figure 5-4: Overview of the proposed asymmetric WPT system 

5.2 Results 

The simulated results of the transfer efficiency under the optimal transmission condition 

with respect to four scenarios (one-turn PSC without auxiliary strip, one-turn PSC with 

auxiliary strip, two-turn PSCs without auxiliary strips and two-turn PSC with auxiliary 

strips) are listed in Table 5-2.  



 67 

Table 5-2: Simulated power transfer efficiency with different turns of the receiver 

PSC and in the presence of auxiliary strip presented or not 

 

The auxiliary strip can improve the power transfer efficiency by 7.5 % based on the 

simulation results on one-turn PSC. The transfer efficiency of 52% is achieved by the 

receiver structure with one-turn PSC and auxiliary strip. The reason why the two-turn 

copper coil result in the lower efficiency is due to the increased parasitic capacitance. 

The asymmetric system transmitter and receiver are optimized with HFSS and 

fabricated as shown in Figure 5-5. The supports are made by wood and foam, which will 

not electrically affect the power transfer over the distance since the transfer is carried out 

by magnetic fields. At the operational frequency of 13.56 MHz, the simulated and 

measured optimal distance is 60 mm, which is about twice of the receiver size. 
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Figure 5-5: The optimized asymmetric WPT system and the test setup. 

The measured |S11| and |S21| of the optimized asymmetric MCR-WPT system is shown 

in Figure 5-6. The dip in the |S11| curve shows that the system resonates at 13.56 MHz. The 

|S21| can reach -2.86 dB, better than -4.8 dB of the symmetric system proposed in the 

previous chapter; a nearly 2 dB improvement is achieved with the asymmetric system. The 

corresponding measured maximum transfer efficiency is 51.8%, which is 18.7% improved 

Transmitter 

Receiver 
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from that of the symmetric system. 

 

Figure 5-6:  The measured |S11| and |S21| of the optimized asymmetric WPT system 

at 13.56 MHz with the distance of 60mm between the transmitter and 

receiver. 

The measured and simulated power transfer efficiency of the proposed asymmetric 

WPT system are depicted and compared in Figure 5-7. The maximum transfer efficiency 

is 51.8% by measurement and 52% by simulation, respectively. The small differences are 

because of fabrication errors as well as non-ideal printed circuit boards and capacitors used. 
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Figure 5-7:  Measured and simulated power transfer efficiency of the proposed 

asymmetric WPT system at 13.56 MHz with 60 mm air gap. 

Moreover, |S21| is shown at different positions of the receiver in the plane that is 60 mm 

away from the transmitter as shown in Figure 5-8. The result shows that |S21| is smoothly 

decreased from the central point (where the transmitter and the receiver is axially aligned) 

to the edges (where the transmitter and receiver is completely axially misaligned). The 

overall lateral misalignment performance shows that the proposed system can provide 

quite smooth power transfer within the cover area of the transmitter size. 
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Figure 5-8:  The S21 performance when directional misalignment of the optimized 

asymmetric WPT system. 

The proposed asymmetric system is tested to power an LED bulb wirelessly. The 

experiment set up is shown in Figure 5-9. A power amplifier provides the power of 5 W 

to the transmitter.  
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Figure 5-9:  Experiment of lighting up an LED bulb wirelessly using the proposed 

asymmetric system 

5.3 Effects of Conductive Object and Shielding Ferrite 

5.3.1 Effects of Conductive Objects 

A large amount of small electronic devices are encased by metals such as cell phones, 

tablets, and laptops. Since a WPT receiver needs to be embedded in the back of mobile 

devices or attached to the back [19], metals then act like shields that reduce magnetic fields 

at the receiver or even prevent the transmitted magnetic fields from reaching the receiver. 

This is because the skin depths of the metals are much smaller than the thickness of metals 
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at a high frequency.  

To address this problem, camera lens on almost every cell phone were utilized in [10] 

to pass through magnetic fields and they are further studied here. The electromagnetic field 

distributions on a metal body with a camera hole is simulated with the metal dimensions 

of 142.5×69.5 mm (same as the Samsung Galaxy s7). The camera opening on the metal 

sheet can still block magnetic flux flowing into the receiver since the induced current 

around the camera hole can flow in a closed loop and produces counter magnetic fields 

[10]. Hence, a vertical slot is introduced from the camera hole to the edge of the metal 

cover to block the formation of the closed loop current. The geometry of the aluminum 

sheet with a camera opening and another aluminum sheet with the opening as well as the 

vertical slot are shown in Figure 5-10. The electromagnetic field distributions are presented 

in Figure 5-11. The results show that a substantially greater magnetic field on the metal 

sheet was created with the slot and the camera hole than that only with the camera hole. 
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 (a)                       (b) 

Figure 5-10:  Headsets-sized medal sheet representing the back cover of a cell phone; 

(a) with the camera hole in the middle, (b) with the camera hole and 

the vertical slot. 

 

            (a)                (b) 

Figure 5-11:  Induced eddy current on the medal sheet; (a) without vertical slot, (b) 

with vertical slot. 

Vertical Slot 
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5.3.2 Effect of Shielding Ferrite Sheet 

A ferrite sheet is applied further in the WPT system to mitigate the shielding problem 

at the receiver end. A ferrite sheet with size of 50×40×0.35 mm is placed behind the 

receiver with distance of 5 mm to investigate its influence on the proposed system. The 

simulated electromagnetic field distributions with and without the ferrite sheet are shown 

Figure 5-12. A significantly reduced magnetic leakage and a more confine magnetic flux 

can be observed when the ferrite sheet is presented. 

 

 

 

(a) 

 

 

 

 

 

Receiver 

Transmitter 
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(b) 

Figure 5-12: Electromagnetic field distribution when ferrite sheet placed near 

asymmetric WPT system or not; (a) without ferrite sheet, (b) with 

ferrite sheet. 

The shielding ferrite plays another role to reduce impact of conductive objects like 

battery and metal cases. Figures 5-13 to 5-15 are the investigation set up of three scenarios: 

the asymmetric WPT system receiver and a ferrite sheet placed behind but at the distance 

of 5 mm (Figure 5-13), the receiver and an aluminum sheet placed behind but at the 

distance of 5 mm ((Figure 5-14), the receiver and both aluminum and ferrite sheet attached 

together placed behind the receiver but at the distance of 5 mm (Figure 5-15). The 

aluminum sheet has a size of 62×59 mm, larger than that of the ferrite; it is attached behind 

the ferrite sheet in the third scenario to simulate the situation in reality when the receiver 

is implanted into the metal phone case. 

Ferrite Sheet 
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(a) 

   

(b) 

Figure 5-13: Measurement set up to test influences of the ferrite sheet on the 

asymmetric WPT system: (a) front view and (b) over view. 

Ferrite Sheet 
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(a) 

 

(b) 

Figure 5-14:  Measurement set up to test the influences of ferrite sheet on the 

asymmetric WPT system; (a) front view and (b) over view. 

Aluminum 

Sheet 
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Figure 5-15: Measurement set up to test the effects of both metal (aluminum) and 

ferrite sheets placed behind the receiver. 

The measurement results of |S11| and transfer efficiency are depicted in Figures 5-16 

and 5-17. The frequency shifting phenomenon can be observed in |S11| and transfer 

efficiency when only the ferrite or aluminum sheet are present in the system. This is 

because the change of system configurations affects the system inductance. As can be seen 

from transfer efficiency curve, the power transfer efficiency drops by 10% when the 

aluminum sheet is present. However, when both ferrite and aluminum sheets are placed, 

transfer efficiency has almost the same results as those without the ferrite and aluminum 

sheet (with the peak values of 51.6% and 51.7% respectively). This means that the ferrite 

sheet can effectively mitigate the impacts of nearby mantellic objects.  

Aluminum Sheet 

Ferrite Sheet 
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Figure 5-16:  The measured |S11| of the proposed asymmetric WPT system with 

ferrite or aluminum sheet near the receiver. 

 

Figure 5-17:  The measured transfer efficiency of the proposed asymmetric WPT 

system with ferrite or aluminum sheet or both nearby the receiver in 

comparison with the receiver only. 



 81 

The three ferrite components being used in the thesis with their names and functions are 

summarized in Table 5-3. 

Table 5-3: Summing up different ferrite sizes and functions 

Name Volume (mm3) Photograph Function 

Central Ferrite 

Core 

8×8×2 

 

Confine magnetic 

field 

Bottom Ferrite 

Plate 

26.42×26.42×1.91 

 

Confine magnetic 

field, mitigate 

magnetic leakage 

Shielding 

Ferrite Sheet 

50×40×0.35 

 

Mitigate magnetic 

leakage, shield 

magnetic interference 

5.4 Summary 

A planar asymmetric MCR-WPT system was proposed in this chapter with both 

simulation and measurement results. The effects of ferrites and metal sheets on system 

performances are studied and investigated. The results show that different from the ferrite 

core and ferrite plate, the ferrite sheet can dramatically mitigate magnetic field leakages 

and shield electromagnetic interferences and other effects by nearby metallic objects. Since 
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existence of conductive materials is inevitable in cell phones and other electronic devices, 

shielding ferrite sheets can be applied to the WPT system to improve the system 

performance. Properties of the three ferrite structures incorporated into the symmetric and 

asymmetric MCR-WPT systems are summarized and shown in this chapter. 
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CHAPTER 6  CONCLUSION AND FUTURE WORK 

6.1 Conclusion 

The objective of this thesis is to develop WPT systems for small electronic devices. The 

magnetically coupled resonance method is chosen to achieve the goal because of its 

suitability for low-power and small-size applications with space freedom. The existing 

WPT systems for consumer electronic devices are discussed with their advantages and 

disadvantages described. There is a need for practical WPT systems that can provide a 

good power transfer efficiency over the specific area and that is of smaller sizes for 

consumer electronic devices. Two MCR-WPT systems are proposed in this thesis. They 

are designed to take advantages of the previously proposed systems and avoid their 

disadvantages. They can achieve the high power transfer efficiency within the size 

constraint of 32×32×3.91 mm (L×W×H). 

The design methods are discussed in chapter 3, with the equivalent circuit models for 

the structures without ferrite materials first to better understand how the design parameters 

affect the system performances. Because of the non-linear and complex properties of ferrite 

materials, numerical method is then used to simulate the structures. The effects of ferrite 

materials in improving WPT system performances are studied and presented.   

The symmetric MCR-WPT system is proposed and it has small transmitter and receiver 

size of 32×32×3.91 mm. Because of the low power transfer efficiency with small WPT 

transmitters and receivers, central ferrite core and bottom ferrite plate are applied and they 
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result in a 32.8 % power transfer efficiency at a transmission distance of 35 mm. The 

system can be used in charging cell phones with portable power supply. 

To further improve the power transfer efficiency, the asymmetric MCR-WPT system is 

proposed. A relatively large transmitter with size of 200×200×1.6 mm is first developed 

without ferrite materials. The receiver size remains small which is 32×32×2.91 mm, so it 

can be built into consumer electronics such as cell phones. The auxiliary strip is added to 

the receiver to increase the Q factor of the receiving coil resonator and thus improve the 

transfer efficiency as well as the charging distance to 51.8 % and 60 mm respectively. The 

proposed system is suitable for mobile phone recharging. Finally, the effects of ferrite and 

aluminum sheets on the proposed systems are measured and analyzed.  

In summary, the work done in this thesis is (1) innovative in the transmitter and receiver 

structures design, (2) rigorous in validation and comparison between simulation and 

measurement results, and novel in incorporating ferrites into the WPT systems. Overall, 

the proposed systems are good candidates for wirelessly charging small electronic devices. 

6.2 Future Work 

In consideration of the general challenges of the WPT techniques for small electronic 

devices, much future works can still be done based on the work presented in this thesis. 

They are as follows: 

• Matching design: inductance values of the proposed transmitter and receiver coils 

are sensitive to charging distance, alignment angles and presence of foreign objects. 
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They lead to the difficulty of tuning the resonant frequency. A particular matching 

design could be considered in the future to make the tuning adaptive. 

• Coil topologies: the focus of this work is on the transmitter and receiver design. 

Further research can be on other coil structures. For instance, serially connected 

auxiliary coils may improve system performances and multi-loop feed concept may 

be further explored. 

• Materials: ferrite materials are studied and found beneficial for WPT in this thesis. 

Other materials, such as metamaterials, can be explored further. Not only the 

structure configurations of new materials but also the ways they are incorporated into 

the WPT systems as well as theoretical analyses can be investigated further. 

• Multi-receiver charging: since one person can have many small electronics, such as 

mobile phones, wireless speakers, laptops and iPads, they may need to be charged at 

the same time. Therefore, it will be good to develop a WPT system that can carry out 

charging of multiple receivers at the same time. Although a couple of multi-receiver 

systems have been proposed [15] using transmitting coil array, further work is still 

needed to improve the efficiency. 

• Multi-functions integration: many useful functions may be combined and integrated 

into the WPT systems. For instance, data communication may be integrated into a 

WPT system so that a WPT system can achieve both data and power transfer at the 

same time.  
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