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ABSTRACT 

Small electronic devices such as smartphones and tablets are increasingly rooted in 

everyday life. To eliminate cable mess and make it easy to stay connected with always-

charged electronic devices, magnetically coupled resonant wireless power transfer (MCR-

WPT), which can power electronic devices wirelessly at midrange distances, is the most 

practical solution. A long-standing goal has been to transfer power wirelessly over a large 

area with a compact and easy-to-implement receiver that can be used for electronic and 

medical devices.  

However, existing technology falls short of this goal. MCR-WPT systems are bulky and 

highly sensitive to axial and lateral misalignment, and MCR-WPT systems are limited to 

the size of the transmitter. Furthermore, simply exciting an MCR-WPT array system cannot 

address the issue due to transfer efficiency fluctuations over the covered area. The transfer 

efficiency of the system drops dramatically when the receiver is not perfectly aligned with 

the transmitter resonator and is limited to the size of the transmitter. 

  This thesis explores several novel topologies and models of non-planar and planar 

transmitter, receivers for an MCR-WPT system. The proposed MCR-WPT can achieve 

higher transfer efficiency compared to previous works of comparable size and transmission 

distance. Two novel techniques are proposed to increase the quality factor of resonators, 

and various planar WPT systems are studied regarding size constraints. 

The second contribution of this thesis is to overcome the problem of misalignment 

between the transmitter and receiver resonators. To address this issue, a planar MCR-WPT 

array system consisting of two to nine transmitting array resonators using a novel feeding 

structure is proposed. The aim is to have a simple and easy-to-implement structure with a 

transfer efficiency that is less sensitive to axial- and lateral-misalignment.  

The proposed MCR-WPT system consists of five subsystems (an amplifier, MCR-WPT, 

a rectifier, a DC-to-DC converter, and a load) which are applied to verify the performance 

of the proposed WPT systems. It is shown that the proposed systems are more desirable 

and feasible to implement inside walls and under desks to charge small electronic devices 

anywhere inside its confines. 
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Chapter 1 INTRODUCTION 

1.1  Background and Motivation   

As a means of transferring electric power without any physical connections, wireless 

power transfer (WPT) provides a safe, mobile and more convenient solution to recharging 

the batteries of small electronic and medical devices. Most of the WPT systems developed 

thus far over the past few decades devices utilize inductive coupling, which consists of a 

source (transmitter) coil and a load (receiver) coil separated by an air gap to transfer power. 

Inductive coupling WPT systems are easy to implement but can provide high transfer 

efficiency only at very short distances. The transfer efficiency decreases dramatically with 

increasing distance and axial-misalignment between the source coil and the load coil.  

To overcome the aforementioned drawbacks, the magnetically coupled resonant WPT 

(MCR-WPT) was introduced in 2007 [1]. MCR-WPT technology is a mid-range non-

radiative coupling method wherein energy exchange of an MCR-WPT system occurs in a 

strong-coupling regime with high transfer efficiency. It is based on the principle that both 

the transmitting and receiving coils are tuned at the same resonant frequency. Since their 

introduction, MCR-WPT systems have been extensively investigated and developed for 

charging electric vehicles [2-4], medical implantable devices [5, 6], and small electronic 

devices [7].  

Recently, much research has been focused on extending the transmission distance of 

MCR-WPT systems using different techniques, such as the application of intermediate 

resonant coils [8, 9], the application of metamaterials [10, 11], frequency tracking [12], 

simultaneous matching [13], and multi-loop feed [14, 15]. However, the two major 

drawbacks of an MCR-WPT system, namely, low transfer efficiency at the under-coupled 

region, and decrease of transfer efficiency due to an axial-misalignment have yet to be 

tackled.  

In order to address those two issues, a few techniques have been proposed. They include 

antiparallel resonant loop technique [16], adaptive matching network [17], and arrayed 

transmitting coils [18-20]. Furthermore, most reported MCR-WPT systems utilize three-

dimensional wire loops, spiral loops or helical antennas for the design of transmitting and 
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receiving coils, and the coils are often bulky in geometry and require precise fabrication to 

maintain a high quality factor. This, in turn, poses technical difficulties for the WPT 

systems to be applied to small electronic devices and implanted medical devices.  

Compared to three-dimensional coils, printed spiral coils (PSCs) are more effective than 

three-dimensional structures as a candidate for a low profile, small-footprint and easy-to-

fabricate WPT system. However, only a small number of studies have investigated the use 

of PSCs in MCR-WPT systems [21-23]. In addition, an effective scheme to optimize the 

structural parameters of driving/load loops and resonator coils has not been reported; but 

it could prove helpful in increasing the transmission efficiency of MCR-WPT systems. 

Also, in terms of practical applications, a simple and easy-to-implement WPT system with 

a transmission efficiency that  is less sensitive to axial-misalignment and transmission 

distance is always more desirable and more feasible, especially when it needs to be installed 

inside walls or below desks to charge small  electronic devices anywhere within its 

confines. 

 

1.2 Research Objectives 

The primary goal of the thesis is to develop a novel WPT system for recharging small 

electronic devices. It is based on magnetically coupled resonant (MCR) and the main 

aspects of this work are: 

1. Studying non-planar, four-coil MCR-WPT systems and the feasibility of 

implementing the proposed system for small electronic and medical devices. 

2. Developing an easy-to-implement and low-profile, fully planar MCR-WPT system 

and derivation of the precise equivalent circuit model of the proposed planar WPT 

system. 

3. Developing an optimization scheme for the structural parameters of the MCR-WPT 

system to maximize the transmission efficiency. 

4. Researching a position-free and distance-insensitive MCR-WPT system using 

arrayed transmitting resonators. 

5. Evaluating the performance of the proposed MCR-WPT systems for small 

electronic devices through the fabrication and testing of prototypes. 
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1.3 Contributions 

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

1. An efficient non-planar MCR-WPT system is developed with different sizes of 

transmitting and receiving coils. It is embedded into biological objects to validate 

the effectiveness of the proposed system on charging implantable medical devices, 

such as pacemakers. 

2. A novel WPT system is presented for wireless power transfer via coupled magnetic 

resonances. In the proposed design, both the transmitting and receiving coil sets are 

planarized. The planar structure and the high power transmission efficiency render 

the proposed design a practical candidate as WPT systems for small portable 

electronic devices and implantable medical devices. In addition, the effects of 

ferrite sheets are also investigated. They are applied to the proposed system as 

magnetic reflectors, leading to efficiency improvement. The sensitivity of the 

proposed WPT system in the presence of conductive objects is investigated as well. 

3. Various planar MCR-WPT systems with PSCs of different numbers of turns are 

studied and compared in terms of both efficiency and input impedance. An 

optimization scheme is developed to improve the transmission efficiency of the 

planar MCR-WPT system.  

4. Two new techniques are proposed to improve the transmission efficiency of the 

planar MCR-WPT. Firstly, parasitic strips are applied to the backside of the 

substrates to decrease parasitic resistance and increase the quality factor of the PSC 

resonators. Secondly, multiplayer PSC resonators with or without shorting walls 

are proposed to further increase the transmission efficiency of the planar WPT 

system.  

5. A novel and easy-to-fabricate array-coil technique is developed to improve the 

transmission efficiency of an MCR-WPT system when the receiver is axially 

misaligned with the transmitter. In the proposed design, the conventional 

transmitter coil set is replaced by an array of smaller resonators and a single driving 

loop. The results show that with the proposed design, the transmission efficiency 

of the MCR-WPT system under axial-misalignment can be significantly improved 
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without any adaptive matching techniques. Furthermore, the transmission 

efficiencies in both over- and under-coupled regions are also improved, 

contributing to the distance-insensitivity of the proposed design. 

6. All MCR-WPT designs have been fabricated and tested. The results show that the 

proposed MCR-WPT systems are good candidates for practical applications such 

as charging small electronic devices and IMDs. 

1.4 Thesis Organization 

The dissertation is divided into six chapters, together with the abstract, the list of 

publications, and the references. The contents of the dissertation charters are as follows: 

 Chapter 1 presents the background, research motivations and objectives of this 

work, where specific goals, new contributions, and methodology of the research 

work are described.   

 Chapter 2 provides a literature review of the traditional wireless power transfer 

(WPT) systems and the concept of an WPT system using magnetically coupled 

resonant (MCR) technology. The equivalent circuit modeling of the conventional 

MCR-WPT system and analytical equations of planar MCR-WPT systems is also 

provided in this chapter. 

 Chapter 3 introduces efficient and compact non-planar MCR-WPT systems 

designed for recharging small electronic and implantable medical devices. A 

receiving resonator coil and a load loop are studied and developed under size 

restrictions of portable devices. Three design configurations of the MCR-WPT 

system, each consisting of two coils at the transmitter and two coils at the receiver, 

are developed. Furthermore, the receiver coils are implanted inside a biological 

object to show that the power can be transferred effectively. 

 Chapter 4 proposes a novel MCR-WPT with fully planar transmitting coil and 

receiving coil sets. More specifically, it comprises two printed spiral resonator coils, 

a co-planar source loop and a load loop. Comparisons of both quality factors and 

power transmission efficiency of the design with self-resonant printed spirals and 

with capacitor-loaded printed spirals are made. In addition, the effects of ferrite 

material and conductive objects on the proposed system are also investigated. An 
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equivalent circuit model of the proposed planar WPT system is derived to facilitate 

the design, and a flowchart is provided for the optimization of the system with given 

size constraints. Finally, a novel technique is developed to decrease parasitic 

resistance and to increase the quality factor of the PSC resonators, which in turn 

improves the transmission efficiency of the proposed planar MCR-WPT system. 

The proposed designs are fabricated and measured to validate the performances. 

 Chapter 5 introduces a new MCR-WPT system using an array of printed spiral 

resonators, after which the effect of a misalignment of a receiver coil on a 

conventional transmitting array is studied. The effect of replacing the single 

transmitting resonator of a conventional MCR-WPT with an array of smaller 

resonators on the transmission efficiency of the planar WPT system in both over-

coupled region and under-coupled region is also investigated. It is shown that the 

proposed MCR-WPT array system is able to provide consistent transmission 

efficiency, even when the receiver is axially misaligned with the transmitter. 

Finally, a comparison between the simulation and the measurement results is 

provided. 

 Chapter 6 concludes the thesis. Future work in the proposed research area is also 

presented in this chapter. 
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Chapter 2 BACKGROUND AND LITERATURE REVIEW 

This chapter provides the background and literature review of wireless power transfer 

(WPT) systems. The various types of WPT systems are first presented and then followed 

by a discussion of planar and non-planar wireless power transfer via magnetically coupled 

resonant (MCR-WPT) for small electronic and implantable devices. Finally, a review of 

different methods to improve transmission efficiency is then provided.  

2.1 Wireless Power Transfer 

Most electrical appliances and electronic devices require transmission lines, wires or 

power cords for electrical power supply or battery charging. To get rid of lines, wires and 

power cords, power transmission without the use of wires has become an interesting 

alternative that provides more convenient use of electronic devices. The idea of wireless 

power transfer (WPT) was studied already in the 19th century, when some experiments 

were conducted to transmit energy wirelessly between a transmitter and a receiver [24]. 

Since then, many studies have been performed to develop the concept of transferring large 

amounts of energy wirelessly over large distances, and different methods such as 

microwave beamforming, inductive coupling and magnetically coupled resonant (MCR) 

have been proposed and developed. They are described below. 

2.1.1 Microwave Beamforming 

Wireless power transfer (WPT) using microwave beam power transmission was 

presented in 1963 using a rectifying antenna. It achieved an efficiency of 50% at an output 

of 4W [25].  This microwave technique, which uses the far-field components of 

electromagnetic waves to transfer energy between a transmitter, a receiver and 

transmission distance is much larger than the wavelength of the transferred power signal. 

The power of electromagnetic waves decays as the inverse square of separation distance d. 

A high-gain antenna or an antenna array is used at a transmitter and a rectenna array is used 

at a receiver to transfer radiative energy ranging from watts to kilowatts over a distance of 

several kilometers [26, 27]. However, the transmission efficiency is very low due to the 



7 

 

spreading and attenuation nature of the radiative power in space; it also requires line-of-

sight. 

2.1.2 Inductive Coupling 

Wireless power transfer using inductive coupling to transfer energy from a transmitting 

coil to a receiving induction coil through a magnetic near field. The transmitting coil is 

driven by a time-varying current, which in turn generates a magnetic field that induces a 

time-varying current in the receiving coil, as shown in Figure 2-1. The receiving coil can 

be attached to a portable device and the induced electrical current is used for charging a 

battery [28-32].  An inductive coupling WPT system can provide very high efficiency. It 

can exhibit a transmission efficiency exceeding 90% for charging electric vehicles and 70% 

for charging small electronic devices [33]. However, it has a very short range of 

transmission distance and the transmission efficiency decreases rapidly when the receiver 

coil moves away from the transmitter (in the order of 1/d3). 

 

 

Figure 2-1: WPT using inductive coupling 

 

2.1.3 Magnetically-Coupled Resonance (MCR) 

A new wireless power transfer technique was introduced by a Massachusetts Institute 

of Technology (MIT) research group in 2007. It extends the transmission distance based 

on strongly coupled magnetic resonance [34]. It is a novel non-radiative mid-range wireless 

power transfer system that consists of four components: a source coil, a 

transmitting/receiving coil that serves as a high quality factor LC resonator, and a load coil. 

The transmission distance between the transmitting resonator coil and the receiving 
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resonator coil can be as large as several times the size of the resonator coils. When the 

MCR-WT system is properly designed, energy is inductively coupled from a driver loop 

to the transmitting resonator coil and then coupled to the receiving resonator coil via 

magnetic resonance. Both the transmitting and receiving resonators resonate at the same 

operating frequency. Under this coupling process, the energy or power is delivered from 

the transmitter to the load at the receiver load loop, as shown in Figure 2-2.  

The MCR-WPT systems transmit longer transmission distances in comparison to 

inductive coupling WPT systems, providing an omnidirectional energy transfer and only 

the slight electromagnetic interference due to the use of magnetic resonance coupling. 

However, the maximum transmission efficiency of the MCR-WPT system occurs only at 

the optimum transmission distance between the transmitting and receiving coils. When the 

receiving coil is moved away from its optimal transmission distance, transmission 

efficiency decreases rapidly. 

 

 

Figure 2-2:  Schematic of the MCR-WPT system 

 

In a four-coil MCR-WPT system (as shown in Figure 2-2), three different coupling 

regions can be defined based on the separation of transmitting coils and receiving coils:  

1. Over-Coupled: When the transmission distance is below a certain threshold, a 

frequency-splitting phenomenon takes place due to large coupling of transmitting 

and receiving coils. This results in a decrease of transmission efficiency at the 

operating frequency. In [35], the frequency-splitting phenomenon is shown to be 

caused by two different modes resonating at different frequencies. In [36], the same 
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phenomenon is explained by the circuit theory. Possible solutions for reducing this 

phenomenon are proposed. 

2. Critically-Coupled: As the transmission distance is increased to the optimum 

distance, the resonant frequencies of the two modes converge to the same operating 

frequency and transmission efficiency reaches its maximum which is called the 

critically-coupled region. 

3. Under-Coupled: Conversely, when the transmission distance is larger than the 

optimum value, coupling between the transmitting resonator coil and the receiving 

resonator coil decreases. The transmission efficiency begins to decrease, and the 

system; then operates in the so-called under-coupled region.  

 

Figure 2-3 shows all three different regions in terms of transmission efficiency. To 

alleviate negative impacts of the frequency splitting-phenomenon and improve the 

transmission efficiency of a WPT system in the under-coupled region, an adaptive 

matching method based on frequency tracking is proposed in [5, 12]. The transmission 

efficiency of the WPT system not only increases in the under-coupled region, but also 

improves at the over-coupled region. However, in practice, the wireless power transfer 

should stay inside an allowable industrial, scientific, and medical band (e.g., 13.56 MHz) 

which is narrow. Therefore, tuning frequency is not a feasible method for an MCR-WPT 

system [37].  Antiparallel resonant loops are then introduced in the transmitting and 

receiving coils [16], but the drawback of this technique is that transmission efficiency 

decreases in the under-coupled region. 

To improve the transmission efficiency in the under-coupled region, many techniques 

have been proposed, one of which is a variable coupling method that improves transmission 

efficiency from 29.3% to 46.2% [13]. However, the distance between the source/load loop 

and the transmitting/receiving resonator coil needs to be adjusted. This makes it impractical 

for portable devices, since the distance between the receiving resonator coil and the load 

loop is fixed. In [14, 15], adaptive impedance matching using a loop switching technique 

is proposed to increase transmission efficiency in both under- and over-coupled regions, 

with an improvement of up to 24%. However, the switching capacitor at both the source 
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and load loops for the impedance matching needs be satisfied simultaneously, sometimes 

making the proposed system too complicated to implement. 

 

Figure 2-3: Transmission efficiency |S21| as a function of frequency and 

transmitter-to-receiver coupling. The highlighted red volume is the over-coupled 

region where frequency splitting occurs [35]. 

 

In order to improve the distance of power transfer, the use of repeaters or relay 

resonators has been investigated in many recent papers. In [38], by installing a repeater 

between the transmitting and receiving resonators, the transmission distance increased 

from 30 cm to 61 cm. In [8], the perpendicularly arranged intermediate resonator is 

introduced. It is shown that despite the power transfer of the coaxially arranged 

intermediate resonator system begin higher than the perpendicularly arranged intermediate 

resonator system, the latter one is more practical, since it can be implemented adaptively 

in the space.  

Using a nonadjacent relay resonator to further improve power transfer at the optimal 

frequency is investigated in [39]. It is shown that transmission efficiency is higher by 3% 

in the nonadjacent 5-resonator system in comparison with an equally spaced system. A 

relay resonator utilizing adjacent and nonadjacent resonators in both coaxial and 
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noncoaxial domino resonators is presented in [40], while in [41], a new method for 

analyzing the maximum transmission efficiency of the WPT system with multiple 

resonators and asymmetrical relay resonators is introduced. The circuit model for multiple 

repeaters is quite difficult to solve and use for a design. To overcome this issue, a new 

design method with an arbitrary number of repeaters is presented in [9]. To further improve 

the transmission efficiency of the WPT system an intermediate resonant coil is presented 

in [42]. 

In [43], it is shown that a negative-index material can amplify evanescent waves which 

is of interest due to the nature of evanescent wave’s resonant coupling. Because of the 

decoupling of the magnetic and electric field, a negative-index material requires either 

effective permittivity or permeability to be negative in a deep subwavelength limit. It will 

enhance the evanescent wave coupling and the transmission efficiency improves from 17% 

to 47% in [44].  

A metamaterial-enhanced WPT system is investigated in [10]. With a metamaterial slab, 

transmission efficiency reduces more gradually with transmission distance, thus presenting 

an improved overall efficiency. However, in the over-coupled region, the overall 

improvement of transmission efficiency is not significant, due to impedance mismatching 

caused by mutual coupling. In addition, although a metamaterial slab in a WPT system can 

improve transmission efficiency, the structure does occupy some space between the 

transmission and receiving resonators. To overcome this issue, coupled resonance 

enhancement using strong paramagnetic responses of transmitter resonators is introduced 

in [45]. It does not need any additional resonator or metamaterial slab in between a 

transmitting and receiving resonator. The traditional driving coil is equipped with an 

additional resonator with a resonance frequency that is higher than the resonance frequency 

of the WPT system which increases the effective permeability. This boosts the transmission 

efficiency from 57.8% to 64.2%.  

2.2 WPT Using Magnetically-Coupled Resonant (MCR) for Small 

Electronic Devices 

Nowadays, small portable electronic devices such as smart phones, laptops and tablets 

are becoming essential gadgets in our daily lives. They are usually powered by batteries 
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and the batteries often need to be charged almost daily. Most charging is done through wire 

or cable connections. To remove the cables and provide a more convenient solution to 

wireless charging, there has been a rapid growth of interest in recent years in developing 

an MCR-WPT system for small electronic devices.   

In order to apply an MCR-WPT system for small portable devices, the size of the 

receiving coils needs to be comparable. For compact portable devices, the receiving coils 

need to be small, and consequently the transmitting coils need to be designed to be large 

enough to retain a desirable transmission distance to the MCR-WPT systems. The coupling 

between the coils depends on the amount of magnetic flux linked between the transmitting 

and receiving coils.   

In [5], the design and optimization steps of MCR-WPT systems for small devices are 

discussed. A WPT system with a diameter of 64 mm and 22 mm for transmitting and 

receiving coils, respectively, is developed, and a transmission efficiency of 82% at a 

transmission distance of 20 mm is achieved. A WPT system with transmitting and 

receiving coils with diameters of 114 mm and 20 mm and heights of 10mm and 5 mm, 

respectively, is designed in [46], and a transmission efficiency of 88% at a distance of 40 

mm is achieved.  

2.3 Discussion 

The recent progress in WPT systems, including mid-range MCR-WPT, is reviewed in 

this chapter. Although different techniques have been studied to improve transmission 

efficiency and enable the transmission distance to be maximized, they share a common 

drawback in that high transmission efficiency and compactness of design are achieved at 

the cost of reducing transmission distance. The need for developing low-profile, highly 

efficient, less sensitive and less complicated WPT systems for small electronic and medical 

devices makes this research worth exploring.  
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Chapter 3 NON-PLANAR MAGNETICALLY-COUPLED 

RESONANT WIRELESS POWER TRANSFER (MCR-WPT) FOR 

SMALL DEVICES 

In this chapter, efficient and compact non-planar MCR-WPT systems are investigated 

for charging small devices. A receiver resonator coil and a load loop are studied in 

correspondence to size restrictions, of small devices. Three different configurations, each 

consisting of two coils at the transmitter and two coils at the receiver, are studied. The 

transmission efficiency is measured over different transmission distances and with 

different orientation angles of the receiver coils. Furthermore, the receiver coils are 

implanted inside a biological object to show that power can be transferred effectively.  

3.1 Theory  

Most commercial small devices currently available on the market carry large bulky 

batteries due to high-energy capacity requirements. These requirements have been proven 

a persistent obstacle in the design of compact small devices. One of the methods proposed 

to overcome the problem is wirelessly charging using MCR-WPT systems. An MCR-WPT 

system consists of four coils, two on the transmitter side and two on the receiver side. When 

the system is properly designed, electromagnetic energy is inductively coupled from a 

driver loop to a transmitting resonant coil, creating a magnetic resonance coupled to the 

receiving resonant coil. The energy or power is then delivered from the transmitter to the 

load at the load loop.  

It has been shown that using two identical resonators to operate in a strongly coupled 

regime can be highly efficient. However, due to the small size of the receiver devices, both 

the receiver coils and the transmitter coils have to be small. Hence, if such a design is 

applied, the power transmission distance will be very limited. In order to improve the 

power transfer range, the transmitter coils must be large enough to increase the inductance 

of the coils on the transmitter side and improve the Q-factor of the entire system. As shown 

in Figure 3-1, the MCR-WPT system utilizes magnetic resonant coupling. The key 

elements of designing such a system are the compensation capacitors that are used to 
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achieve resonant coupling between the large transmitter resonator coils and the small 

receiver resonator coils. 

 

 

Figure 3-1: Equivalent circuit of a conventional MCR-WPT system. 

 

An MCR-WPT system consists of four coils that can be modeled as a lumped RLC 

network using equivalent circuit theory. Theoretically, all four coils are coupled with each 

other, but the cross couplings are very weak and thus can be neglected. In an equivalent 

RLC circuit, the self-inductance of a loop is calculated as in [47] 
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where μ0 is the space permeability, a is the radius of the loop, and r1 and r2 are the radii of 

the two wires. For perfectly aligned coils, the mutual inductance of two parallel single-turn 

coils can be calculated as  
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and K(k) and E(k) are the complete elliptical integrals of the first and second kind, 

respectively [47]. For two coaxial circular coils, if the dimension of the wire is relatively 

small compared to the dimension of the coils, the mutual inductance between two coils can 

be calculated by: 
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where n1 and n2 are the number of turns of the two coils and Mij is the mutual inductance 

between the i turn of the first coil and the j turn of the second coil. Considering the skin 

effect, the loss resistance of a loop is  
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where σ is the conductivity of the wire and f is the operating frequency. To achieve identical 

resonant frequencies for the transmitting and receiving coils, the lumped capacitors are 

calculated as follows:  
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For a general four-coil MCR-WPT system with two coupled resonators, the circuit 

equation can be expressed in a matrix form: 
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The imaginary part of the equivalent impedance of the WPT system using magnetic 

resonance coupling can be assumed to be zero while it operates in resonance. Therefore, 

the transmission efficiency can be calculated as 
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The transmission efficiency decreases with the transmission distance and increases with 

the quality factor, which can be written as: 
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To maximize the transmission distance for a four-coil MCR-WPT system, the mutual 

coupling between the transmitting resonator and the receiving resonator should be 

minimized. 

3.2 Design  

Most small electronic devices have size limitations. For instance, a typical pacemaker 

has a size of 44 × 59 × 7.9 mm3; hence, in order to realize a practical wireless charging 

system for small devices, both the receiver resonator coil and the load loop should be small, 

and the wireless power should be transferred efficiently from the transmitting coils to the 

small receiving coils with reasonable transmission distances. To improve the transmission 

efficiency, [48] suggests the application of multi-turn coils for the receiver, whereas [49] 

uses the rectangular shaped receiver coil with a size of 10 cm × 5 cm. However, those 

designs are still too large to be applied.  

To derive a highly efficient MCR-WPT system with a size suitable for small electronic 

devices, three symmetrical and asymmetrical designs are proposed and studied. As shown 

in Figure 3-2, each of the proposed designs consists of four single-turn loops and no 

matching circuits are required.  

 

 

Figure 3-2: The proposed MCR-WPT system using magnetic resonance coupling. 

 

The geometric sizes and design parameters for each set of WPT systems are listed in 

Table 3-1. Three sets of structures are studied, with various sizes of transmitting and 
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receiving resonators. The radii of transmitting resonators are chosen to be 200 mm, 50 mm 

and 50 mm, while the radii of the receiving resonators are chosen to be 50 mm, 50 mm, 

and 25 mm respectively. Proposed structures were designed to operate at around 18.5 MHz. 

The key parameters of the systems were first calculated, and then simulated and analyzed 

with the High Frequency Structural Simulator (HFSS). Due to the intrinsic tolerance of the 

lumped capacitors, fine-tuning of the capacitors was performed to achieve optimum 

transmission efficiency. 

 

Table 3-1: Parameters of coils for the three designs 

 Design #1 Design #2 Design #3 

RTx1 (mm) 150 50 50 

RTx2 (mm) 200 50 50 

RRx1 (mm) 50 50 25 

RRx2 (mm) 50 50 25 

aTx (mm) 12.7 2.8 2.8 

aRx (mm) 2.8 2.8 0.785 

Tx (mm) 180 36 36 

Rx (mm) 3.25 3.25 3.25 

d (mm) 100 100 100 

CTx (pF) 100 360 360 

CRx (pF) 330 360 652 

 

3.3 Results 

Figure 3-3 shows the simulated and measured transmission efficiency of design #1 with 

different distances d between the transmitting and receiving coils. It is shown that the 

measured transmission efficiency is about 88%, 82%, 63%, 39% and 25% at the distance 

of 5 cm, 10 cm, 15 cm, 20 cm and 25 cm, respectively. It is shown in [49] that the magnetic 

coupling between coils can be enhanced by making the transmitter and receiver coil sets 

identical. Such a strategy was applied to the second design, where the dimensions of the 

transmitting coils are the same as the receiving coils in the second design, all four coils 

have a radius of 5 cm. As depicted in Figure 3-4, the measured efficiency at distances of 

10 cm, 15 cm, and 20 cm are about 73%, 24%, and 6%, respectively. The capacitances of 

CTx and CRx are 360 pF and 360 pF, respectively.  
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Figure 3-3: Simulated and measured transmission efficiencies of design #1 at 

different distances of d. 

 

 

Figure 3-4: Simulated and measured transmission efficiency of design #2 at 

different distances. 
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To develop the WPT system for small electronic devices, the third design was carried 

out with further reduction of the dimensions of the receiver coils. In it, the radius of the 

resonator coil and the load coil at the receiver side is reduced to 2.5 cm, which is 

comparable to the cross-sectional dimension of a commercial pacemaker. The 

compensation capacitors CTx and CRx are selected to be 360 pF and 652 pF, respectively. 

Figure 3-5 plots the S21 parameters of design #3 at a transmission distance of 10 cm, where 

the results computed from the equivalent circuit model are included for comparison. The 

RLC values of the design are calculated with (3-1)-(3-6) and deployed in the equivalent 

circuit model to analyze of scattering parameters and transmission efficiency. 

The overall performance of design #3 when it is implanted into tissues is also 

investigated. Figure 3-6 shows the configuration of the simulation setup, where the 

receiving coil set is embedded inside a stratified medium consisting of skin, fat and muscle 

layers of different thickness, and placed 10 cm away from a transmitting coil set. Table 3-2 

shows the thickness, mass density and electrical properties of different human tissues layers 

that are used in the full-wave simulation to evaluate the power transmission efficiency of 

design #3.  

 

Figure 3-5: S21 of design #3 at a transmission distance of 10 cm. 
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Figure 3-6: Simulation setup for design #3 with the receiver placed inside a 

stratified medium consisting of skin, fat and muscle layers. 

 

Table 3-2: Physical parameters and electrical properties of the stratified medium 

at 18.5 MHz [50]. 

Tissue Relative 

electric 

permittivity (εr) 

Conductivity 

(S/m) 

Thickness 

(mm) 

Mass 

Density (103 

kg/m3) 

Skin 222.61 0.279 3 1.1 

Fat 10.275 0.031 5 0.92 

Muscle 115.28 0.639 100 1.04 

 

Figure 3-7 shows the power transmission efficiency of design #3 at a transmission 

distance of 10 cm, before and after the receiver was placed into human tissues. As can 

clearly be seen, the transmission efficiency of the design is 53% when operated in the air 

and higher than 43% after implantation. 
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Figure 3-7: Simulation setup for design #3 with the receiver placed inside a 

stratified medium consisting of skin, fat and muscle layers. 

 

Figure 3-8(a) shows the fabricated third design. To imitate a practical situation, the 

receiver coils were placed inside a piece of pork meat and tested (see Figure 3-8(b)). A 

LED light was used as the receiver load and was placed outside skin to be visible.  

As shown in Figure 3-9, the measured transmission efficiency at distances of 8 cm, 10 

cm, and 15 cm is about 61%, 53%, and 8%, respectively. Furthermore, there was only a 

small decrease in transmission efficiency when the receiver coils were implanted inside the 

pork meat.  

The performance of the third design with the receiver coils moving around the 

transmitter coils was also measured. Figure 3-10 shows the transmission efficiency at a 

distance of 8 cm with varying orientation offset angles between the receiver coils and 

transmitter coils. As can clearly be seen, power efficiency remains higher than 56% even 

when the receiver coil is moved up to 60 degrees off the axis of the coils on the transmitter 

sides. This indicates the nearly omnidirectional performance of the proposed WPT system. 
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(a) 

 

(b) 

Figure 3-8: (a) The fabricated design #3, (b) the receiver coils are inserted into a 

4-cm thick pork meat and at a transmission distance of 10 cm. 
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Figure 3-9: Measured power efficiency of design #3 at different distances of d. 

 

 

Figure 3-10: Measured power efficiency of design #3 with different orientation 

angles of receiver coils at a transmission distance of 8 cm. 
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3.4 Discussion 

In this chapter, three wireless power transfer designs using magnetic resonance coupling 

are studied with different sizes of transmitting and receiving coils. With the radius of 

receiving coils reduced to 2.5 cm while the transmission efficiency retains higher than 50% 

in a relatively large transmission distance range, the proposed system can be applied to 

small electronic and implantable devices, such as pacemakers. Experimental results with 

the biological objects validated the effectiveness of the proposed wireless power transfer 

system when implanted. 
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Chapter 4 FULLY-PLANAR MCR-WPT FOR SMALL 

ELECTRONIC DEVICES 

In this chapter, a fully planar wireless power transfer (WPT) system via strongly coupled 

magnetic resonances is studied. Both the transmitter and the receiver are planarized with 

the use of coplanar printed spiral coils (PSC) and a printed loop. Comparisons are made in 

both quality factor and power transfer efficiency of the design with self-resonant printed 

spirals and with capacitor-loaded printed spirals are made. In addition, the effects of ferrite 

material and conductive objects on the proposed system are investigated.  

An equivalent circuit model of the proposed capacitor-loaded planar WPT system is 

derived to facilitate the design, and a flowchart is provided for the optimization of the 

system with given size constraints. To realize high power transmission efficiency, analyses 

are made of the quality factor of the individual loop or resonator, the mutual coupling 

between resonators, and the frequency-splitting phenomenon of the system. The effect of 

the input impedance of the system on the power transmission efficiency is also analyzed. 

Additionally, techniques are applied to decrease the parasitic resistance and to increase the 

quality factor of the PSC resonators, and this in turn further improves the transmission 

efficiency of the proposed planar WPT systems.  

4.1 Theory 

In the previous chapter, higher power transmission efficiencies over considerably larger 

transmission distances were realized with non-planar MCR-WPT system. Generally in 

WPT systems, coils [48] and spirals [35] are widely used as the resonators to create 

magnetic resonances. A comparison between different topologies in an MCR-WPT system 

was presented in [51], while in [52], self-resonant helical antennas and capacitor-loaded 

helical antennas were investigated. Self-resonant resonators in a magnetic resonant 

coupling WPT system can be considered as electrically very small antennas with very low 

radiation efficiency and a large reactive electric and magnetic energy which contributes to 

the coupling between transmitter and receiver [53]. The self-resonant WPT usually has a 

small self-capacitance. They are sensitive to external objects and hard to tune to a target 

common resonant frequency of both transmitters and receivers.  
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To address this issue, a coil resonator using coaxial-like capacitor to adjust a resonant 

frequency was proposed in [54]. Thus far, most work on magnetic resonant coupling WPT 

systems uses three-dimensional circular wire loops, spiral loops or helical antennas for the 

transmitters and receivers. Those coils are often bulky and require precise fabrication to 

maintain a high quality factor of the coil. This, in turn, poses technical difficulties for the 

WPT systems to be applied to small electronic devices, and implanted medical devices. 

Compared to three-dimensional coils, printed spiral coils (PSCs) are more effective as a 

candidate for a low profile, small-footprint and easy-to-fabricate WPT system. However, 

only a few studies have investigated the use of PSCs in MCR-WPT systems [21, 22].  

In order to yield a maximum power transfer at a given operating distance, the coupling 

efficiency between the receiver and transmitter resonators should be maximized. As well, 

and the two coupling coefficients between the source coil the transmitting resonator coil 

and between the receiving resonator coil and the load coil need to be optimized. To 

planarize a four-coil WPT system, both the distances between the source and transmitting 

resonator coils and the distance between the load and receiving resonator need to be 

substantially reduced. However, the close distance between the coils may cause impedance 

mismatch between them and consequently degrade the power transmission efficiency of 

the coupled resonant WPT system. This leads to immense technical difficulties regarding 

the miniaturization and planarization of the WPT system. 

The total quality factor of the spiral resonator is composed of two components defined 

as [51]: 
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where QC is the quality factor of the spiral capacitor and QL is the quality factor of the 

spiral inductor. For a magnetic resonant coupling WPT, the maximum power transmission 

efficiency can be achieved at the resonance where the total quality factor is satisfied [51]: 
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where Qe is the total quality factor of the spiral resonator and M is the coupling efficiency. 

In a self-resonant spiral resonator, as the capacitor comes from the parasitic capacitances 

between the turns, the quality factor of the capacitor is very low, typically several orders 

of magnitude smaller than the quality factor of the inductor [51]. As a result, the total 

quality factor of a self-resonant spiral resonator is dominated by the quality factor of the 

capacitor. Lumped capacitors can be used that have high quality factors. Hence, the quality 

factor of the capacitor in a spiral resonator can be increased by using the lumped capacitors. 

Consequently, the higher power transmission efficiency can be achieved as the total quality 

factor of the spiral resonator is increased. In other words, in comparison to the self-resonant 

WPT system, a larger proportion of the input power can be delivered from the source in 

the capacitor-loaded MCR-WPT design. 

To obtain an optimal design, the equivalent circuit model of the planarized MCR-WPT 

system is derived, as shown in Figure 4-1. The complete circuit model of the system with 

all mutual inductances taken into account is considered in the planar design.  

 

 

Figure 4-1: Equivalent circuit model of the planarized MCR-WPT system 

 

According to Equation 1 of [55], the self-inductances of rectangular PCSs can be 

calculated as: 
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where φ is the fill factor and n is the number of PCS turns, μ0 is the permeability of space, 

r0 and ri are the outer and inner radii of the coil, respectively, and  
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The length of the gap can be found from [5] 
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where and Wr and s is the width of the resonator coil in Figure 4-2. The capacitance of a 

rectangular PSC on a FR4 substrate can be evaluated as [5] 
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where εair and εsub are 1 and 4.4 respectively. As suggested by [56], the resistance of a PSC 

due to the skin effect is given by  
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where Rdc is the dc resistance, t is the thickness of the conductive trace, and δ is the skin 

depth. According to [57], the resistance of a PSC due to the proximity effect can be defined 

as  
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where f is the frequency, and β and σ are fitting coefficients to be determined empirically. 

The series resistance of the PCSs can be the determined by taking into account the dc 

resistance, the skin effect, and the proximity effect, that is  
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Figure 4-2: The structure of planar MCR-WPT design 

 

In a typical MCR-WPT system, the distance between any two coils is comparable to the 

radius of the coils. Neumann’s equation can be expressed to find the mutual inductance 

between planar inductors [58].  
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For conventional WPT systems, due to the large distance between the transmitter and 

resonator compared to the radius of the coil, a simplified Neumann’s equation for a 

rectangular shaped coil can be thus applied to the seventh order as follows: 

 

 

 

  

  

 

1 2
2

1 1

2 2

0 2 4

3/22 2 2

1
_1 1 1

2
_2 2 2

2 2 2

4
 and 

15 315
1

32 10242

1 ,
2

b 1
2

2

i n j n

ij
i j

i j

ij ij ij

i j

i out i

j out j

i j

ij

i j

M M

a b
M

a b z

w
a r n w s

w
r n w s

a b

a b z



 
 



 

 

 
  
 

 
   

  

    

    


 



  (4-13) 

 

 

However, in our design, the driving/load loop and transmitter/receiver resonator are 

printed on the same side of the substrate in order to realize the complete planarization of 

the system. The distance between the two coils is therefore zero, and applying the 

simplified equation reveals a sizable error in calculating M12 and M34. Hence, (4-13) is 

expanded up to 30th order for more precise evaluation of the mutual inductance, thereby 

reducing the error. The new equation for mutual inductance can be expressed as  
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where rout_1 and rout_2 are outer radii of PCSs and z is the distance between two PCSs. (4-14) 

is more accurate than the simplified equation. For instance, with the assumption of γij=0. 

9, the error in the simplified equation would be 19.75%, whereas with (4-14), the error is 

reduced to 0.52%.  

With the four-port network analysis based on the circuit model shown in Figure 4-1, the 

current in each coil could be obtained as  
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where C1 and C4 are the parasitic capacitances of the driving loop and the load loop, 

respectively. By solving the above matrix equation, the ratio between the voltage obtained 

at the load and the source voltage (Vload/Vsource) can be calculated. The transmission 

efficiency of the proposed WPT system can then be evaluated as [13]: 
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where both Rsource and RLoad are assumed to be 50 Ω in this work. To obtain the equivalent 

input impedance of the MCR-WPT, the following expression, as suggested by [36], is 
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where Z22=R2+jωL2+1/(jωC2), Z33=R3+jωL3+1/(jωC3). 

4.2 Self-Resonant and Capacitive-Loaded Planar MCR-WPT 

Here we propose a fully planarized MCR- WPT system with both the source/load loop 

and the transmitting /receiving resonator coil printed on the same side of an FR4 substrate. 

Figure 4-3 shows the two design variations, one with the self-resonant PSC and the other 

with a capacitor-loaded PSC of the same dimension. In the current stage, a three-turn PSC 

is applied to both designs. Table I lists the design parameters of the proposed planar WPT 

system. To maximize the quality factor of the PSC resonator, the filling factor, defined as 

the ratio between width W3 and spacing s (W3/s), is optimized. Another critical design 

parameter is the radius of the source loop that affects the distance between the source loop 

and the PSC resonator and is optimized for impedance matching.  

As shown in Figure 4-3(c), a 32 pF lumped capacitor is connected to the two ends of 

the spiral strip from the back of the substrate in the proposed planar capacitor-loaded WPT 
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design. Figure 4-4 shows the power transmission efficiency of the self-resonant and 

capacitor-loaded WPT system. In the self-resonant MCR-WPT system, E- and H- field 

stored energies are identical at the resonant frequency and convoy energy. Conversely, in 

the capacitor-loaded MCR-WPT system, the E-field is concentrated in the capacitor and 

power is conveyed by the H-field [52]. The simulated results show that the capacitor-

loaded WPT system exhibits higher power transmission efficiency than the self-resonant 

WPT system, as the transmission distance is increased. 

 

(a) 

 

                                     (b)                                                             (c) 

Figure 4-3: (a) Overview of the proposed planar WPT system, (b) the front-view 

of the transmitter design in the planar WPT system with self-resonant PSC, (c) the 

back-view of the transmitter design in the planar WPT system with capacitor-

loaded PSC. 
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Table 4-1: Design parameters 

W1 (mm) 200 R (mm) 59 
W2 (mm) 3 L (mm) 200 
W3 (mm) 3.3 Capacitor (pF) 35 
S (mm) 4   

 

 

Figure 4-4: Simulated power transmission efficiency of the planar WPT with self-

resonant and capacitor-loaded PSC resonators over various transmission distances. 

 

The proposed planar WPT system with the capacitor loaded PSC was fabricated and 

tested. As shown in Figure 4-5, the PCS resonators, source and load loops are printed on 

an FR4 substrate with a thickness of 1.6 mm. Figure 4-6 plots the measured power 

transmission efficiencies of the design over various transmission distances at the resonant 

frequency of 13.56 MHz, where the simulation results are included for comparison. As 

shown, the measured results are in good agreement with the simulation results. The 

measured peak transmission efficiency and the simulated one of the proposed system are 

about 74.1% and 76%, respectively, at the transmission distance of 200 mm. The slight 

difference is most likely caused by fabrication errors.  

Figure 4-7 shows the measured power transmission efficiency of the capacitor-loaded 

WPT as a function of operating frequency over a distance of 10 mm to 500 mm between 

the transmitter and receiver. As depicted, when the distance between the two PCS 

resonators is reduced, the resonant coupling WPT system becomes over-coupled, and two 
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local maximum power transmission efficiencies occur at two distinct frequencies: one 

corresponding to the odd coupling mode between resonators, and the other corresponding 

to the even coupling mode. 

 

 

(a)                                                                        (b) 

Figure 4-5: (a) The fabricated planar capacitor-loaded WPT system, (b) 

measurement setup. 

 

Figure 4-6: Measured and simulated power transmission efficiency of the 

capacitor-loaded WPT system at 13.56 MHz. 
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Figure 4-7: Measured power transmission efficiency of the capacitor-loaded WPT 

system as a function of distance and operating frequency. 

 

4.2.1 Effect of Ferrite Material 

According to [59], the power transmission efficiency of the proposed planar WPT 

system can be further improved if the leakage of the magnetic field can be minimized. To 

reduce the magnetic field leakage, ferrite plates are applied to the proposed WPT structure 

as magnetic reflectors. Two rectangular ferrite plates (μi=2500, tanδ/μi=5×10-6 (@0.1 

MHz)) are placed behind the transmitter and receiver sets respectively, at a distance of D. 

The geometrical size of the ferrite plates and the distance of D are optimized to yield 

maximum improvement of the power transmission efficiency. As thin ferrite sheets tend to 

be fragile, a ferrite plate with a thickness of 7 mm was used for structural purposes. The 

size of the plate is 350×350×7 mm3 and the optimum distance of D was found to be 7 mm. 

Figure 4-8 illustrates the power transmission efficiency of the WPT system after the 

application of ferrite plates. The maximum power transmission efficiency of the capacitor-

loaded WPT system increased from 76% to 82.8% at a distance of 200 mm in the presence 

of ferrite plates. Table 4-2 also lists the maximum power transmission efficiency of the 
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self-resonant WPT system with and without ferrite plates. However, ferrite materials are 

expensive and make the WPT system bulky and hard to implement.  

 

 

Figure 4-8: Simulated power transmission efficiency of the capacitor-loaded 

WPT system at a distance of 200 mm with and without ferrite plates. 

 

Table 4-2: The maximum power transmission efficiency of the proposed planar 

structures 

 Capacitor-Loaded Self-resonant 

Proposed PSC model 76% 46.5% 

With ferrite material 82.8% 62% 

With PEC 22% 4.7% 

 

4.2.2 Effects of Conductive Objects 

The effects of conductive objects that are in close proximity to the proposed planar WPT 

designs with self-resonant PSC and capacitor-loaded PSC are also investigated. The ferrite 

plates are replaced with a copper plate of the same thickness. The results indicate that the 

power transmission efficiency and the resonant frequency of the self-resonant WPT system 

is more sensitive to surrounding conductive objects compared to the capacitor-loaded WPT 

system.  
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As shown in Table 4-2, at a transmission distance of 200 mm, the maximum power 

transmission efficiency of the planar self-resonant WPT system is reduced from 82.8% to 

22%, while the transmission efficiency of the capacitor loaded WPT system is reduced 

from 62% to 4.7%. This observation can be explained by the electric field spatial 

distribution of two designs. Specifically, with the capacitor-loaded PSC resonator, the 

electric field is mostly trapped within the lumped capacitor and the magnetic field coupling 

dominates the field coupling between the transmitter and receiver. In the WPT system with 

the self-resonant PSC resonator, however, both the electric and magnetic field coupling 

exist between the transmitter and the receiver [52], leading to more substantial efficiency 

degradation when the copper plates are inserted. 

4.3 Optimization of Planar MCR-WPT System 

To design a practical MCR-WPT system for small electronic devices, the size of the 

WPT coils needs to be reduced. First, the size of the proposed planar WPT system is 

reduced from 200 mm to 100 mm. However, when the coils are resized, there is less room 

for driving and load loops. Therefore, the critical parameters of the MCR-WPT system 

need to be optimized to achieve the highest feasible transmission efficiency. To do that, 

with an accurate equivalent circuit model of the proposed planar WPT system, we need to 

analytically study and analyze the input impedance of the system, the quality factor of 

individual loops and resonators, the mutual coupling between resonators, and the 

frequency-splitting phenomenon of the WPT. With a systematic design procedure, the 

critical design parameters, including the number of turns for the PSC, the dimensions of 

driving and load loops, and the dimensions of the resonators are derived to yield the 

optimum transmission efficiency of the planar WPT system with specific size constraints. 

As the proposed planar MCR-WPT system aims to provide the efficient wireless power 

transfer to small portable electronic devices, the maximum dimension of both the 

transmitter and receiver of the system is constrained to 10 cm, and is designed to exhibit 

maximum power transmission efficiency at a distance of 10 cm. As discussed in [35], to 

maintain a sufficient quality factor of the load loop, the QLoad has to be greater than 

1/QResonator
1/2; therefore, the inner radius of a PSC resonator is limited in order to leave 

sufficient space for the driving and load loops.  
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Another critical design factor is the input impedance of the whole system, which greatly 

depends on mutual coupling. The parameter of rl (Figure 4-2) has a significant effect on 

the frequency-splitting phenomenon, as the extremely large impedance angle and relatively 

low amplitude can reduce the efficiency [36]. Therefore, for each design, an optimal radius 

of the driving and load loops needs to be defined for maximum efficiency. Figure 4-9 

illustrates the systematic procedure used in this work for the analytical design of the planar 

MCR-WPT system.  

The number of turns of the PCS resonators starts at one for optimized efficiency, and 

gradually increases up to seven. Furthermore, the initial geometric parameters of the PSC 

are defined to be ro=50, rl=20, Wr=1, Wl=1 and s=1 mm. The optimization is then 

performed with a MATLAB program using Particle Swarm Optimization scheme to 

optimize the other physical dimensions for the highest transmission efficiency analytically. 

By running the optimization processes with PSC resonators of different numbers of turns, 

we found that the 2-turn PCS resonator gives the highest peak of transmission efficiency. 

Although, with increasing the number of turns the quality factor of the resonator can be 

improved, but due to the limited size of the radius of the driving loop/load loop, a strong 

impedance mismatching occurs. The design parameters of the planar WPT design with 2-

turn PCS resonators are then fine-tuned with HFSS v15 to further improve the efficiency 

prior to fabrication. Table 4-3 shows the finalized design parameters of the proposed planar 

WPT system with 2-turn PCS resonators. 

 

Table 4-3: Design parameters, RLC values 

 2-turn WPT 2-turn WPT with parallel 
paths 

Wr (mm) 4 2.5 
Wl (mm) 6.3 6.3 
ro (mm) 50 50 
rl (mm) 29.5 29.5 
s (mm) 3.7 3.7 
L2 (μH) 0.61 0.58 
C2 (pF) 220 240 
Rs (Ω) 0.19 0.15 

Q2 (unloaded) @13.56 MHz 274 328 
SRF (MHz) 134.25 130.2 
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Figure 4-9: PSCs design flowchart. 

 

4.3.1 Efficiency Improvement by Auxiliary Strips 

A dual-spiral resonator was proposed in [60] to further increase the quality factor of the 

resonators. However, it has been observed in this present work that the quality factor of the 
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resonator decreases dramatically as the space between two interconnected spiral coils 

reduces. As the objective of this research endeavor is to design a complete planar MCR-

WPT system for wireless power transfer to small electronic devices, the PSC resonators 

were printed on the FR4 PCB board with a thickness of 1.6 mm to form the planar 

transmitter and receiver. In order to increase the Q factor of the resonator without 

sacrificing the low axial profile of the planar WPT system, two identical auxiliary strips 

are applied to the backside of transmitter and receiver, respectively, and then connected to 

the resonators on the opposite side of the substrate through vias.  

Figure 4-10(b) shows the layout of the auxiliary strips where the size of Wb and sb are 

the same as the size of Wr and s. As seen in Table 4-3, after being loaded with parallel 

paths, the resistance of the resonator due to the proximity effect decreases from 0.19 Ω to 

0.15 Ω (21% reduction), and consequently the unloaded Q-factor of the planar WPT system 

increases from 274 to 328. 

 

 

                             (a)                                                                   (b) 

Figure 4-10: (a) Geometry of the proposed PSC, (c) geometry of the auxiliary 

strips on the bottom side of the substrate 

 

 Figure 4-11 shows the photo of the proposed planar MCR-WPT system with 2-turn 

resonators after fabrication. Figure 4-12  presents the calculated, simulated and measured 
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efficiency of the MCR-WPT system with and without parallel paths, at a transmission 

distance of 10 cm. As shown, the proposed planar WPT systems operate at 13.56 MHz, 

and the experimental results are in good agreement with both the analytical results from 

the RLC equivalent circuit and the simulated ones from HFSS.  

The results indicate that, the proposed planar WPT system is able to provide efficient 

power transmission with efficiency higher than 77 %. Moreover, with the parallel paths, 

the maximum power efficiency of the system is further improved by 4.41%. Table 4-4 

gives a comparison of the maximum power transmission efficiency of the planar WPT 

system with and without parallel paths, and Figure 4-13 presents the maximum power 

transmission efficiency of the proposed WPT systems at different transmission distances. 

 

 

Figure 4-11: Geometry of the proposed PSC with auxiliary strips on the backside 

of the substrates. 
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Figure 4-12: Analytical, simulated, and measured transmission efficiency of the 

proposed planar MCR-WPT system at a distance of 10 cm. 

 

 

Figure 4-13: Measured transmission efficiency at different transmission 

distances. 
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Table 4-4: The maximum transmission efficiency of the proposed WPT system 

with auxiliary strips 

 2-turn WPT 2-turn WPT with parallel paths 
Calculated 78.46% - 
Simulated 77.51% 81.87% 
Measured 77.27% 81.68% 

 

4.3.2 Multilayer Planar MCR-WPT system 

To further, improve the transmission efficiency of planar MCR-WPT systems, an 

additional resonator with the same dimension is added to the transmitter/ receiver substrate. 

As shown in Figure 4-14, two PCS resonators with the same dimension are printed on the 

opposite side of the substrate. In the presence of the second resonator, the mutual coupling 

between the two resonators rises and the resonance frequency of the WPT system shifts 

upward. The value of the lumped capacitor is then fine-tuned to adjust the resonance to the 

desired frequency at 13.56 MHz. A comparison of the quality factor between the 2-layer 

resonator and the conventional resonator reveals that the quality factor of the 2-layer 

resonator is increased from 274 to 363. In order to further increase the quality factor of the 

MCR-WPT system, a conductive shorting wall is applied to the outer edge of the substrate 

to connect both resonators together. By applying the shorting walls on the all four sides of 

the substrate, the resistance of the resonators due to proximity effect decreases and the 

quality factor of the PSC resonators increases from 363 to 416. 

To further investigate the effect of the multi-layer resonator on the transmission 

efficiency of the MCR-WPT system, a 3-layer transmitter/receiver resonator is proposed. 

In this design, as shown in Figure 4-15, two PSC resonators are printed on the opposite 

sides of the first substrate, whereas the driving/load loop and the third PSC resonator are 

printed on the top and bottom surfaces of the second substrate, respectively. To yield a 

compact and low profile structure, two substrates are stacked together with conductive 

shorting walls applied to the outer edges of structure to attach all three PSC resonators 

together. With such a layout, the quality factor of the proposed MCR-WPT system is 

increased to 435. 
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Figure 4-14: Geometry of the proposed planar MCR-WPT systems with 2-layer 

PSC resonator using a conductive shorting wall 

 

Figure 4-15: Geometry of the proposed planar MCR-WPT systems with 3-layer 

PSC resonator using a conductive shorting wall 

 

The PSC resonators are printed on FR4 substrates with a thickness of 1.6 mm, and the 

planar MCR-WPT system is designed to operate at 13.56 MHz. The design parameters of 

the conventional planar WPT are wr=4 mm, wl=6.3 mm, s=3.7 mm, ri=29.5 mm and n=2, 

and the lumped capacitor is chosen to be 220 pF. For the 2-layer and 3-layer, PCS 

resonator, the lumped capacitor is fine-tuned to 240 pF and 250 pF, respectively, to have 

the resonance frequency at 13.56 MHz. Figure 4-16 shows the fabricated planar MCR-

WPT system with 3-layer PCS resonators with conductive shorting walls.  
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(a) 

 

(b) 

Figure 4-16: Fabricated 3-layer PSC resonator with conductive shorting walls; a) 

top view, b) side view. 
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Figure 4-17 depicts the simulated and measured transmission efficiency of the 

conventional planar MCR-WPT and the proposed MCR-WPT with 3-layer resonator. The 

measurement results reveal that, the transmission efficiency of the proposed planar MCR-

WPT with 3-layer PSC resonator is improved from 77.27% to 84.38% in comparison to 

the conventional planar MCR-WPT, at a nominal distance of 10 cm.  

Table 4-5 shows the maximum transmission efficiency of the conventional planar MCR-

WPT and the proposed MCR-WPT with different layers of resonators. As depicted, the 

transmission efficiency of the planar MCR-WPT is increased from 77.27% to 79.75% by 

adding another layer of PCS resonator, and the efficiency is further increased to 82.67% 

by adding shorting walls.  

Figure 4-17 shows the measured transmission efficiency at different distances between 

transmitter and receiver at 13.56 MHz. The proposed planar WPT system with 3-layer PSC 

resonator with shorting walls offers higher transmission efficiency than the conventional 

planar WPT system at distances larger than 7.5 cm. However, the transmission efficiency 

in over-coupled region remains almost the same. 

 

 

Figure 4-17: Transmission efficiency of conventional planar MCR-WPT and 

proposed planar MCR-WPT at a nominal distance of 10 cm. 
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Figure 4-18: Measured transmission efficiency against distance at 13.56 MHz. 

 

Table 4-5: Maximum transmission efficiency of the proposed multilayer MCR-

WPT systems 

 Simulated (%) Measured (%) 

Conventional  77.51 77.27 

2-layer resonator  80.49 79.75 

2-layer resonator with wall 83.29 82.67 

3-layer resonator 82.43 82.01 

3-layer resonator with wall 84.71 84.38 

 

4.3.3 Asymmetrical MCR-WPT System  

To make the WPT-MCR system more practical for small electronic devices, a size 

constraint of 50 mm × 50 mm for the receiving side and 100 mm × 100 mm for the 

transmitting side is applied. Therefore, all parameters of the MCR-WPT system for an 

asymmetrical structure are re-deigned and optimized. In addition, to increase the quality 

factor of the resonator, the auxiliary strips technique is applied to both the transmitting and 

receiving resonators. A nominal transmission distance can be calculated by 
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 _ _o Tx o RxD r r    (4-18) 

 

where ro_Tx and ro_Rx are the radii of transmitting and receiving resonators, respectively. The 

transmission distance of 70 mm is chosen with regard to the size constraint of both 

resonators. To further increase the transmission efficiency of the WPT system, a matching 

circuit is designed for both source and load loops as shown in Figure 4-19. Table 4-6 gives 

the optimized parameters for the asymmetrical planar MCR-WPT system with and without 

matching circuit. Figure 4-20 shows the transmission efficiency of the WPT system versus 

distance.  

The results indicate that, the proposed asymmetrical planar WPT system is able to provide 

efficient power transmission with efficiency higher than 78.46 % and 74.37% with and 

without matching circuit, respectively. Figure 4-21 shows the transmission efficiency of 

the asymmetrical planar MCR-WPT system with one when the receiver is moved along the 

xy plane parallel to the transmitter at D=70 mm. In addition, the receiver is moved along 

the φ and θ directions as shown in Figure 4-22. The transmission efficiency results in 

Figure 4-23 depicts that the transmission efficiency of the system is very stable with 

different orientation angles and varies from 76.91% to 78.75%. 

 

 

Figure 4-19: Equivalent circuit model of the MCR-WPT system with matching 

circuit 
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Table 4-6: Design parameters, RLC values of asymmetrical WPT system. 

 Without matching 
circuit 

With matching circuit 

Wr_Tx (mm) 6.3 6.3 
Wl_Tx (mm) 2.9 2.9 
ro_Tx (mm) 50 50 
rl_Tx (mm) 24 24 
S_Tx (mm) 3.2 3.2 
Wr_Rx (mm) 3.4 3.4 

NTx 3 3 
Wl_Rx (mm) 1 1 
ro_Rx (mm) 25 25 
rl_Rx (mm) 15.8 15.8 
S_Rx (mm) 1.4 1.4 

NRx 2 2 
C2 (pF) 150 135 
C3 (pF) 527 427 
C1p (pF) - 380 
C1s (pF) - 188 
C4s (pF) - 382 
C4p (pF) - 414 

 

 

Figure 4-20: Transmission efficiency of asymmetrical MCR-WPT system against 

distance at 13.56 MHz. 
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Figure 4-21: Transmission efficiency of asymmetrical planar MCR-WPT system. 

 

 

Figure 4-22: Geometry of asymmetrical MCR-WPT system with different 

orientation angles of the receiver at a transmission distance of 7 cm. 
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Figure 4-23: Transmission efficiency of asymmetrical MCR-WPT system with 

different orientation angles of the receiver at a transmission distance of 7 cm. 

 

4.4 Discussion 

In this chapter, a novel planar WPT system is presented for wireless power transfer via 

coupled magnetic resonances. In the proposed design, both the transmitter coil set and the 

receiver coil set are planarized, with the transmitting/receiving resonator coil and the 

source/load loop printed on the same layer of a dielectric substrate. The planar structure 

and high power transmission efficiency make the proposed design a practical candidate as 

WPT systems for small portable electronic devices and implantable medical devices. The 

results show that with capacitor-loaded PSC resonators tuned to resonate at 13.56 MHz, 

the power transmission efficiency can exceed 74% at a transmission distance of 200 mm.  

In addition, it is demonstrated that with ferrite sheets applied to the proposed design as 

magnetic reflectors, the transmission efficiency can be further improved. The sensitivity of 

the proposed WPT system in the presence of conductive objects is also discussed, as is a 

comparison of different planar WPT designs with PSCs of different numbers of turns, in 
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terms of both efficiency and input impedance. The comparison reveals that with a 2-turn 

PCS resonator, the maximum power transmission efficiency of the proposed planar WPT 

system can be as high as 77.27% at a transmission distance of 10 cm. Moreover, with 

parallel paths created with auxiliary strips, the quality factor of the PSC resonators can be 

further improved and maximum power transmission efficiency increased to 81.68%.  

In addition, four designs with different layers of resonators and with/without shorting 

walls were investigated. In the 3-layer planar MCR-WPT system, two substrates were 

stacked together to construct a low profile structure, and by adding shorting walls, the 

quality factor of the MCR-WPT system was increased to 435. Consequently, the 

transmission efficiency of the proposed system was increased from 77.27% to 84.38% at a 

distance of 10 cm, in comparison with the conventional planar WPT system.  

Finally, a receiver with the dimension of 50 mm × 50 mm was proposed and 

investigated. It was compact and had a low profile and high transmission efficiency. The 

proposed planar WPT system can be a good candidate for wireless energy transfer to small 

electronic devices. 
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Chapter 5  ARRAY COIL FOR PLANAR MCR-WPT SYSTEMS 

A novel magnetically coupled resonant wireless power transfer (MCR-WPT) system 

using an array of printed spiral resonators is presented to expand the receiving area. First, 

the effect of a misalignment of a receiver coil on a conventional transmitting array is 

discussed. Then by replacing the conventional MCR-WPT array with a novel feeding 

structure, the transmission efficiency of the misaligned receiver is investigated. An 

optimization scheme is derived by the combined use of HFSS/Q3D, Designer/ADS and 

MATLAB to improve the transmission efficiency of the WPT designs. With the proposed 

optimization strategy, both the memory requirement and CPU cost in computer aided 

designs and simulations are significantly reduced in comparison with conventional full-

wave electromagnetic modeling. The proposed MCR-WPT array system is able to provide 

consistent transmission efficiency when the receiver is axially misaligned with the 

transmitter. Additionally, the transmission efficiency of the MCR-WPT system is 

significantly improved in both over-coupled and under-coupled regions.  

5.1 Background 

One major issue related to the implementation of the MCR-WPT system is the rapid 

decrease in transmission efficiency due to a misalignment. To address this issue, a transmit 

coil array is proposed in [61]. However, depending on the position of the receiving coil, a 

frequency tracking system is required. This is due to the frequency-splitting phenomenon 

caused by mutual coupling between arrayed transmitting coils [18]. A transmission coil 

array is proposed to maintain higher transmission efficiency in a wider receiving area, and 

an adaptive matching network is used to improve the WPT system performance in axial-

misalignment condition [17].  

In addition, the staggered repeater coil array is stacked with the transmitter coil array to 

increase the transmission efficiency due to the misalignment [19]. However, the distance 

between the transmitter and receiver coils is about 37% of the diameter of the receiver, 

while the transmission efficiency is shown to be up to 50% of the axial-misalignment. In a 

practical MCR-WPT system, a simple and easy-to-implement WPT system with 
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transmission efficiency that is less sensitive to axial-misalignment and distance is always 

more desirable. 

5.2 Conventional MCR-WPT Array System 

A conventional transmit coil array of 2×2 elements consisting of one transmitting MCR-

WPT resonator and three repeaters is depicted in Figure 5-1. The planar MCR-WPT array 

with the resonator coil size of 10×10 cm2 and identical repeaters is printed on a substrate 

and a driving loop and open loops are printed on the backside of the substrate for the 

resonator and repeaters respectively. The receiver consists of a 10×10 cm2 spiral resonator 

with parallel path printed on the two sides of the substrate and a driving loop printed on 

the backside of the same substrate, as depicted in Figure 4-10. In the conventional MCR-

WPT array system, because of the coupling between transmitting resonator coil and 

repeater coils, a frequency-splitting phenomenon takes place and decreases the 

transmission efficiency. In order to decrease the mutual coupling, d should be increased; 

however, when increases: (a) the size of the transmit coil array will be increased, and (b) 

the transmission efficiency decreases significantly when the receiver coil is misaligned. 

A simulation of a conventional MCR-WPT array of 2×2 with one transmitting resonator 

and three repeaters is conducted. The resonant frequency of the transmitting 

resonator/repeaters and receiving resonator are fine-tuned at 13.56 MHz. Figure 5-2 shows 

the transmission efficiency of the MCR-WPT array system with a different gap between 

the transmitting resonator and the repeaters when the receiving coil is aligned with the 

transmitting resonator at a distance of 10 cm. It shows that increasing the gap increases 

efficiency.  

Figure 5-3, however, illustrates that when the receiving resonator is aligned with one of 

the repeaters at 13.56 MHz, the transmission efficiency drastically decreases due to the 

frequency-splitting phenomenon. Figure 5-4 shows the measured transmission efficiency 

of the conventional MCR-WPT array system when the receiver is moving along the xy 

plane parallel to the transmitter at d=100 mm. As illustrated, the transmission efficiency 

varies drastically when the receiver is moved. For instance, when the receiver is located at 

P1=(x,y)=(-52.5 mm, 52.5 mm), the transmission efficiency is about 70%. On the other 

hand,  when the receiver is located at P2=(52.5 mm, 52.5 mm), P3=(-52.5 mm, -52.5 mm), 
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P4=(52.5 mm, -52.5 mm), and P5=(0 mm, 0 mm) the transmission efficiency decreases to 

2.1%, 5.9%, 55.2% and 3.9 %, respectively. 

 

Figure 5-1: Conventional MCR-WPT array transmitter with one resonator and 

three repeaters. 

 

 

Figure 5-2: Simulated transmission efficiency of conventional planar MCR-WPT 

array system at a distance of 10 cm aligned with resonator. 
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Figure 5-3: Simulated transmission efficiency of conventional planar MCR-WPT 

array system at a distance of 10 cm aligned with repeater. 

 

 

Figure 5-4: Measured transmission efficiency of conventional planar MCR-WPT 

system with one Tx resonator and three repeaters. 
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5.3 Position-Free MCR-WPT Array System  

A conventional inductively coupled feed MCR-WPT system consists of a driving loop, 

a transmitter resonator, a receiver resonator and a load loop. When the distance is changed 

between a transmitter and a receiver, the mutual coupling between the transmitter and 

receiver resonators changes as well. Specifically, it causes mismatching and could increase 

the reflected power while decreasing the transmission efficiency. In the proposed deign, 

the typical multi-turn resonator is replaced with an array of a smaller multi-turn resonators, 

which are designed to have the same overall size as the typical transmitter resonator.  

Figure 5-5(a) shows the transmitter design of a typical planar MCR-WPT system with 

a 10×21 cm2 resonator printed on a substrate and a driving loop printed on the backside of 

the substrate. The proposed design is depicted in Figure 5-5(b), where two multi-turn 

resonators with a size of 10×10 cm2 are placed with 10 mm spacing. The driving loop is 

printed on the backside of the substrate to inductively couple with the array of 1×2 

resonators. By using the array of resonators for the transmitting side, a uniform magnetic 

field is obtained and the transmission efficiency is improved when axial-misalignment 

occurs. 

To further improve the performance of the MCR-WPT system, an array of 2×2 is 

proposed and used at the transmitting side. As can be seen in Figure 5-6, the conventional 

multi-turn resonator with a size of 21×21 cm2 is replaced with four smaller multi-turn 

resonators with a size of 10×10 cm2 (Figure 5-7) each. The gap between resonators is 

chosen to be 10 mm, which is the worst-case scenario for the conventional MCR-WPT 

array system with regard to Figure 5-3. The lumped capacitors are then fine-tuned at the 

resonant frequency of the MCR-WPT system at 13.56 MHz and the novel single driving 

loop is studied for the proposed structure.  

When the center of the receiver is perfectly aligned with the center of the transmitter, 

the current induced on all of the resonators is clockwise. As shown in Figure 5-8, when the 

center of receiver is perfectly aligned with the center of the transmitter of the conventional 

MCR-WPT, the coupling factor significantly increases. When they move closer together 

due to resonant frequency splitting (as mentioned above), the performance of the system 

drops significantly. However, with the proposed MCR-WPT coil array of 2×2, the results 
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show that the coupling factor at Pr1 and Pr2 are less sensitive to the distance between the 

coils. Consequently, the transmission efficiency improves in the under-coupled region. 

 

 

Figure 5-5: (a) Transmitter design of conventional MCR-WPT; (b) transmitter 

design of the proposed MCR-WPT with an array of 1×2 resonator. 

 

 

Figure 5-6: Transmitter design of conventional MCR-WPT. 
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Figure 5-7: Proposed position-free MCR-WPT array system with an array of 2×2 

resonator. 

 

 

Figure 5-8: Normalized coupling factor between the receiver and transmitter 

resonators with regard to normalized transmission distance. 
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5.4 Optimization Scheme 

A full-wave electromagnetic simulation of an MCR-WPT array system with multiple 

transmitting resonators involves a large number of design parameters, and consequently 

the optimization of the design is often too computationally expensive to carry out. To 

address this issue, an optimization scheme using the dynamic link between HFSS/Q3D (for 

extracting RLC and mutual inductance), Designer/ Advanced Design System (ADS) (for 

solving equivalent circuit model) and MATLAB (for implementation of optimization 

algorithm) is proposed. A fully planar MCR-WPT system with an integrated transmitter 

coil array is used. With an accurate equivalent circuit model derived from the WPT system, 

the critical design parameters, including the number of turns for the resonators, dimensions 

of driving and load loops, and the dimensions of resonators can be optimized, which in turn 

yields the optimum performance of the proposed design. By using the proposed structure, 

the larger feeding loop provides some degrees of freedom for the inner radius of the PCS 

resonators due to the higher quality factor of the feeding loop. Therefore, a multi-turn 

resonator with the higher quality factor can be achieved. In addition, the dynamic link 

between the field-solver and the circuit simulation tools is applied to reduce CPU cost and 

RAM usage, and the full-wave electromagnetic simulation is applied to validate the design 

after optimization. Finally, the prototype is fabricated and tested for verification and 

evaluation. 

The planar MCR-WPT system consists of an array of identical transmitting resonators. 

The equivalent circuit model of the MCR-WPT system is shown in Figure 5-9, where the 

mutual coupling between any two adjacent coils needs to be taken into account. Direct 

application of full-wave electromagnetic simulations of the mutual coupling between the 

coils leads to high computational cost. For the proposed design with n=7 (with a 2×2 array 

of transmitting resonator) as shown in Figure 5-7, the computational time required by the 

HFSS to run one full-wave simulation with a relatively fine-mesh is around 144 minutes 

with a Dell computer equipped with i7-3770K 3.5 GHz CPU and 32 GB RAM. To optimize 

all critical design parameters (e.g. the number of turns of the resonator, the width of each 

turn, the gap between two adjacent turns, the dimension of driving and load loop) of the 
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proposed MCR-WPT design, the computational cost and memory requirement with the 

full-wave electromagnetic simulation will be too expensive for normal computers. 

 

Figure 5-9: Equivalent circuit model of the proposed planar MCR-WPT array. 

 

With the n-port network analysis based on the circuit model shown in Figure 5-9, the 

current in each coil could be obtained as  
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To overcome this issue, the full-wave simulator HFSS and Q3D, using finite element 

method and method of moments respectively, is only used to extract the series resistance, 

parasitic capacitance, self-inductance, and mutual inductance of MCR-WPT coils. Then, 

by using a dynamic simulation setup between HFSS/Q3D and Designer/ADS, the 

equivalent circuit model of the system can be solved to obtain the desired transmission 

efficiency. The design parameters are then implemented in MATLAB. The block diagram 

of the proposed simulation and optimization process is shown in Figure 5-10. With the 

proposed method, the total computational time for each simulation with a relatively fine-

mesh is reduced to 5 minutes, which is only 3.4% of what was required with a full-wave 

simulation. Figure 5-11 illustrates the systematic optimization procedure used in this work 

for the transmitter coil array MCR-WPT system with transmitter coil array. 

 

 

Figure 5-10: Block diagram of simulation and optimization processes. 
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Figure 5-11: Flowchart of optimization algorithm for optimization of proposed 

MCR-WPT 

 

5.4.1 Simulation and Measurement Results 

Figure 5-12 shows the proposed structures using an array of small resonators on the 

transmitter side and the single resonator printed on FR4 substrates on the receiver side. The 

system is fine-tuned to 13.56 MHz. As shown in Figure 5-13, the transmission efficiency 

of the array of 1×2 is improved in the under-coupled region by more than 10% compared 

with the conventional MCR-WPT system, although in the over-coupled region the 

transmission efficiency remains unchanged. Figure 5-14 shows the measured and 
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simulated transmission efficiency of the proposed MCR-WPT system with an array of 2×2 

resonator. The simulation results from both Ansys Designer and ADS are plotted for 

comparison. The results show that with the proposed MCR-WPT design, a transmission 

efficiency of up to 68% is achieved.  

In the proposed array of 2×2, the transmission efficiency in the under-coupled region is 

significantly improved. At a distance of 5 cm, the transmission efficiency is increased from 

5% of the conventional design to 66% of the array of 2×2. In addition, the transmission 

efficiency in the array of 2×2 in the over-coupled region decreases only gradually, which 

is an advantage of the MCR-WPT system.  

It should be noted that there is a difference between the simulated and measured 

transmission efficiency of the array of 2×2 in the under-coupled region. The main reason 

for this is the simplified structure that was used in the simulation due the long computation 

time with HFSS v15. Figure 5-15 shows measured S21 of the array of 2×2, at different 

distances between the transmitting and receiving coils. It is shown that at different 

transmission distances, the maximum transmission efficiency remains at 13.56 MHz. 

Meanwhile, in the over-coupled region, the frequency splitting becomes less severe than 

in the conventional MCR-WPT. 

 

 

Figure 5-12: Configuration of proposed the array of 2×2. 

 



67 

 

 

Figure 5-13: Measured and simulated transmission efficiency at a distance of 10 

cm in between the transmitter and receiver. 

 

 

Figure 5-14: Measured and simulated transmission efficiency of proposed MCR-

WPT system with transmitting resonator array. 

 



68 

 

 

Figure 5-15: Measured S21 of the array of 2×2. 

 

Furthermore, the impact of axial-misalignment in both designs is investigated. Table 5-1 

shows the maximum transmission efficiency of the array of 2×2 at a distance of 10 cm 

between the transmitting and receiving coils at four different positions. It shows that when 

the Rx coil is displaced by 55 mm, 110 mm and 165 mm away from the positive y-axis, 

the transmission efficiency is improved by 6.84%, 15.2% and 1.65%, respectively, 

compared to the typical MCR-WPT system.  

Table 5-2 shows the transmission efficiency of the array of 2×2 at a distance of 10 cm. 

When the receiving coil is displaced away from the positive y-axis by 55 mm, 110 mm and 

165 mm, respectively, the transmission efficiency is improved by 7.8%, 34.4%, and 1.97%, 

respectively, compared to the conventional design. Also, when the receiving coil is fixed 

in the x-axis at 55 mm and the receiving coil is displaced in the y-axis by 55 mm, 110 mm, 

165 mm, the transmission efficiency is improved by 27.16%, 39.92%, and 1.89%, 

respectively, compared to the conventional design. 

Figure 5-16 shows the measured transmission efficiency of the proposed planar multi-

resonator MCR-WPT deign when the receiver is placed at the same distance from the 

transmitter coil array (d=10 mm). It indicates that with the proposed transmitter design, a 
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uniform magnetic field distribution is realized on the receiver plane and more consistent 

transmission efficiency can be achieved when the receiver is moving.  

Table 5-1: Transmission Efficiency of the array of 1×2 in axial-misalignment 

condition 

 Simulated (Conventional) Simulated (Proposed) 
(x=0,y=0) 73.72% 74.3% 
(x=0,y=55) 63.3% 70.14% 
(x=0,y=110) 21.73% 36.93% 
(x=0,y=165) 0.7% 2.35% 

 

Table 5-2: Transmission Efficiency of the array of 2×2 in axial-misalignment 

condition 

 Simulated 
Conventional 

Simulated 
Proposed 

Measured 
Proposed 

x=0,y=0 75.9% 68.71% 65.31% 
x=0,y=55 50.2% 66.16% 58.4% 
x=0,y=110 8.33% 48.63% 42.73% 
x=0,y=165 0.13% 6.13% 2.1% 
x=55,y=0 58.37 67.08% 59.02% 
x=55,y=55 33.23 64.75% 60.39% 
x=55,y=110 0.75% 48.52% 40.67% 
x=55,y=165 0.06% 5.9% 1.95% 

 

 

Figure 5-16: Measured transmission efficiency of proposed planar MCR-WPT 

system with an array of 2×2. 
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Figure 5-17 shows the magnetic field distribution of the three different WPT systems at 

the three different locations of PT1=(x,y)=(52.5 mm, 52.5 mm), PT2=(x,y)=(0 mm, 52.5 

mm),  and PT3=(x,y)=(-52.5 mm, 52.5 mm). Figure 5-17(a)-(c) show the field distribution 

of the conventional WPT array system, which has one transmitting MCR-WPT resonator 

and three identical repeaters. It shows that magnetic fields are distributed intensively when 

the receiver is aligned with the resonator (PT3) and sparsely near the repeater (PT1) and the 

gap between the resonator and the repeater (PT2).  

 

 

Figure 5-17: Magnetic field distribution of (a)-(c) conventional MCR-WPT array 

(repeater), (d)-(f) conventional MCR-WPT system, and (g)-(i) proposed MCR-WPT 

array system. 

 

Figure 5-17(d)-(f) show the magnetic field distribution of the conventional WPT with a 

single transmitting resonator and Figure 5-17(g)-(i) show the magnetic field distribution of 
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the proposed MCR-WPT array system. In the conventional WPT with a single transmission 

resonator, the transmitter transfers power mainly when the receiver is aligned at PT2 rather 

than PT1 and PT3, which means that the generated field distribution is large at the center 

and the transmit diversity is small at PT1 and PT3. As a result, there is a little difference in 

the intensity of the magnetic field when the receiver is aligned at PT1 and PT3. In contrast, 

in the proposed MCR-WPT array system, the single feeding structure for the array 

resonator creates a nearly uniformly distributed magnetic field regardless of the 

misalignment. As can be seen, it is more localized in both transmitting and receiving coils 

in comparison with the other two WPT systems. 

5.5 MCR-WPT Array with Small Receiver  

5.5.1 Array of 2×2 

To meet the industrial requirements for small electronic devices such as smartphones, 

the receiving side with a size of 10×7 cm2 is chosen. Using an optimization scheme, which 

was previously discussed, the array of 2×2 with four resonators for transmitter is designed 

and optimized. The distance between resonators is chosen to be 1 cm in order to keep the 

size of transmitter minimized.  

As shown in Figure 5-18, the array is printed on an FR4 substrate and a proper driving 

loop is designed to induce a uniform magnetic field. In addition, to increase the quality 

factor of the resonators, auxiliary strips are applied to the structure. However, because of 

the printed driving loop on the backside of the substrate, a limited space is dedicated to 

auxiliary strips. Table 5-3 shows the RLC parameters of the MCR-WPT array. A matching 

network is applied to both the transmitter and receiver to further increase the performance. 
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(a) 

 

(b) 

Figure 5-18: Geometry of MCR-WPT array transmitter: (a) top, (b) bottom. 
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Table 5-3: Design parameters, RLC values of MCR-WPT array 

 Transmitter Receiver 
Wr (mm) 4 6.3 
Wl (mm) 2.5 2.4 
Ro (mm) 19 20.4 
Ri (mm) 19 35.4 
W (mm) 210 100 
L (mm) 210 70 

N 4 2 
d (mm) 10 - 
C (pF) 110 290 
Cp (pF) 26 376 
Cs (pF) 150 176 

 

As shown in Figure 5-19, the receiver is placed at two different positions P1=(x,y)= (0,0) 

and P2=(x,y)= (55 mm,55 mm) at a distance of 10 cm from the transmitter. Figure 5-20 

illustrates the transmission efficiency of the array. It shows that when the receiver is located 

at P1, the transmission efficiency of the array is higher than P2 in the both over-coupled and 

under-coupled regions. In the over-coupled region, the transmission efficiency is increased 

from 20% to 70% when the receiver is moved from P2 to P1. In addition, the overall 

transmission efficiency is increased by 20% when the receiver is moved from P2 to P1 at 

different distances. This is due to the direction of the current at adjacent resonators at P1.  

To investigate the performance of the system when it is not aligned with the transmitter 

array, the receiver is moved along the xy plane parallel to the transmitter at D=10 cm. 

Figure 5-21 illustrates the transmission efficiency of the system showing that the 

transmission efficiency is independent of the position of the receiver along the xy axis. 

Transmission efficiency fluctuates between 65% and 70.62%, which is highly desirable. In 

addition, the receiver moves along the φ and θ directions as shown in Figure 5-22. The 

transmission efficiency results depict that the transmission efficiency of the system is very 

stable. 
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Figure 5-19: Geometry of MCR-WPT array (2×2) with different orientation 

angles of the receiver at a transmission distance of 10 cm. 

 

 

Figure 5-20: Transmission efficiency of MCR-WPT array against distance at 

13.56 MHz. 
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Figure 5-21: Transmission efficiency of MCR-WPT array at a transmission 

distance of 10 cm. 

 

Figure 5-22: Transmission efficiency of MCR-WPT array with different 

orientation angles of the receiver at a transmission distance of 10 cm. 
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To verify the performance of the proposed MCR-WPT array coil, it is tested by 

integrating it into a WPT system that consists of four other subsystems: an amplifier, a 

rectifier, a DC-to-DC converter and two loads. Figure 5-23 shows the components of the 

proposed WPT system.  

The proposed systems are demonstrated to be more feasible to implement inside walls 

and under desks for charging small electronic devices anywhere inside its confines. The 

transmitter charges and power two different electronic devices simultaneously. The 

receiver coils are placed at a transmission distance of 10 cm from the transmitter array coil. 

To have a compact and low profile receiver, the rectifier is printed on the receiving 

substrate. Therefore, the integrated receiver coil with the rectifier can be used for portable 

devices conveniently.  

The proposed system transfer 6 W of power to a smartphone and a speaker with the 

received voltage of 4.242 V and 5.10 V, respectively. Then, the performance of the system 

with the axial-misalignment is investigated and it confirms that the overall efficiency does 

not drop when the receivers are moving at a transmission distance of 10 cm. 

 

 

Figure 5-23: Picture of the developed MCR-WPT array system for multiple 

charging electronic devices. 
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5.5.2 Array of 3×3 

To make the MCR-WPT system more feasible and practical for reaching small 

electronic devices, the transmitter of the MCR-WPT system should be large enough to 

cover the desired area. For example, to wirelessly power two electronic devices such as a 

tablet and a smartphone simultaneously, the proposed array of 2×2 cannot satisfy the 

requirements. We should also keep in mind that the mutual inductances of the different 

resonators of the array transmitter would be different when the array transmitter has n×n 

resonators where n≥3. Therefore, the complexity of the feeding structure and different 

mutual inductances at different resonators should be considered.  

Figure 5-24 shows the geometry of the transmitting array of 3×3 which has 9 resonators 

(R1, …, R9). First, the same approach developed in the previous section for designing the 

array transmitter of 2×2 by using the same value of the lumped capacitor for all transmitting 

resonators, is applied here. Table 3-1 shows all parameters of the MCR-WPT array system 

for the transmitter and the receiver. To fine-tune the value of the lumped capacitor for the 

transmitting resonators to resonate at 13.56 MHz, 142 pF is chosen.  

However, as depicted in Figure 5-25, when moving the receiver to different locations 

at a transmission distance of 90 mm, the transmission efficiency of the MCR-WPT array 

system varies. For instance, when the receiver moves from P5 to P3 at 10 cm away from 

the transmitter, the transmission efficiency drops from 69.75% to 42.52%. This is caused 

by the unequal mutual inductance between each resonator Ri and adjacent resonators for 

different i when the transmitter array has n×n resonators (where n > 2). So when R1 is 

adjacent to R2 and R4, R2 is adjacent to R1, R3 and R5, and R5 is adjacent to R2, R4, R6 and 

R8. Therefore, capacitors with different values need to be applied to different resonators 

to yield the same resonant frequency. 
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Figure 5-24: Geometry of transmitting array of 3×3 

 

Table 5-4: Parameters of MCR-WPT array system with nine transmitting 

resonators 

 Transmitter Receiver 
Wr (mm) 4 6 
Wl (mm) 3.5 2.5 
Ro (mm) 21 20 
Ri (mm) 21 35 
W (mm) 320 100 
L (mm) 320 70 

N 3 2 
D (mm) 10 - 
C (pF) 142 271 
Cp (pF) 101 434 
Cs (pF) 45 177 



79 

 

 

 

 

Figure 5-25: Transmission efficiency of MCR-WPT array system with 9 

transmitting resonators at a distance of 90 mm. 

 

Three sets of resonators are chosen with the same mutual inductances. The first set is 

the transmitting resonators, which are adjacent to two other resonators including R1, R3, R7 

and R9. The second set is the transmitting resonators, which are adjacent to three other 

resonators, including R2, R4, R6 and R8. Moreover, the third set is R5, which is adjacent to 

four other resonators. 

Each set of resonators is fine-tuned with a different lumped capacitor. The optimization 

scheme ran on Ansoft Designer to optimize all the capacitors and the transmitter and 

receiver matching networks to achieve the maximum efficiency at P1, P2… P9.  

Figure 5-26 illustrates the transmission efficiency of the system using optimized 

capacitors given in Table 5-5. The transmission efficiency is between 63.06% and 69.13%, 

which means when the receiver is moving at any position of P=(x,y) on the xy plane at a 

distance of 90 mm, the lowest transmission efficiency is 6.07% below the maximum 

achievable efficiency. This feature makes the MCR-WPT array system with the array of 

3×3 more feasible and attractive.  
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Figure 5-26: Transmission efficiency of MCR-WPT array system with 9 

transmitting resonators using different lumped capacitors at a distance of 90 mm. 

 

Table 5-5: Value of capacitors for MCR-WPT array system with nine resonators 

 Design with fixed 
capacitors 

Design with varied 
capacitors 

CR1 142 pF 154 pF 
CR2 142 pF 140 pF 
CR3 142 pF 154 pF 
CR4 142 pF 140 pF 
CR5 142 pF 110 pF 
CR6 142 pF 140 pF 
CR7 142 pF 154 pF 
CR8 142 pF 140 pF 
CR9 142 pF 154 pF 
CRx  271 pF 291 pF 
CTxp 101 pF 95 pF 
CTxs 44 pF 41 pF 
CRxp 434 pF 400 pF 
CRxs 177 pF 170 pF 

 

As shown in Figure 5-27, the array is printed on an FR4 substrate and the driving loop 

is designed to cover eight out of nine resonators, inducing a uniform magnetic field. In 

addition, to increase the quality factor of the receiving resonator, auxiliary strips are applied 
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to the receiver. However, because of the printed driving loop on the backside of the 

substrate, the auxiliary strips are not applied to the transmitting resonators.  

 

 

Figure 5-27: MCR-WPT array system with an array of 3×3 transmitting 

resonators. 

 

 

 

 

 

 

 

 

 

 

                            (a)                                                                     (b) 

Figure 5-28: Picture of MCR-WPT array system with an array of 3×3 transmitting 

resonators: (a) top layer, (b) bottom layer. 
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Figure 5-29 shows the transmission efficiency of the system versus the transmission 

distance. It depicts that the transmission efficiency at P1, P5 and P10 in the under-coupled 

region is dropped gradually. Meanwhile, in the over-coupled region, P10 performs better 

than the other points. Figure 5-28 shows the fabricated transmitting array coil. 

 

 

Figure 5-29: Transmission efficiency of MCR-WPT array system with an array 

of 3×3 transmitting resonators versus transmission distance. 

 

To further investigate the performance of the system when it is not aligned with the 

transmitter array, the receiver is moved along the xy plane parallel to the transmitter at 9 

cm. Figure 5-30 shows the transmission efficiency of the system. It shows that the 

transmission efficiency is independent of the position of the receiver along the xy axis, and 

that the transmission efficiency fluctuates between 63.05% and 69.13%, which is very 

desirable. In addition, the receiver is moved along the φ and θ directions as shown in 

Figure 5-31. The transmission efficiency results depict that the transmission efficiency of 

the system (θ=0 degree and φ=0 degree) is highly stable and is between 68.74% and 

71.72%. 

By sacrificing the simplicity of the structure and applying auxiliary strips to the 

transmitting resonators through the addition of another substrate, we can improve the 
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transmission efficiency of the system. As shown in Figure 5-32, to have enough room to 

add the auxiliary strips to the transmitting resonators, the resonators are printed on top of 

the substrate and the auxiliary substrates are printed on the backside of the substrate. The 

driving loop is then printed on the second substrate and both substrates are stacked together 

to have a unified transmitter with an overall thickness of 3.2 mm.  

Figure 5-32 depicts the transmission efficiency of the system with auxiliary strips. It 

shows that the transmission efficiency varies from 64.45% to 72.75%, which is about 2% 

more than the single-layer one. Figure 5-33 shows the transmission efficiency of the 

proposed MCR-WPT coil array with an array of 3×3 when the receiver is moved.  

 

 

 

Figure 5-30: Transmission efficiency of MCR-WPT array system with an array 

of 3×3 transmitting resonators at a distance of 90 mm 
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Figure 5-31: : Transmission efficiency of MCR-WPT array system with an array 

of 3×3 transmitting resonators with different orientation angles of the receiver at 

the transmission distance of 9 cm. 

 

 

Figure 5-32: Geometry of the MCR-WPT array system with an array of 3×3 

transmitting resonators using auxiliary strips. 
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Figure 5-33: Transmission efficiency of MCR-WPT array system with an array 

of 3×3. 

 

5.6 Discussion 

An efficient and effective strategy is presented to model and optimize the fully planar 

MCR-WPT system with the transmitting resonator array we recently proposed. The 

computational cost of the proposed design strategy is only 3.4% of that with the full-wave 

electromagnetic simulation method. A novel, simple, and easy-to-fabricate design is 

presented to improve the transmission efficiency of an MCR-WPT system when an axial-

misalignment occurs. The conventional transmission resonator is replaced by an array of 

smaller resonators and a single driving loop. The proposed designs show that the 

transmission efficiency of the MCR-WPT system is significantly improved in the axial-

misalignment condition. Higher transmission efficiency is obtained in both over- and 

under-coupled regions without any frequency tracking and adaptive matching techniques. 

Thus, it is a good candidate for practical WPT applications where transmission efficiency 

needs to be less sensitive to axial-misalignments and transmission distances. 
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Chapter 6 CONCLUSION AND FUTURE WORK 

6.1 Conclusion 

This dissertation presented a detailed analytical method of an MCR-WPT system and 

proposed several MCR-WPT designs with different size constraints for transmitting and 

receiving coils. The planar structure and high power transmission efficiency rendered the 

proposed designs practical candidates for charging small portable electronic devices. The 

results showed that with capacitor-loaded PSC resonators that are tuned to resonate at 13.56 

MHz, the power transmission efficiency can be as high as 74% at a transmission distance 

of 200 mm.  

In addition, a comparison of various planar WPT designs with PSCs of different 

numbers of turns in terms of both efficiency and input impedance was made. The results 

revealed that with a 2-turn PCS resonator with optimized geometric parameters, the 

maximum power transmission efficiency of the proposed planar WPT system could be as 

high as 77.27% at a transmission distance of 10 cm. Moreover, with the parallel paths 

created with auxiliary strips, the quality factor of PSC resonators can be further improved, 

and the maximum power transmission efficiency can increase to 81.68%.  

As well, four designs with different layers of resonators with and without shorting walls 

were investigated. In the 3-layer planar MCR-WPT system, two substrates were stacked 

together to construct a low-profile structure; by adding shorting walls, the quality factor of 

the MCR-WPT system increased to 435. Consequently, the transmission efficiency of the 

proposed system increased from 77.27% to 84.38% at a distance of 10 cm compared to a 

conventional planar WPT system. A receiver with a size of 50 mm × 50 mm was studied 

to yield a compact, low profile, and highly efficient planar MCR-WPT design.  

Furthermore, an efficient and effective strategy was investigated to model and optimize 

the fully planar MCR-WPT system with transmitting resonator array. It was shown that the 

computational cost of the proposed design strategy was only 3.4% of that with the full-

wave electromagnetic simulation method.  

To improve the transmission efficiency of an MCR-WPT system when the receiver is 

axially misaligned with the transmitter, a novel and easy-to-fabricate design was presented. 

The conventional transmission resonator was replaced by an array of smaller resonators 
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and a single driving loop. The proposed designs show that the transmission efficiency of 

the MCR-WPT system is significantly improved under scenarios of axial-misalignment. In 

addition, higher transmission efficiency was also observed in both over- and under-coupled 

regions without any frequency tracking and adaptive matching techniques. Finally, a planar 

transmitting array consisting of nine resonators (array of 3×3) was proposed with different 

lumped capacitors optimized for different transmitter resonators to realize uniform 

magnetic field distribution at the receiver and consequently a position-free WPT system.  

In conclusion, the planar MCR-WPT systems and position-free planar MCR-WPT array 

systems proposed in this work were proven candidates for wireless charging of small 

electronic devices. 

6.2 Future Work 

The focus of the thesis was on studying of planar MCR-WPT system for small electronic 

devices and on investigating an array transmitter to cover a larger area. My aim was also 

to improve transmission efficiency when the receiver is laterally and axially misaligned. 

In the first part of the work, a planar MCR-WPT was studied, and several techniques, 

such as auxiliary strips and short-walls were presented to improve the performance. In the 

optimization scheme, the number of turns was limited to 2 to 7 turns. More work can be 

done on the optimization scheme, such as adding more parameters and different geometries 

like circle-shaped or hexagonal-shaped resonators. In addition, the use of ferrite materials 

with different implementations can be further investigated. The research can include 

shielding and take all of the other parts of an electronic device into consideration to 

investigate their effects on transmission efficiency of WPT systems. 

As well, more work can be carried out to extend the transmission distance of the system. 

The effect of different techniques in the over- and under-coupled regions can be done to 

further improve performance. 

Different resonator feeding structures for the planar MCR-WPT array system can be 

investigated to increase the transmission efficiency of laterally, axially and angularly 

misaligned receiver. The array of n×n with n≥3 can be investigated and the proper feeding 

loop can be examined.  
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Finally, more discussions should be entered into regarding the entire system, including 

the rectifier, amplifier and other sub-systems. An attempt should be made to integrate all 

subsystems into a single board in order to design an easy-to-implement MCR-WPT system 

for small electronic devices. 
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