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Chapter 1: Introduction 

Recently, various utilizations of the Wireless Power Transfer (WPT) system have been 

extensively studied. A WPT system is defined as the transmission of electrical energy 

from a power source to consumer  electronic appliances without power lines. In some 

electronic applications, the WPT system has particular advantages over traditional wired 

power transmission technology, such as its safe handling, reliability, and layout-free 

placement against electric outlets. Therefore, more active research is required to advance 

Wireless Power Transfer technology.  

1.1 Historical Background 

The origin of the WPT system, which uses the electromagnetic (EM) field energy transfer, 

began in the 19th century with the discovery of the EM induction law by M. Faraday, who 

established the fundamental theory of electromagnetic fields. The law of EM induction, 

one of his contributions, states that a change in magnetic flux density in space produces 

a potential difference. The application of this phenomenon later became the basis of non-

contact wireless power transmission over short-range distances, i.e., a type of WPT 

system. Following M. Faraday, J. C. Maxwell established traditional electromagnetics 

through the derivation 

electromagnetic waves in 1861. Afterward, H. R. Hertz experimentally proved the 
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existence of EM waves in 1881 [1]. After this discovery, new WPT systems that could

transmit electric power over long-range distances using electromagnetic waves also began 

to be studied.

After the experimental discovery of H. R. Hertz, Nikola Tesla proposed the WPT 

system at the end of the 19th

attempt to transmit power wirelessly around the world [3] using the Wardenclyffe Tower, 

now known as the Tesla Tower (see Figure 1.1). Unfortunately, since he had not 

considered the spreading characteristics of electromagnetic waves, the EM energy density 

delivered could not reach the value desired by customers, so the practical application and 

promotion of this technology were un

(a)

Figure 1.1

(b) Wardenclyffe Tower, now 
called the Tesla Tower
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contributed to the evolution of long-distance energy transfer through radio 

communications. 

More than a hundred years later, in 2006, the WPT system reached a turning 

at the Massachusetts Institute of 

Technology (MIT) proposed a resonant wireless power transmission system based on the

strong coupling of solenoidal coil type resonators, as shown in Figure 1.2. This system 

was capable of turning on a 60W light bulb at a distance of 2 meters from the transmitting 

coil with a transmission power efficiency of around 40% [5]-[7]. The presentation of this 

method had a major impact on researchers and engineers in various fields and 

considerable attention was attracted to the possibility of new and even unexpected 

expansions of this concept in practical applications of non-contact power transmission 

technology.

Figure 1.2 Magnetic Field Resonance System Proposed by 
MIT Group.
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Since the MIT group proposed the WPT system using coupling between 

resonators, many researchers worldwide have tried to confirm and improve the power 

transmission characteristics of similar systems. In general, the performance of Resonator-

Coupled types of WPT (RC-WPT) systems is highly dependent on the characteristics of 

the resonators. Therefore, many studies have been published on WPT systems that 

employ various improved resonators. Among them, the solenoidal coil and planar coil 

types are currently being used and investigated by numerous research groups. According 

to Ref. [8], a system using a planar-type spiral resonator can easily reduce the power 

transmission loss and also realize a much compact system due to its in-plane structure. 

The author  laboratory has conducted a number of fundamental studies using this type 

of resonator.  

1.2 Classification of Wireless Power Transfer (WPT) Systems 

WPT systems can be classified into two categories based on the relative distance between 

the power source and the load, which are the far-field type and the near-field type. The 

general classification of WPT systems is presented in Figure 1.3.  
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In a far-field or radiative technique type of WPT system, electric power is 

transmitted by beams of EM radiation, like microwaves or laser beams. With advanced 

beamforming and energy harvesting methods [9], this kind of field involves a greater 

separation between the power source and the load, whereby the energy transmit distance 

is greater than that of the signal wavelength. Proposed applications of this kind of WPT 

system are solar power satellites [10], wireless drone aircraft [11], and others. Based on 

Figure 1.4, the transmission distance of this far-field type of WPT system is long but the 

transmission power is very low. In terms of consumer applications, this kind of far-field 

type of WPT system is unsuitable due to human safety issues [12]. 

Figure 1.3 Classification of WPT Systems.
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On the contrary, in a near-field or non-radiative type of WPT system, high power 

transmission efficiency can be achieved although the power transmission distance is 

limited. Near-field types of WPT systems can be divided into two: the electromagnetic 

(EM) induction type and the resonator-coupled type of WPT (RC-WPT) system. In the 

above WPT systems, the EM induction type of WPT system is the most widely used for 

non-contact power transfer systems. The applications that have accelerated the 

development of this kind of power supply include chargeable shavers, toothbrushes, 

mobile phones [14], [15], and power implemented sensors and devices [16], all of which 

are currently on the commercial equipment market. However, the commercialized 

systems that already use the EM induction type of WPT system still have some minor 

Figure 1.4 Transmission Power and Transmission Distance 
for Each Types of WPT System [13].
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issues. The EM induction type of WPT system transmits electric energy from a 

transmitting (Tx) coil to a receiving (Rx) coil through an AC magnetic field. The strength 

of magnetic coupling in this system is determined by the mutual inductance between the 

two coils. The two coils should have good mutual inductance so that the magnetic field 

generated in the Tx coil can pass efficiently through the Rx coil. For this reason, as shown 

in Figure 1.5, the power transmission distance in the EM induction type of WPT system 

is extremely short, only a few centimeters, and the Tx and Rx coils are almost in contact 

with each other. If the Tx and Rx coils are misaligned, the strong electromagnetic 

coupling cannot be maintained. In other words, EM induction type of WPT systems are 

sensitive to misalignment [17], and the Rx coil must be placed strictly within the magnetic 

path of the Tx coil to maintain good power transmission efficiency [18]. In addition, due 

to the low induced power, which is limited by the standard regulation [19], [20] of the 

Figure 1.5 The EM Induction-based WPT System.
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inductive system, the transmitted power of the inductive system drops drastically when 

lossy obstacles enter the power transmission path.  

 Meanwhile, in RC-WPT systems, there are two kinds of near-field-based WPT 

systems, as shown in Figure 1.3. The first is the electric field coupling type and the other 

is the magnetic field coupling type of RC-WPT system. Based on Figure 1.4, the electric 

field coupling type of WPT system has a short transmission distance and low transmitted 

power. On the contrary, the magnetic field coupling type of RC-WPT system has a longer 

transmission distance, and the power transmission efficiency is far higher than that of the 

electric field coupling type. Therefore, in this study, the magnetic field coupling type of 

RC-WPT system was employed. 

1.3 Motivation 

The fundamental mechanism of the magnetic RC-WPT system used in this study was the 

same as that proposed by the MIT group, but the type of resonator was different. In 

addition, most research to date has mainly focused on the improvement of the power 

transmission efficiency and operability of the WPT system itself, and only a few studies 

have focused on improving the practicality of the system, which is essential for its 

widespread adoption. In this paper, the RC-WPT system using a planar spiral coil type of 

resonator is discussed and its performance was improved from a practical perspective.
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The RC-WPT system, as shown in Figure 1.6, uses the coupling between the EM 

fields formed by the resonators, so it is far more robust to obstacles along the power 

transmission path [21] and more resistant to any misalignment of the Tx and Rx units

than the EM induction type and can extend the power transmission distance from tens of 

centimeters to several meters (see Figure 1.4) [13]. However, as the length of the power 

transmission path increases, the possibility of obstacles appearing in the transmission path 

and the positioning tolerance between internal units of the system increase. In addition, 

when the obstacles or lossy mediums exist around the power transmission path, 

depending on the type of resonator used in the system, there are concerns about adverse 

effects such as reduced power transmission efficiency due to conductive and dielectric 

losses acting on the electric field [22]-[25]. Moreover, considering that the power supply 

to IoT devices [26], [27] as shown in Figure 1.7, has recently become popular, it is 

Figure 1.6 The RC-WPT System (Magnetic Field Coupling Type).
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desirable to maintain high power transmission efficiency even if the misalignment 

between the Tx and Rx units is considerable. According to Refs. [28] and [29], when the 

Rx unit is rotated or tilted, the amount of magnetic flux that passes through the Rx units 

decreases and causes the power transmission efficiency of the RC-WPT system to 

decrease. Solving these problems formed the motivation for the research undertaken in 

this paper.

1.4 Configuration of the Thesis

The historical background of WPT systems in general, the types of RC-WPT systems, 

and the objectives and significance of studying them have been described above. Chapter 

2 describes the principle of the RC-WPT system. It also describes the configuration 

settings of the RC-WPT system, the design procedures and characteristics of the elements 

of which the system is composed, the Q-factors of the RC-WPT system, the coupling 

Figure 1.7 Sensors Used in the Internet of Things (IoT) Applications.
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coefficient between the resonators, and the performance of the system power 

transmission efficiency. Next, Chapter 3 discusses the effect of lossy mediums on RC-

WPT systems. When a lossy medium is adjacent to the system, the leakage electric field 

around the resonator acts as a loss and reduces the transmission efficiency of the system. 

Next, this chapter discusses a method to ensure that the RC-WPT system is unaffected by 

lossy mediums so that the influence of lossy mediums can be reduced. Furthermore, 

Chapter 4 discusses the changes in power transmission efficiency due to misalignments 

between the Tx and Rx units of the RC-WPT system. In this chapter, the measured power 

transmission efficiency of the RC-WPT system with angular misalignment is studied and 

presented. Then, the chapter outlines the attenuation of the power transmission efficiency 

of the RC-WPT system with angular misalignment. The next section discusses a method 

to recover the degraded performance by appropriately selecting the location of the Rx 

units in the system. Finally, Chapter 5 is the conclusions that have presented summary of 

this study and also future perspectives.
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Chapter 2: Principle of the Resonator-Coupled type

Wireless Power Transfer System

2.1 Foreword

In this chapter, the basic principle and design procedure of the Resonator-Coupled type 

of Wireless Power Transfer (RC-WPT) system are described in detail using the equivalent 

circuit model of the system. In addition, the measurement methods and results of the 

properties of the key elements of the RC-WPT system are presented. Furthermore, using 

these results, the ways to obtain the optimum conditions necessary to construct a high-

performance RC-WPT system will be demonstrated.

2.2 Configuration Setup of RC-WPT System

Figure 2.1 shows the basic structure of the RC-WPT system. This system consists of 

transmitting (Tx) and receiving (Rx) units. Each unit has a set of spiral resonators and 

Figure 2.1 Configuration Setup of RC-WPT System.
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loop coils. Here, a [cm] is the distance between the spiral resonator and the loop coil,

while d [cm] is the distance between the spiral resonators. In our RC-WPT system, port 

1 supplies electric power to the loop coil, and port 2 provides electric power to connected 

loads, such as an electric appliance. The electric power supplied from the power source 

is converted into electromagnetic energy by the loop coil in the Tx unit and stored as an 

eigenmode electromagnetic field with a resonator-specific frequency. Here, the resonator 

in the Tx unit forms an electromagnetic field and excites it to the resonator in the Rx unit, 

which has the same resonant frequency as the Tx unit. The energy of the electromagnetic 

field formed by the resonator in the Rx unit is then transformed into electric power via 

the output loop coil and fed to port 2 [30]-[33]. This is the principal mechanism of 

wireless power transmission in our RC-WPT system

Meanwhile, according to Refs. [34]-[36], the RC-WPT system in Figure 2.1 can 

be converted to an equivalent circuit, as shown in Figure 2.2. The configuration of the 

Figure 2.2 Equivalent Circuit of RC-WPT System. 
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equivalent circuit is identical to the two-stage Band Pass Filter (BPF) circuit. In Figure 

2.2, Lg and Ll denote the self-inductance of the loop coil while Mg and Ml are the mutual 

inductance between the loop coil and the adjacent spiral resonator in the Tx and Rx units, 

respectively. Meanwhile, L1 and L2 represent the self-inductance of the spiral resonator, 

and C1 and C2 represent the proximity capacitance between the wires composing the spiral 

resonator.  

In the RC-WPT system, the resonant frequency of each resonator is made equal 

[34]. Since the equivalent circuit of the RC-WPT system can be expressed by 2-stage BPF 

circuit, it was assumed that the inductance L = L1 = L2, the capacitance C = C1 = C2 and 

the operating frequency,  could be presented as follows: 

Under these situations, the theory of BPF can be applied to the design of this RC-WPT 

system by obtaining the fundamental properties of resonators, such as the Q-factors and 

the coupling coefficient between resonators [35].  

2.3 Structural Parameters of Elements Composing the     

RC-WPT System 

As explained, the RC-WPT system consists of a pair of loop coils and spiral resonators 

in the Tx and Rx units. These loop coils and spiral resonators are the fundamental 
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elements of which the system is composed. The loop coils are used as an intermediate 

element between the power source or load and the resonators in the Tx and Rx units of 

our RC- a Vector Network 

Analyzer (VNA; Keysight Technology, E5071C). Here, the VNA serves as the power 

supply and induces the electric power contained with the several frequency waves, as well 

as the receiver in which the dispersive characteristics of the transmitted power can be 

obtained. The shape and structural parameters of the loop coils used in our RC-WPT 

system are shown in Figure 2.3. Two identical loop coils were designed and fabricated 

on a Polystyrene (PS) board using Cu wire with a 1.0 mm and a diameter of 17.5 cm. 

The resonator plays the most important role in the RC-WPT system as it 

determines the outreach of power transfer and the power transmission efficiency of the 

system [34]. In terms of the spiral resonators, single-spiral resonators were used for our 

RC-WPT system at first. The single-spiral resonator is a kind of spiral coil resonator so 

Figure 2.3 Fabricated Loop Coil.
dl

Structural parameters

Diameter, dl :17.5 cm

Length of Wire : 55.0 cm
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it shows strong magnetic coupling. Since the structure of the single-spiral resonator is a 

planar type, it can be made compact the system toward the power transmission direction

and it is low transmission loss nature [8]. In addition, the spiral resonator is a kind of coil 

type, so the coupling between them by dominantly magnetic fieldsò

To construct a uniform spiral resonator, the "spiral guide" with spiral grooves 

1.2 mm in width and 1.0 mm in depth was created on a 2.0 mm thick polyethylene (PE) 

substrate, as shown in Figure 2.4. Then, the Cu wire with a diameter of 1.0 mm of the

designed length was embedded in the groove of the spiral guide to form a spiral resonator 

with a spiral guide.

Figure 2.4 Single-Spiral Resonator with Spiral Guide.
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In this study, the resonant frequency of the spiral resonators was set as =10.0 MHz which 

is close to the ISM band. In this study, two kinds of single-spiral resonators were treated, 

Single-Spiral #1 and Single-Spiral #2, as shown in Figures 2.5 (a) and (b), respectively. 

For Single-Spiral #1, the wire spacing, 1 = 0.5 cm and the diameter of the resonator is 

25.8 cm. On the contrary, for Single-Spiral #2, the wire spacing, 2 = 1.0 cm and its 

diameter is 37.2 cm. This difference in diameter is due to not only the length of the Cu 

(a)

(b) Single-Spiral #2

Figure 2.5 Fabricated Single-Spiral Resonators.
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wire used for the spiral resonator but also the distributed proximity capacitance caused 

by the difference in wire spacing.

In general, the capacitance C between two parallel wires in a resonator can be 

estimated by the following equation:

where is the permittivity between the electrodes, D is the electric flux density and r is 

the radius of the electrode. In the case of Figure 2.6, the electrodes are assumed to be a 

part of the Cu wire within the resonator.

The equivalent circuit of the RC-WPT system is identical to the two-stage BPF 

circuit, so the relationship between the LC circuit and the spiral resonator is shown in 

Figure 2.6, where L represents the self-inductance of the spiral resonator, and C represents 

Figure 2.6 Relationship between LC Circuit and Spiral Resonators.
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the proximity capacitance between the wires of the spiral resonator. In the system, the 

resonant frequency, f [Hz] had been decided by using the following relationship: 

Based on the above equations, when the electric flux density D decreased, the 

capacitance C between the two parallel wires in the resonator increased, resulting in a 

smaller resonant frequency f. Therefore, even if the resonant frequency between Single-

Spiral #1 and Single-Spiral #2 is the same (10.0 MHz), Single-Spiral #1 has a smaller 

radial size because the capacitance C is smaller than that of Single-Spiral #2. 

2.4 Q-factors for the Resonant System 

After the structural parameters of the resonators and the resonant frequency had been 

determined, the performance of the single-spiral resonators was investigated by 

examining the quality factors or Q-factors of the resonant system, including the Unloaded 

Q: Qu, External Q: Qe, and External k: ke.

2.4.1 Measurement Setup of Q-factors

The measurement setup of the Q-factors for the resonant system is shown in Figure 2.7.    

A Q-factor, also known as a Quality Factor, has been defined as a parameter that describes 

the condition of the resonator. Q-factors measure the performance of a resonator in terms 

of its losses and can be used to measure the center frequency of the passband. 
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The Q-factors denote the energy loss relative to the amount of energy stored 

inside the system. In this research, since the resonant circuit is the focus, the Q-factors

are defined in terms of the ratio of the amount of energy stored within the resonant circuit 

to the energy supplied per unit time. Q-factors show the energy loss due to the quantity 

of energy contained in the RC-WPT system. Thus, the larger the Q-factors, the lower the 

rate of energy loss.

In this study, the Q-factors of the entire resonator system, including the loop coil,

are called loaded Q: QL. Meanwhile, the Q-factors due to the loss of the surrounding 

because of the resonator are known as unloaded Q: Qu, and the factors other than those of 

the resonators are known as external Q: Qe. These Q-factors can be determined by 

measuring the frequency characteristics of the S-parameter and the changing distance 

between the loop coil and the spiral resonator, a. 

Figure 2.7 Measurement Setup of Q-factors.
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The system design shown in Figure 2.7 can be simplified to an equivalent circuit,

as shown in Figure 2.8 (a). This type of resonant circuit also can be deformed as an RLC 

series circuit, as shown in Figure 2.8 (b), if the Detuned Open-Circuit (DOC) surface is 

considered. The DOC plane refers to the position of the input voltage standing wave when 

Figure 2.8 Equivalent Circuit of Q Factor Measurement System 

(a) Equivalent circuit (1)

(b) Equivalent circuit (2)
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the frequency of the transmitter, f [Hz] is adjusted to the resonant frequency, f0 [Hz] and 

then the resonator is perturbed and detuned to a frequency sufficiently far from the 

frequency band where f0 is used to the state in which a perturbation is applied to the 

resonator after adjusting the transmitter frequency f to the resonant frequency f0 [37]. To 

achieve maximum power transmission efficiency, the resonance frequency must be fixed 

within the MHz band. 

As shown in Figure 2.8 (b), the impedance of the RLC series circuit on the right 

from a  Zr, while the coupling coefficient between the loop coil and the 

resonator e is given by the following equation: 

Based on the Ref. [38], Qu and QL were defined as follows: 

Then, using equation (2.6), equation (2.5) can be transformed into the following equation: 
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In the same figure, the following equation obtained the amplitude reflection coefficient 

|S11 r)| at a-a' terminal and can be expressed as follows: 

From the definitions of QL, Qe, and Qu, 1/QL is defined by the loss of the entire resonator 

system, 1/Qu is defined by the loss of only the resonator, and 1/Qe is defined by the loss 

due to the coupling between the resonator and the external circuit, so the following 

relationship between each Q factor can be established as follows [38], [39]:

As shown in Figure 2.7, to measure the Q-factors of the RC-WPT system, the spiral 

resonators are set at the loop coil. Then, the end of the loop coil is connected to Port 1 of 

the VNA and S-parameter.  
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Figure 2.9 shows the schematic diagram of the frequency characteristic of the amplitude 

reflection coefficient, S11 of the VNA. Here, the minimum value due to resonance can be 

observed and the minimum value of S11 is set to - [dB]. The frequency at that point is 

the resonant frequency f0 [Hz], and the frequency when the value |S11| is set to - are f1

and f2 (f1 < f0 < f2). Since this system works in a resonant state, the driving angular 

[rad/s]. 

Hence, the reflection loss, [dB] can be expressed by the following equation:

Figure 2.9 Frequency Response of Amplitude Reflection Coefficient S11.



Chapter 2: Principle of the Resonator-Coupled type Wireless Power Transfer System 

-25- 

For this equation to be satisfied, it is necessary that , so the  in equation 

(2.11) should be calculated using the following equation for each range of : 

Meanwhile, from the power half-width theorem [37], 

Considering and (f1 < f0 < f2) from equation (2.14), the 

following relational expression can be obtained: 

Thus, from equations (2.14) and (2.15), the loaded Q: QL can be written as follows: 

Then, by substituting equations (2.11) and (2.14) into equation (2.9), the reflection loss 

[dB] at the frequencies f1 and f2 can be found and expressed as follows: 
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Furthermore, from equations (2.6), (2.7), and (2.10), the relation equation is concluded 

as follows: 

where the unloaded Q: Qu indicates the inverse of loss for the resonator itself, which is 

isolated from the rest of the circuit. Meanwhile, the external Q: Qe is defined by the   

Q-factors due to the loss of surrounding because of the coupling between the loop coil 

and the spiral resonator. Then, since k: ke indicates the strength of the coupling between 

the surrounding substances (the loop coil) and the spiral resonator, the external k: ke is 

defined by the inverse of the external Q: Qe as follows: 

2.4.2 Results of Q-factors for Spiral-Resonators   

To examine the Q-factors of the resonant system, the measurement setup of the Q-factors 

is used, as shown in Figure 2.7. At this stage, the loop coil and the single spiral resonator 

were attached to Styrofoam boards that had a thickness of 1.0 cm so that they could stand 

independently. The distance between the loop coil and the spiral resonator is a [cm]. Then, 

by changing the distance a and following the procedure in Section 2.4.1, the Q-factors, 
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which are the unloaded Q: Qu, the external Q: Qe, and the external k: ke for the single-

spiral resonators, can be examined.

Figure 2.10 below shows the results of the unloaded Q: Qu for Single-Spiral #1 and 

Single-Spiral #2 as a function of the distance between the loop coil and the spiral 

resonator, a. 

As the results shown in Figure 2.10 indicate, as the distance a is short, the value of the 

unloaded Q: Qu in each resonator becomes small. Here, the unloaded Q: Qu indicates the 

inverse of loss for the resonator itself, which is isolated from the rest of the circuit. It 

might be affected by the effects of interference from the loop coil when the spiral 

resonator is too close to the loop coil. In the same figure, the unloaded Q: Qu for the 

Figure 2.10 Measured Unloaded Q: Qu for the Single-Spiral Resonators.
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Single-Spiral #1 is converged to 840. Meanwhile, the unloaded Q: Qu of Single-Spiral #2 

asymptotes at 740 and is lower than that of Single-Spiral #1. 

The measured results of the external Q: Qe as a function of distance a for Single-Spiral 

#1 and Single-Spiral #2 are presented in Figure 2.11.

As the results shown in Figure 2.11 indicate, when the distance a increased, the external 

Q: Qe for each spiral resonator increased. In the same figure, when the distance a is short, 

the external Q: Qe for Single-Spiral #2 is higher than it is for Single-Spiral #1. However, 

when the distance a is long, the external Q: Qe for Single-Spiral #1 is higher than it is for 

Single-Spiral #2. 

Figure 2.11 Measured External Q: Qe for the Single-Spiral Resonators.
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Next, Figure 2.12 shows the measured external k: ke for each single-spiral resonator as a 

function of the distance a.

As the results in Figure 2.12 indicate, in each spiral resonator, the external k: ke decreased

as the distance a increased. Here, when the loop coil is further away from the spiral 

resonator, the mutual coupling between the spiral resonator and the loop coil becomes 

weak, resulting in large external quality factors. In the same figure, when the loop coil is 

close to the spiral resonator, the external k: ke for Single-Spiral #1 is higher than that of 

Single-Spiral #2. However, when the loop coil is further away from the spiral resonator, 

the external k: ke for Single-Spiral #2 is higher than that of Single-Spiral #1.

Figure 2.12 Measured External k: ke for the Single-Spiral Resonators.

0.0001

0.001

0.01

0.1

1
0 5 10 15 20 25

Distance between Loop Coil and Spiral 
Resonator: a [cm]

Single-Spiral #1
Single-Spiral #2



Chapter 2: Principle of the Resonator-Coupled type Wireless Power Transfer System

-30-

2.5 Coupling Coefficient between Resonators

The RC-WPT system consists of two loop coils and two spiral resonators, and it can 

transmit electric power through the couplings between each loop coil and spiral resonator, 

and the coupling between two spiral resonators. In the previous section, the external k: ke, 

which is the coupling between the loop coil and the spiral resonator was examined. Next, 

the coupling coefficient between the resonators, k, defined as the degree of coupling 

between two spiral resonators, will be examined.

2.5.1 Measurement Setup of Coupling Coefficients                 

The measurement setup of the coupling coefficient k is shown in Figure 2.13. The distance 

between the loop coil and the spiral resonator, d [cm], is fixed at 15.0 cm by inserting 15 

polystyrene boards, each with a thickness of 1.0 cm, into the Tx and Rx units because the 

unloaded Q: Qu for single-spiral resonators are asymptote to a constant at which the

Figure 2.13 Measurement Setup of Coupling Coefficient k.
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distance is greater than 15.0 cm. This prevents the loop coil from being affected because 

of the electromagnetic distribution from the spiral resonators [34]-[35], [40]-[41]. In other 

words, the influence of the external parts is prevented so that the pure coupling 

coefficients between the spiral resonators can be examined. The measurement system in 

Figure 2.13 can be converted into an equivalent circuit, as shown in Figure 2.14. In this 

study, two identical spiral resonators tuned at the same resonant frequency were 

constructed. Since the parameter of the resonant circuit is the same, it was considered 

coupled in mutual inductance, as shown in Figure 2.14 (a).

(a)
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The resonance frequency, for each resonant circuit is given by the following 

equation:

The coupling coefficient between the spiral resonators can be obtained from the 

relationship between the self-induction and mutual inductive when the current is flowing 

(b) Mutual Inductance in Coupled Resonant Circuit

(c)

Figure 2.14 Coupling between Resonators.
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in each of the circuits. Figure 2.14 (a) shows the inductance L1 and L2 in the primary side 

and the secondary side, respectively. 

Firstly, when there are current flows on the primary side, the v1 and v2 are given by the 

following equation:  

where L1 and M are the self-induction and the mutual inductive, respectively. 

Thus, it is possible to derive the following equation from the previous equation:  

Firstly, the voltage ratio between the primary circuit and the secondary circuit can be 

expressed in terms of the number of coil windings N and the coupling coefficient k, as 

shown below: 

By substituting equation (2.23) into equation (2.24), the following equation can be 

obtained: 
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Next, when current is flowing in the secondary side, the v1 and v2 are given by the 

following equation: 

where L2 and M are the self-induction and the mutual inductive, respectively. 

The following equation can be derived from equation (2.26): 

The inverse relationship between the coupling coefficients for the primary side and the 

secondary side is expressed in the equation below: 

By substituting equation (2.27) into equation (2.28), the following equation is obtained: 

Then, equations (2.25) and (2.29) are multiplied by each other on both sides of the 

equation, resulting in the following equation [42] : 
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Equation (2.30) shows a general expression for the coupling coefficient when two 

resonant circuits are coupled by mutual inductance. Since the parameters of the two 

resonant circuits are the same, the inductance of each resonant circuit [40] is defined as 

follows:  

Then, by applying equation (2.31) to equation (2.30), the following equation is obtained. 

As shown in Figure 2.14 (a), when two resonators are in close proximity, they become 

magnetically coupled and exhibit mutual inductance, which can be modified into an 

equivalent circuit, as shown in Figure 2.14 (b). As Figure 2.14 (c) shows, YL and YR are 

used to define the admittance of the left and right sides, respectively. Since it is considered 

a resonance state, the resonance frequency of the coupled resonant circuit,  is defined 

as follows:  

Therefore, 
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By substituting equations (2.34) into equation (2.32) and inserting  = 1/ , the 

following equation can be obtained: 

Equation (2.35) can be written in quadratic form as follows:  

From equation (2.36), can be expressed as follows:  

Therefore, when the resonators are coupled, the resonant frequency can be separated into 

two different frequencies. If from equation (2.37) is eliminated, the following 

relation is established:  

In particular, when , the following equation can be derived: 
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As , where is the resonance angular frequency and is the resonance 

frequency at resonant states. Thus, for equations (2.38) and (2.39), even if the resonant 

angular frequency is replaced by the resonant frequency, the relationship remains the 

same, as follows:

From the equation above, the coupling coefficient between the spiral resonators can be 

determined by observing the two peaks of resonant frequency, f1 and f2. These were 

observed from the frequency characteristic of amplitude transmission coefficient, S21

shown in Figure 2.15 and applied to equations (2.40) and (2.41).

mplitude Transmission Coefficient
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2.5.2 Results of Coupling Coefficients for Spiral-Resonators

Figure 2.16 shows the coupling coefficient k results as a function of the distance between 

the spiral resonators, d for the single-spiral resonators.

  As shown in Figure 2.16, when the spiral resonators are further away from each other, 

the coupling coefficient between the spiral resonators decreases. Since the coupling 

coefficient k is determined by the shape and size of the spiral coil, it becomes larger as 

the surface area of the resonator increases. Here, the diameter of Single-Spiral #2 is larger 

than that of Single-Spiral #1. Therefore, the coupling coefficient of Single-Spiral #2 is 

larger than that of Single-Spiral #1. 

Figure 2.16 Measured Coupling Coefficient k for the 
Single-Spiral Resonators.
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2.6 Power Transmission Efficiency of RC-WPT System

The next parameter is the power transmission efficiency of the RC-WPT system, which

can be evaluated after the Q-factors and coupling coefficients have been examined. 

2.6.1 Measurement Setup of Power Transmission Efficiency of 

RC-WPT System

The measurement setup of the power transmission efficiency of the RC-WPT system is 

the same as that shown in Figure 2.1. Since the design of the RC-WPT system used in 

this paper is based on the BPF theory, the power transmission efficiency of the system 

can be determined by the same theory. When considering the power loss generated in the 

BPF circuit, the equivalent circuit can be expressed as shown in Figure 2.17 (a). Here, 

Gi 1 represents the conductance of the i 1th prototype element values in the parallel 

resonant circuit, while Ri represents the resistance of the ith prototype element values in 

the series resonant circuit.

(a)
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(b) Equivalent circuit of BPF circuit in resonance state

(c) LPF circuit based on BPF circuit

(d) Equivalent circuit of LPF circuit in direct current (DC)
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In Figure 2.17 (a), the unloaded Q: Qu of the ith prototype element value and the (i-1th) 

prototype element value in the resonant circuit are given by the following equations:

(e) Fundamental element values of LPF circuit

Figure 2.17 Equivalent Circuit of n-stage BPF Resonant Circuit.

(f) Fundamental element values of LPF circuit in direct current (DC)
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In this case, the resonance frequencies of both resonant circuits are set as equal, as 

follows: 

Next, Figure 2.17 (a) is converted into an RLC ladder-type low-pass filter (LPF) circuit, 

as shown in Figure 2.17 (c). However, because of the conversion from the LPF to BPF 

relationship, the equation can be expressed using and  as follows:  

Figure 2.17 (c) can be modified to Fig 2.17 (d) when . Then, by substituting 

equations (2.45) and (2.46) into equations (2.42) and (2.43), respectively, the following 

equations are obtained: 

By modifying equations (2.47) and (2.48), the following equations are established: 
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The normalized element values for of equation (2.49) and  of equation (2.50) 
can be expressed as follows: 

Similarly, the normalized element values for  in equation (2.50) and  in equation 

(2.49) can be expressed as follows: 

where  and  are dimensionless quantities,  is a value corresponding to the 

internal impedance of the power supply side, and   is a quantity corresponding to the 

cutoff frequency. Then, equations (2.51) and (2.54) are substituted into equation (2.47), 

resulting in the following equation: 

Again, equations (2.52) and (2.53) are substituted into equation (2.50) to obtain  

where 

If normalized element values are applied to Figure 2.15 (c), the circuit can be expressed 

as shown in Figure 2.17 (e). Then, the equivalent circuit when can be drawn as 

shown in Figure 2.17 (f). In this case, if each parameter for the voltage and current values 
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is defined as Figure 2.17 (f), the power loss for the both (i-1th) and ith prototype element 

values is given as follows: 

Here, if the power loss of the resonant circuit is too small, the following approximations 

can be used:  

The element value for the termination resistance is  

Hence, from the termination resistance above, the relationship equation between the 

voltage and the current can be derived as follows: 

Next, equations (2.60), (2.61), and (2.63) are substituted into equation (2.58) and equation 

(2.59), respectively; hence, the following equation can be obtained: 
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Here, the ith prototype of the element value for the resonator is applied to the input power 

source in the LPF circuit shown in Figure 2.17 (f), so the input power can be expressed 

as follows: 

Therefore, the output power from this circuit is given as follows: 

The insertion loss based on the ith prototype element value of the resonator can be 

expressed as follows: 

Next, the above equation can be further approximated as follows: 

 Hence, equation (2.69) is substituted into equation (2.65), so the insertion loss for the ith

prototype element value of the resonator would be: 
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The overall insertion loss of the BPF circuit is given by the following equation: 

The fractional bandwidth w is defined as follows: 

Based on equation (2.66), the insertion loss of the n-stage BPF can be transformed into     

a two-stage BPF circuit, so the transmission loss [40] of the circuit would be: 

where the value of g is determined by the type of the filter.  

Since the design of the equivalent circuit of the RC-WPT system was based on the two-

stage Wagner Butterworth filter model, g1 = g2 is inserted into equation (2.74) and the 

following relationship can be established between the specific bandwidth w and the 

coupling coefficient k: 

Since the unloaded Q: Qu of the two spiral resonators used are the same, equation (2.74) 

can be modified and expressed as follows: 
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Hence, the theoretical value of the power transmission efficiency of the RC-WPT system,

[%] is obtained from the transmission loss, L using the following equation:

To measure the experimental power transmission efficiency of the RC-WPT system, the 

spiral resonators were placed in the measurement setup shown in Figure 2.1 and the VNA 

was connected to the loop coils for the Tx and Rx units. From the amplitude reflection 

coefficient and the amplitude transmission coefficient measured by the 

VNA, the experimental value of power transmission efficiency of the system, [%] is as 

follows:

The above equation is used to measure the ratio between two resonators. Moreover, the

equation is the power transmission efficiency between the resonators in Tx and Rx units 

as the effect of reflection from the input port is removed using the formula of the 

denominator.

f
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f
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S
11
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2.6.2 Results of Power Transmission Efficiency of RC-WPT 

Systems

According to the design theory of the BPF circuit, to obtain the maximum power 

transmission efficiency of the RC-WPT system, the matching conditions for the RC-WPT 

system must be determined. The system matching conditions are the inverse of the 

external k: ke as a function of distance a [cm], which is equal to the coupling coefficient 

k between the resonators as a function of d [cm]. Here, the sets of a and d can be obtained 

from the relation, k = ke. For example, in the case of a system using Single-Spiral #2, as 

shown in Figure 2.19, when the distance a is 5.0 cm, the value of ke is 0.017. Then, using

the same value of ke and the coupling coefficient k, which is 0.017, the distance between 

the spiral resonators d is determined as 50.0 cm, as shown in Figure 2.20. 

Figure 2.19 Matching Conditions for External k: ke.
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By choosing the set of a and d under matching conditions, after some fine adjustment of 

the distance d, the maximum power transmission efficiency was measured. This is shown 

in Figure 2.21. 

Figure 2.21 Results for Power Transmission Efficiency of RC-WPT System 
for Single-Spiral Resonators.

0

20

40

60

80

100

0 20 40 60 80
Distance between Spiral Resonators: d [cm]

Single-Spiral #1 (Theoretical)
Single-Spiral #1 (Experimental)
Single-Spiral #2 (Theoretical)
Single-Spiral #2 (Experimental)

Figure 2.20 Matching Conditions for Coupling Coefficient k.
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The results indicate that the theoretical and experimental values of the power 

transmission efficiency have good agreement between each other. In each spiral resonator, 

when the distance d increased, the power transmission efficiency of the RC-WPT system 

decreased. For Single-Spiral #1, the power transmission efficiency of the system is larger 

than that of Single-Spiral #2; however, the range of distance d where the power 

transmission efficiency is larger than 60% is smaller than that of Single-Spiral #2. This is 

because the structural parameters between those parameters differ. Since the coupling 

coefficient k of Single-Spiral #2 is larger than that of Single-Spiral #1, the range of 

distance d of the power transmission efficiency is larger for the system using 

Single-Spiral #2 than the one using Single-Spiral #1. However, since the diameter of 

Single-Spiral #2 is slightly greater than that of Single-Spiral #1, the wider spiral resonator 

generates an electromagnetic field. Here, the spread of the electric field formed by the 

resonator is larger, resulting in a larger loss. Therefore, the power transmission efficiency 

of the RC-WPT system for Single-Spiral #2 is lower than that of Single-Spiral #1 

although the range of distance d where the power transmission efficiency is larger than 

60% is wide. 
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2.7 Summary 

The principle and the design procedure of the RC-WPT system using an equivalent circuit 

model of the system that is identical to the two-stage BPF circuit have been discussed in 

this chapter. Based on the BPF circuit design theory, the measurement methods and 

results of the properties of key elements of the RC-WPT system have been examined, 

including the Q-factors for the resonant system, the coupling coefficient between the 

spiral resonators, and the power transmission efficiency of the system using single-spiral 

resonators. These measured results showed it is important to consider many aspects of the 

optimum conditions to improve the RC-WPT system considerably. 
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Chapter 3: Effect of Lossy Mediums on the RC-WPT System  

3.1 Foreword 

The RC-WPT system has a longer power transmission distance than that of conventional 

WPT systems using the electromagnetic induction phenomena. So, the power 

transmission efficiency and operational reliability of the RC-WPT system are influenced 

by the environmental factors of the power transmission path, such as the presence of 

moisture-containing obstacles. In RC-WPT systems, the presence of obstacles with 

dielectric and/or conductive losses in the power transmission path, so-called lossy 

mediums, cause the transmitted power to decay; thus, the power transmission efficiency 

is decreased [22]-[25]. To make the RC-WPT systems truly practical, actions must be 

taken to prevent the effects of obstacles that exist in the power transmission path. In this 

chapter, the effect of lossy mediums on the RC-WPT system with the spiral resonator is 

experimentally investigated in detail and a proposed spiral resonator with a novel 

structure to prevent the effect of lossy mediums and the appropriate placement for 

constructive elements of the RC-WPT system are discussed.
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3.2 Measurement Setup for the RC-WPT System with 

Lossy Mediums

Figure 3.1 shows the configuration setup for the RC-WPT system, which involved the 

insertion of water-filled acryl bases or lossy mediums in the Tx and Rx units of the system. 

The measurement setup is the same as that of the conventional RC-WPT system presented 

in Section 2.2, except for the insertion of the water-filled acryl bases. 

(a)

Figure 3.1 Configuration setup of RC-WPT System with Lossy Mediums.

(b) Cross-sectional View of Measurement Setup
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Figure 3.2 shows the dimensions of the water-filled acryl bases, which are used 

as alternatives to water-containing obstacles in the RC-WPT system. In this figure,     

w = 0.5 cm is the width of the gap between two acryl plates, while t = 0.5 cm and        

h = 50.0 cm are the thickness and height of the acryl plates, respectively. Here, the 

distance p represents the distance between the spiral resonators and the lossy mediums; 

this is an important parameter of this measurement setup. When the distance p is short, 

this means the lossy mediums are close to the spiral resonators. The changes in distance 

p would affect the performance of the system when lossy mediums are inserted along the 

transmission path. 

For the lossy mediums, pure or tap water-filled acryl bases are used in this study. 

The acryl bases are kinds of lossy mediums with dielectric loss that also act as water 

containers. To ensure no errors occurred when observing the results, the acryl bases must 

Figure 3.2 Dimension of Water-filled Acryl Bases.
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be clean when doing the experiments. Then, the acryl bases are filled with pure or tap 

water. In this experiment, the conductivity of the tap water is approximately 223 S/cm, 

whereas the conductivity of pure water is negligibly less than 0.1 S/cm. In fact, water is 

a dielectric material with high permittivity. Tap water contains dissolved ionic salts, 

whereas pure water has been filtered and processed to remove impurities. As a result, 

when electric energy is transmitted through tap or pure water in the RC-WPT system, tap 

water dissipates the extremely substantial electric energy more than pure water.  

 As for the spiral resonators used in the system, Single-Spiral #1 and Single-

Spiral #2, as mentioned in Chapter 2, are used. To characterize a single spiral resonator 

with adjacent lossy mediums, several parametric quantities need to be re-examined, such 

as the Q-factor and the coupling coefficient with the lossy mediums, since the 

performance of the system is affected by changes in these parameters. So, the following 

sections discuss the Q-factors, the coupling coefficient, and the power transmission 

efficiency of the system when lossy mediums exist in the power transmission path.
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3.2.1 Q-factors with Lossy Mediums

Figure 3.3 shows the measurement setup of the Q-factors with lossy mediums inside the 

RC-WPT system. This measurement setup is almost the same as the measurement setup 

outlined in Section 2.4.1, except for the installation of lossy mediums. By using this 

measurement setup, the unloaded Q: Qu, the external Q: Qe, and the external k: ke with 

lossy mediums for the single-spiral resonators can be measured simultaneously. However, 

only the results for the unloaded Q: Qu are presented in this section. The unloaded Q: Qu

with pure or tap water-filled acryl bases are measured by changing the distance between 

the single-spiral resonator and the acryl base from p = 1.0 cm to 7.0 cm. 

Figure 3.4 shows the results of the unloaded Q: Qu with pure or tap water-filled 

acryl bases located at p =1.0 cm and 7.0 cm. Single-Spiral #1 and Single-Spiral #2 were 

used for the cases in which the wire spacing of the spiral resonator s1 = 0.5 cm and      

Figure 3.3 Measurement Setup of Q-factors with Lossy Mediums.
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s2 = 1.0 cm, respectively. Here, the system with the pure water-filled acryl bases is defined 

as and , whereas the system with the tap water-filled acryl bases is defined as  and 

. In the same figure, the results for the unloaded Q: Qu without lossy mediums for the 

single-spiral resonators (see Figure 2.12 in Chapter 2) are also included to show the 

comparison; these are represented by the triangle marks, .

From the results shown in Figure 3.4, when the pure or tap water-filled acryl 

bases are inserted into the RC-WPT system, the unloaded Q: Qu for each spiral resonator 

drastically decreased compared to the equivalent without lossy mediums. This result 

indicates that the lossy mediums that existed on the power transmission path affected the 

deteriorating properties of the spiral resonators. On the contrary, as distance p increased, 

the unloaded Q: Qu obviously increased. Especially for Single-Spiral #2, it approached 

the equivalent without lossy mediums when p =7.0 cm. Meanwhile, for Single-Spiral #1, 

the unloaded Q: Qu with lossy mediums when p =7.0 cm was still further than that without 

lossy mediums. Here, the decreased rate for Single-Spiral #1 is larger than that of Single-

Spiral #2. However, the unloaded Q: Qu with lossy mediums for Single-Spiral #1 is higher 

than that of Single-Spiral #2. 
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Figure 3.4 Results of Unloaded Q: Qu with Pure or Tap Water-filled Acryl 
Bases for Single-Spiral Resonators when p = 1.0 cm and 7.0 cm.
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3.2.2 Coupling Coefficients with Lossy Mediums

Next, the coupling coefficient with lossy mediums for the single-spiral resonators is 

examined. Figure 3.5 shows the measurement setup of the coupling coefficient with lossy 

mediums. This measurement setup is almost the same as the measurement setup in 

Section 2.5.1, except for the installation of lossy mediums. Then, by changing the distance

from p = 1.0 cm to 7.0 cm, the coupling coefficient with lossy mediums for        

Single-Spiral #1 and Single-Spiral #2 is examined. 

Figures 3.6 and 3.7 show the results for coupling coefficients using Single-Spiral #1 and 

Single-Spiral #2 when p = 1.0 cm and 7.0 cm, respectively. In the same figures, the 

system with pure water-filled acryl bases is represented as the symbol ô and the system 

with tap water-filled acryl bases is represented as the symbol . The coupling coefficient 

Figure 3.5 Measurement Setup of Coupling Coefficient with Lossy Mediums.



Chapter 3: Effect of Lossy Mediums on the RC-WPT System

-60-

k without lossy mediums (see Figure 2.16 in Section 2.5.2) for the single-spiral resonators 

is also included to show the comparison; this is shown as the triangle marks, .

Figure 3.6 Results of Coupling Coefficients with Lossy Mediums 
for Single-Spiral Resonators (p = 1.0 cm).
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From the results shown in Figures 3.6 and 3.7, when the pure or tap water-filled acryl 

bases are close to the spiral resonators, the coupling coefficients for each resonator are 

lower than those without lossy mediums inside the system. In addition, the differences 

Figure 3.7 Results of Coupling Coefficients with Lossy Mediums 
for Single-Spiral Resonators (p = 7.0 cm).
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between the coupling coefficients with and without lossy mediums were obviously 

smaller and had not changed as much as those of the unloaded Q: Qu (see Figure 3.4).  

3.2.3 Power Transmission Efficiency with Lossy Mediums 

As mentioned previously, the Q-factor and the coupling coefficient with lossy mediums 

in the RC-WPT system need to be examined because they affected the performance of 

the system. After examining the Q-factors and the coupling coefficients with lossy 

mediums, the power transmission efficiency of the RC-WPT system with lossy mediums 

for Single-Spiral #1 and Single-Spiral #2 can be evaluated. The measurement setup for 

the power transmission efficiency of the RC-WPT system with lossy mediums is exactly 

the same as the measurement setup shown in Figure 3.1. According to the design theory 

of the BPF circuit, the distances a and d must be set to satisfy the system matching 

conditions to obtain the maximum power transmission efficiency for each RC-WPT 

system. Since the measurements of the unloaded Q: Qu and the coupling coefficient k with 

lossy mediums have been reported in the previous section, the theoretical value of the 

power transmission efficiency of the RC-WPT system with lossy mediums can be 

examined using equation (2.77), as outlined in Section 2.6.1. 

The results from the measurement of the theoretical and experimental values of 

power transmission efficiency of the system when pure or tap water-filled acryl bases 
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were used for Single-Spiral #1 and Single-Spiral #2, and where p = 1.0 and 7.0 cm, are 

shown in Figures 3.8 and 3.9, respectively. In these figures, the power transmission 

efficiency of the system without lossy mediums (see Figure 2.21) is also shown for 

comparison; this is represented by the symbol . Meanwhile, the symbol  indicates the 

measured experimental results in the systems with a pure water-filled acryl base, while 

the symbol  indicates the measured experimental results in the systems with a tap water-

filled acryl base. Here, the dashed lines are the theoretical results estimated using equation 

(2.72).  

From the results shown in Figures 3.8 and 3.9, the theoretical and experimental 

values of the power transmission efficiency of the RC-WPT system for each spiral 

resonator show good agreement between each other except the power transmission 

efficiency of the system with tap water-filled acryl bases using Single-Spiral #2, as shown 

in Figure 3.8 (b). Here, when the distance p is short, this means the tap water-filled acryl 

bases are closer to the single-spiral resonators, the power transmission efficiency of the 

system decreases and only a few theoretical systems matching conditions are satisfied.  

In the same figures, when the pure or tap water-filled acryl bases are inserted, 

the power transmission efficiency of the RC-WPT system for each resonator is far lower 

than that of the system with no lossy mediums. The reason is an acryl base is only a 
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dielectric material, whereas tap water and pure water are combinations of dielectric and 

conductive loss materials with high permittivity. If water-filled acryl bases are inserted 

into the system, the effect of the dielectric and conductive loss will dissipate from the 

water, as will the dielectric loss from the acryl bases. Thus, the electric fields leaked from 

the spiral resonators would be attenuated because of the dielectric and conductive loss 

[43], [44]. These decays cause reductions in electromagnetic energy and transmitted 

electric power. Furthermore, in each spiral resonator, the power transmission efficiency 

of the system with tap water-filled acryl bases is lower than the system with pure water-

filled acryl bases. Due to the high conductivity of tap water, the power transmission 

efficiency of the system decreases. As described in Section 3.1, tap water has higher 

conductivity than pure water. As a result, the tap water-filled acryl bases result in a lower 

transmission efficiency of the RC-WPT system than the bases with pure water. 
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Figure 3.8 Results of Power Transmission Efficiency of RC-WPT 
System with Lossy Mediums (p = 1.0 cm). 

0

20

40

60

80

100

0 20 40 60 80
Distance between Spiral Resonators: d [cm]

(a) Single-Spiral #1

(b) Single-Spiral #2

0

20

40

60

80

100

0 20 40 60 80
Distance between Spiral Resonators: d [cm]

No lossy medium
with Pure Water (Experiment)
with Tap Water (Experiment)
with Pure Water (Theoretical)
with Tap Water (Theoretical)

No Lossy Medium



Chapter 3: Effect of Lossy Mediums on the RC-WPT System

-66-

Figure 3.9 Results of Power Transmission Efficiency of RC-WPT 
System with Lossy Mediums (p = 7.0 cm). 
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As shown in Figures 3.8 and 3.9, when the distance p is the same, the decreased rate 

for Single-Spiral #1 is smaller and the power transmission efficiency of the system is 

higher than that of the system for Single-Spiral #2. However, the range of distance d

where the transmission efficiency is larger than 40% is much narrower and only a few 

systems matching conditions were satisfied for Single-Spiral #1 (see Figure 3.9 (a)). On 

the other hand, the range of distance d where the transmission efficiency is larger than 

40% for Single-Spiral #2 is wider and all the systems matching conditions were satisfied. 

Since Single-Spiral #2 performed better than Single-Spiral #1, in the next investigation, 

the single-spiral was limited to Single-Spiral #2 only. 

It has been observed that when lossy mediums are inside the system, the power 

transmission efficiency of the RC-WPT system decreases. Observing the measurement 

results of the unloaded Q: Qu and the coupling coefficient k (see Sections 3.2.1 and 3.2.2), 

when the pure or tap water-filled acryl bases are inserted inside the RC-WPT system, the 

changes in the unloaded Q: Qu are obvious. However, the coupling coefficient k is not 

changed as much. According to equation (2.76) (see Section 2.6.1), the transmission loss 

L of the RC-WPT system is proportional to the inverse of the product kQu. These findings 

mean that the insertion of lossy mediums would affect the resonator properties. In 
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particular, the unloaded Q: Qu would result in a lower power transmission efficiency of 

the entire RC-WPT system. Therefore, the shape of the resonator needed to be modified. 

3.3 Modified Structure of Spiral Resonators  

In this study, the power transmission efficiency in the RC-WPT system is closely related 

to the spread of the electromagnetic field formed by the resonator. When a lossy medium 

exists in the power transmission path, the power transmission efficiency of the RC-WPT 

system decreases. Therefore, lossy mediums, which consist of conductive and dielectric 

losses, form the main problem of this study. In a lossy medium, the expression of the total 

current is composed of the conduction current and the displacement current, so the 

dielectric loss and conductive loss must be considered. 

Assuming the flux density vector is D, the electric field vector is E and the dielectric 

constant is , the relationship between the three is expressed as follows:

which also indicates the amount that mainly affects the electric field. Therefore, the 

relational expressions concerning the displacement current density JD, the electric flux 

vector D, and the electric field vector E are represented by the following: 
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Next, the conductive loss occurs due to the conductivity of the substance. The relationship 

between the conductivity, and the conduction current density, JS is as follows:

which also represents the loss generated by acting in the electric field [4]. Therefore, 

based on equations (3.2) and (3.3), the total current density J is given as follows:

From the equations above, it can be clarified that the dielectric loss and conductive loss 

are caused by the electric field, E. Here, by constructing resonators that tend to confine 

the electric field vectors, as shown in Figure 3.10, the electric field is not leaked toward 

the power transmission path and it is possible to reduce the influence of the lossy mediums

[45]-[47]. In addition, the dual-spiral resonator has no lumped elements such as capacitors 

Figure 3.10 Image of Electric Field Lines in Dual-Spiral Resonators
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[48], [49]; instead, the separation between the resonators provides the capacitance 

component of the dual-spiral resonator. This is to increase the electric field vector of the 

resonator that lies in the spiral surface so that electric energy is confined in the resonator. 

Therefore, the dual-spiral resonator shown in Figure 3.11 is proposed in this study.

Structural parameters

[Inner Conventional Single-Spiral]
Resonant Frequency,  f     :11.4 MHz
Length of Copper Wire     : 950 cm
Diameter of Resonator, D3    : 24.4 cm
Number of Turns     : 24 times

[Outer Edgewise-Spiral]
Resonant Frequency,  f     :11.4 MHz
Length of Copper Wire     : 630 cm
Diameter of Resonator, D4    : 37.2 cm
Number of Turns     : 6 times

[Dual-Spiral Resonator]
Wire Spacing, s3 : 0.5 cm

x            : 5.0 cm
Resonant Frequency, mode 1 : 10.0 MHz

mode 2 : 13.4 MHz 

Figure 3.11 Fabricated Dual-spiral resonator and its Components.

D4

D3
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The proposed dual-spiral resonator is expected to provide higher power transmission 

efficiency to the RC-WPT system with lossy mediums compared to the system with the 

single-spiral resonator. To make a fair performance comparison between the resonators, 

the resonant frequency, as well as the radial size of Single-Spiral #2 and the dual-spiral 

resonators, should be set as identical. Here, when the same input power is applied to port 

1, the power density of the electromagnetic fields on the excited resonator surface is anti-

proportional to that area size. Therefore, to unify the power density on each spiral 

resonator, the cross-sectional area sizes must be the same. For this reason, the diameters 

of Single-Spiral #2 and the dual-spiral resonators are adjusted in the same way, which 

automatically decided that D4 is 37.2 cm. On the contrary, the wire spacing of Single-

Spiral #2 and the dual-spiral resonators are different; that is, s2 = 1.0 cm for Single-Spiral 

#2 and s3 = 0.5 cm for the dual-spiral resonators. The wire spacings are different because, 

for the resonant frequency of the dual-spiral resonators to be f = 10.0 MHz, the wire 

spacing 3 should be narrower than the wire spacing 2 since the wire spacing 3 needs to 

be narrower than that of the single spiral resonator s2 [50], [51]. Since the groove spacing 

of the spiral guide uses a 0.5 mm interval and the wire spacing s2 of the single spiral 

resonator is 1.0 cm, the wire spacing 3 of the dual spiral resonators was set to 0.5 cm.
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The dual-spiral resonator [52], [53] is a combination of the inner conventional 

single-spiral resonator and the outer edgewise-spiral resonator, which have the same 

resonant frequency on the same plane, as shown in Figure 3.11. In this study, since the 

dual-spiral resonator is made from different kinds of resonators, it has two resonant modes,

[54] as shown in Figure 3.12. Here, the resonance mode at the lower resonance point, 

10.0 MHz, is called mode 1 and the other resonant point, 12.9 MHz, is called mode 2.

3.4 RC-WPT System using Modified Spiral Resonators with

Lossy Mediums

3.4.1 Q-factors of Dual-Spiral Resonator

To determine the performance of the dual-spiral resonator, firstly, the unloaded Q: Qu

without lossy mediums is examined. The measurement setup is the same as the setup in 

mode 1
10.0 MHz

mode 2
13.4 MHz

Figure 3.12 Emergence of Two Resonance Modes.
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Figure 3.3. The measured results of the unloaded Q: Qu without lossy mediums, as a 

function of the distance between the loop coil and the spiral resonator, are shown in Figure 

3.13. In the case of the dual-spiral resonator, the symbol represents the unloaded Q: Qu

for mode 1, while the symbol represents the unloaded Q: Qu for mode 2. The unloaded 

Q: Qu for Single-Spiral #2 is also included for comparison purposes and is represented by 

the symbol .

From the results shown in Figure 3.13, in the case of Single-Spiral #2, when the distance 

a is longer than 15.0 cm, it converged to a maximum value of 720. Meanwhile, mode 1 

shows the same characteristics as Single-Spiral #2; however, it converged to 860. Based 

on these findings, the unloaded Q: Qu for mode 1 is higher than that of Single-Spiral #2. 
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Meanwhile, the unloaded Q: Qu for mode 2 shows the same characteristics when the 

distance a reaches up to 9.0 cm. Then, when the distance a is larger than 9.0 cm, the 

unloaded Q: Qu decreases. After the distance a exceeds 12.0 cm, the unloaded Q: Qu

disappears and cannot be measured because it is unstable. Therefore, the following 

investigation of the dual-spiral resonator is limited to mode 1 only because the operation 

mechanism of mode 2 has yet to be determined.

3.4.2 Q-factors with Lossy Mediums 

unloaded Q: Qu of the resonators with the lossy mediums was examined to 

check the properties of the spiral resonator when the lossy mediums are placed near the 

spiral resonators. Figures 3.14 (a) and (b) show the results of the unloaded Q: Qu for 

Single-Spiral #2 and the mode 1 dual-spiral resonator when the lossy medium is close to 

the system. Here, the symbols  and represent when p = 1.0 cm, whereas the symbols 

 and represent when p = 7.0 cm. In these figures, the unloaded Q: Qu without a lossy 

medium (see Figure 3.13) is also presented for comparison purposes and is represented 

by the symbol .
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Unloaded Q: Qu
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From the results shown in Figures 3.14 (a) and (b), when the lossy mediums are adjacent 

to the spiral resonators, the unloaded Q: Qu decreased more substantially than was the 

case without the lossy mediums. It was discovered that the lossy mediums around the 

resonator impact the degrading properties of the spiral resonators. On the contrary, when 

the lossy mediums are slightly further from the resonators (that is, when p = 7.0 cm), the 

unloaded Q: Qu obviously increased for both spiral resonators.  

 However, when the pure or tap water-filled acryl bases are inserted on the power 

transmission path, the unloaded Q: Qu for mode 1 of the dual-spiral resonator is larger 

than that of Single-Spiral #2. It can be inferred that the electric field that leaked from the 

dual-spiral resonator is less than that which leaked from the single-spiral resonator. 

According to the findings of the unloaded Q: Qu, when a lossy medium exists around the 

resonators, the dual-spiral resonator experiences a lower loss than the single-spiral 

resonator. 

3.4.3 Coupling Coefficients with Lossy Mediums 

Next, the coupling coefficient k with lossy mediums is examined, using the same 

measurement setup as shown in Figure 3.5. Also examined were the coupling coefficients 

for the RC-WPT system with lossy mediums for the single-spiral and dual-spiral 

resonators when p = 1.0 cm and 7.0 cm. The measured results for the coupling coefficient 
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between the spiral resonators with lossy mediums, as a function of distance d, are 

presented in Figures 3.15 and 3.16. In these figures, the system with pure water-filled 

acryl bases is represented by the symbol , and the system with tap water-filled acryl 

bases is represented by the symbol . The coupling coefficient k without lossy mediums 

is also included for comparison and is represented by the symbol .
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From the results in Figures 3.15 and 3.16, the coupling coefficients with tap water-filled 

acryl bases for each resonator were shown to be the lowest, while this was only over short 

distances . Despite that, the coupling coefficients for the system without lossy mediums

are slightly higher than those with tap and pure water-filled acryl bases. However, each 
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measured curve presented almost the same tendency. These differences were obviously 

smaller than those of the unloaded Q: Qu (see Figure 3.14).

3.4.4 Power Transmission Efficiency with Lossy Mediums 

Next, the power transmission efficiency of the RC-WPT system with lossy mediums for 

Single-Spiral #2 and mode 1 are examined. As the unloaded Q: Qu and the coupling 

coefficient k with lossy mediums have been measured in the previous section, the 

theoretical value of the power transmission efficiency of the RC-WPT system with lossy 

mediums can be obtained using equation (2.77) (see Section 2.6.1). Based on the design 

theory of the BPF circuit, the distances a and d must be set to satisfy the system matching 

conditions to obtain the maximum power transmission efficiency for each RC-WPT 

system. Then, the power transmission efficiency of the RC-WPT system with the lossy 

medium is examined, whereby the separation between the spiral resonator and the acryl 

base, p is fixed at 1.0 cm and 7.0 cm. These measured results are presented in Figures 

3.17 and 3.18, respectively. The power transmission efficiency without a lossy medium 

for Single-Spiral #2 and mode 1 of the dual-spiral resonators are also included in the same 

figure for comparison; this is represented by the symbol . Meanwhile, the symbol 

indicates the measured experimental results from the systems with pure water-filled acryl 

bases, whereas the symbol indicates the measured experimental results from the 
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systems with tap water-filled acryl bases. The dashed lines are the theoretical results,

which were estimated using equation (2.78).

Figure 3.17 Results of Power Transmission Efficiency of RC-WPT System 
with Lossy Mediums for Single-Spiral and Dual-Spiral 
Resonators (p = 1.0 cm). 
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Figure 3.18 Results of Power Transmission Efficiency of RC-WPT System 
with Lossy Mediums for Single-Spiral and Dual-Spiral 
Resonators (p = 7.0 cm). 
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From the results shown in Figures 3.17 and 3.18, when p = 1.0 cm and 7.0 cm, the power 

transmission efficiency for the single-spiral resonator with pure or tap water-filled acryl 

bases is both further and less than that without lossy mediums inside the RC-WPT system. 

However, using the proposed dual-spiral resonator, the power transmission efficiency of 

the system with pure or tap water-filled acryl bases improved, compared with the system 

using Single-Spiral #2. Furthermore, the power transmission efficiency for the system 

with the dual-spiral resonator approaches that of the system without the lossy medium. 

These results reveal that when a lossy medium is inserted into the system, the dual-spiral 

resonator displays a lower decrease in the rate of power transmission efficiency than that 

of the single-spiral resonator. In addition, when the distance p is the same, the dual-spiral 

resonator demonstrates a higher transmission efficiency of the system and a wide range 

of distance,  where the transmission efficiency is larger than 60%.  

When the distance p increases to p = 7.0 cm, the power transmission efficiency of 

the RC-WPT system for Single-Spiral #2 and mode 1 of the dual-spiral resonator 

improved, especially for the system using the dual-spiral resonators. Even with pure or 

tap water-filled acryl bases, the power transmission efficiency of the system for the dual-

spiral resonator is unaffected by distance p. These results indicate that the proposed dual-

spiral resonator has more effectively confined the electric field compared to the single-
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spiral resonators, since the dielectric and conductor losses are caused by the electric field 

acting on an electromagnetic field. 

Therefore, the proposed dual-spiral resonator would be the most effective way to 

establish the RC-WPT system strong resistance to lossy mediums. To confirm these 

statements, the modes of the spiral resonators using an electromagnetic simulator should 

be investigated in more detail. 

Figure 3.19 Expectation of Future Practical Application.
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3.5 Summary 

In this chapter, the effect of lossy mediums inside the RC-WPT system was investigated. 

The measured results suggest that the influence of the lossy mediums drastically changes 

with the resonator properties. Especially when lossy mediums exist in the RC-WPT 

system, the unloaded Q: Qu leads to a decrease in the power transmission efficiency of 

the system using single-spiral resonators. Therefore, the dual-spiral resonator is proposed, 

and this was fabricated in such a way that the electric field was confined inside the 

resonator to reduce the influence of the lossy mediums. The measurement results show 

that the system using the dual-spiral resonator is more superior against lossy mediums 

than the system using the single-spiral resonator. Even when the spiral resonator is further 

from the lossy mediums, the system with dual-spiral resonators can maintain a higher 

power transmission efficiency than the system with the single-spiral resonator. 
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Chapter 4: Effects of Some Misalignments between 

Tx/Rx Units of RC-WPT System 

4.1 Foreword  

The RC-WPT system can transmit electric power wirelessly over a middle-range distance. 

As the transmission distance increases, the degree of freedom in the layout of the Tx and 

Rx units increases, but the effects of angular and axial misalignment on the power 

transmission efficiency of the WPT system need to be considered. Therefore, in this 

chapter, the power transmission efficiency characteristics of RC-WPT systems with spiral 

resonators that have an angular misalignment are investigated, based on experimental 

values. The degradation of the power transmission efficiency due to angular 

misalignments seems inevitable. Therefore, this section discusses in detail a method of 

adding the appropriate axial displacement so that the decayed transmission power due to 

angular misalignments can be improved.

4.2 Configuration Setup for RC-WPT System with Angular 

Misalignment  

The configuration setup of the RC-WPT system with angular misalignments is presented 

in Figure 4.1. The angular misalignments [°] have been defined by the angle between 

the loop coil surface in the Tx unit and the spiral resonator surface in the Rx unit. When 
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the spiral resonators are observed from the Tx unit to the Rx unit, the winding direction 

of the spiral resonators in the Tx and Rx units are opposite to each other. For the spiral 

resonators, Single-Spiral #2 and mode 1 of the dual-spiral resonators are used in this study. 

Henceforth, Single-Spiral #2 and mode 1 of the dual-spiral resonators are referred to only 

as single-spiral and dual-spiral resonators, respectively. 

Figure 4.1 Structure of RC-WPT System with Angular Misalignments.

(a)

(b)
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To measure the power transmission efficiency of the RC-WPT system with angular 

misalignment for those spiral resonators, the sets of distances a and d that satisfy the 

system matching conditions are determined, based on the system matching conditions 

described in Section 2.6.2. Then, the plane of the Rx units is tilted to form an angle 

through the center axis of the spiral resonator in Rx [55]-[57]. Here, the Rx unit is tilted 

with angular misalignment in the Rx unit is examined for those spiral resonators.

4.3 Measurement of Power Transmission Efficiency with 

Angular Misalignment  

Figure 4.2 presents the measured results for the power transmission efficiency of the RC-

-

Spiral #2 and mode 1 of the dual-spiral resonators when a = 3.0 cm, 5.0 cm, and 7.0 cm. 

The measurement results for the other combinations of a and d had been examined, 

confirming that they have almost the same tendencies and/or characteristics. However, 

only a = 3.0 cm, 5.0 cm, and 7.0 cm are shown in this figure. In the same figure, the 

orange circles indicate the maximum values of the power transmission efficiency of the 

RC-WPT system when a [cm] and d [cm] are fixed states.
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Figure 4.2 Relationship between Power Transmission Efficiency and 
Angular Misalignments for Single-Spiral and Dual-Spiral 
Resonators when a = 3.0 cm, 5.0 cm, and 7.0 cm.
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These results indicate that, in each case where a = 3.0 cm, 5.0 cm, and 7.0 cm, mode 1 of 

the dual-spiral resonator has a higher power transmission efficiency of the RC-WPT 

system with angular misalignment compared to that of Single-Spiral #2. These results 

revealed that when the Rx unit is tilted, the dual-spiral resonator is more superior and less 

sensitive to angular misalignment than the single-spiral resonator.  

 However, for each spiral resonator, as the angular misalignments increase, the 

power transmission efficiency of the RC-WPT system decays in each case. It seems that 

the overlapping rate between the modal profiles of the resonators in the Tx and Rx units 

decreases due to the tilted Rx unit, resulting in the decayed power transmission efficiency 

of the RC-WPT system. Here, it is assumed that when there is no angular misalignment 

in the RC-WPT system, the spiral resonators are normal at their plane, so the magnetic 

flux is perpendicular to the spiral resonator. When the Rx unit of the system is tilted or 

has angular misalignment, less magnetic flux crosses the Rx unit [28] and causes the 

degree of coupling to decrease.

Based on these problems, the recovery method for addressing this performance 

degradation must be investigated. It is thought that the decayed transmission power due 

to angular misalignment could be recovered by adding appropriate axial displacement to 

the tilted Rx unit so that the rate of the overlapping area between the modal profiles of 
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the Tx and Rx spiral resonators would grow. This recovery method for the RC-WPT 

system is examined and discussed in the next section.   

4.4 Improvement of Power Transmission Efficiency with 

Some Misalignments 

According to Refs. [29], [58]-[60], when axial misalignments exist between the Tx and 

Rx units of the system, the power transmission efficiency of the system declines due to 

these misalignments. However, this lower power transmission efficiency can be improved 

by adding some angular misalignments to the Rx unit of the system. Therefore, this 

section of the study investigates how the decreased power transmission efficiency of the 

RC-WPT system due to angular misalignments can be improved by adding the 

appropriate axial displacement to the tilted Rx unit of the system. 

 Figure 4.3 shows the measurement setup of the RC-WPT system with angular 

misalignment by adding axial displacements. Here, the distance c [cm] indicates axial 

displacement between the Tx and Rx units. These configuration system setups are almost 

the same as that of the RC-WPT system with angular misalignment outlined in Section 

4.2, except for the existence of axial displacement. Therefore, the system without axial 

displacement (see Figure 4.1) is set as c = 0 cm. Using the same spiral resonators, which 

are Single-Spiral #2 and mode 1 of the dual-spiral resonator, and keeping the same sets 
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of distance a and d as mentioned in Section 4.3, the improved power transmission 

efficiency of the RC-WPT system is inspected. To examine these circumstances, the

angular misalignment is changed by = 10° in the range of 60°. The tilted Rx 

unit is then moved parallel toward the reference line by distance c.

Figure 4.3 Measurement Setup of RC-WPT Systems with Some Misalignments

(b)

(a)
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4.5 Measurement of Improvement of Power Transmission 

Efficiency with Some Misalignments 

This section examines the power transmission efficiency of the RC-WPT system when 

the Rx units with angular misalignments are shifted in the range of by 

different axial displacements, c, where a = 3.0 cm, 5.0 cm, and 7.0 cm. Figures 4.4, 4.6, 

and 4.8 show the measured results of the system using Single-Spiral #2, while Figures 

4.5, 4.7, and 4.9 show the measured results of the system using mode 1 of the dual-spiral 

resonator. In the same figures, the colored circle marks show the axial displacement where 

the maximum power transmission efficiency of the system is obtained, according to its 

angular misalignments. Here, for the angular misalignment = 10° presented by , 20° 

presented by , 30° presented by , 40° presented by , 50° presented by  and 60° 

presented by .
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Figure 4.4 Relationship between Power Transmission Efficiency and Axial 
Displacement for Single-Spiral #2 in the range of 
when a = 3.0 cm and d = 40.6 cm.
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Figure 4.5 Relationship between Power Transmission Efficiency and Axial 
Displacement for Dual-Spiral Resonator (mode 1) in the range of 

when a = 3.0 cm and d = 34.1 cm.
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Figure 4.6 Relationship between Power Transmission Efficiency and Axial 
Displacement for Single-Spiral #2 in the range of 
when a = 5.0 cm and d = 51.0 cm.
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Figure 4.7 Relationship between Power Transmission Efficiency and 
Axial Displacement for Dual-Spiral Resonator (mode 1) in the 
range of when a = 5.0 cm and d = 47.7 cm.
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Figure 4.8 Relationship between Power Transmission Efficiency and 
Axial Displacement for Single-Spiral #2 in the range of 

when a = 7.0 cm and d = 64.6 cm.
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Figure 4.9 Relationship between Power Transmission Efficiency and 
Axial Displacement for Dual-Spiral Resonator (mode 1) in the 
range of when a = 7.0 cm and d = 61.8 cm.
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Based on Figures 4.4 to 4.9, these results confirm that there is an optimum value of the 

power transmission efficiency of the system, which can be significantly improved by 

adjusting the distance c for a = 3.0 cm, 5.0 cm, and 7.0 cm for Single-Spiral #2 and mode

1 of the dual-spiral resonator. Here, for the small angular misalignments 1 0°, 

the improved rate of the power transmission efficiency is low. In contrast, for the large 

angular misalignments 4 0°, the improved rate of the power transmission 

efficiency is large. 

 Then, to examine the recovered power transmission efficiency of the RC-WPT 

system for Single-Spiral #2 and mode 1 of the dual-spiral resonator, the optimum axial 

a = 3.0 

cm, 5.0 cm, and 7.0 cm is chosen and arranged, as shown in Figures 4.10, 4.11 and 4.12, 

respectively. The solid marks show the power transmission efficiency without axial 

displacement, which is c = 0 cm. The hollow marks show the improved power 

transmission efficiency by axial displacement. Comparisons of the optimum conditions 

for each angular misalignment and the recovered amount between those spiral resonators 

when a = 3.0 cm, 5.0 cm, and 7.0 cm are summarized in Tables 4.1, 4.2, and 4.3, 

respectively. 
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Figure 4.10 Recovered Power Transmission Efficiency for the RC-WPT 
System with Angular Misalignment Obtained by Choosing the 
Optimum Axial Displacement where a = 3.0 cm.
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(b) Dual-Spiral Resonator (mode 1) where a = 5.0 cm, d = 47.7 cm.

Figure 4.11 Recovered Power Transmission Efficiency for the RC-WPT 
System with Angular Misalignment Obtained by Choosing the 
Optimum Axial Displacement where a = 5.0 cm.



Chapter 4: Effects of Some Misalignments between Tx/Rx Units of RC-WPT System

-102-

Figure 4.12 Recovered Power Transmission Efficiency for the RC-WPT 
System with Angular Misalignment Obtained by Choosing the 
Optimum Axial Displacement where a = 7.0 cm.
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No Axial 
Displacement, 

c = 0 cm 

Recovered Value 
by Choosing the Optimum Axial 

Displacement 
Angular 

Misalignment: 
[°]

Transmission 
Efficiency: 

[%] 

Axial 
Displacement:

c [cm] 

Transmission 
Efficiency: 

[%] 

Recovered
Amount 

[%] 
10 85.6 2.0 85.8 0.2 
20 85.1 3.0 85.3 0.2 
30 84.5 6.0 85.0 0.5 
40 83.5 8.0 85.3 1.8 
50 80.0 9.0 84.1 4.1 
60 71.6 14.0 82.8 11.2 

No Axial 
Displacement, 

c = 0 cm 

Recovered Value 
by Choosing the Optimum Axial 

Displacement 
Angular 

Misalignment: 
[°]

Transmission 
Efficiency: 

[%] 

Axial 
Displacement:

c [cm] 

Transmission 
Efficiency: 

[%] 

Recovered
Amount 

[%] 
10 93.9 1.0 94.0 0.1 
20 93.6 3.0 93.8 0.2 
30 93.6 6.0 93.8 0.2 
40 92.7 6.0 93.3 0.6 
50 91.0 7.0 92.8 1.8 
60 87.6 10.0 92.0 4.4 

Table 4.1 Comparison of Power Transmission Efficiency between No Axial 
Displacement and Recovered Value by Axial Displacement 
when a = 3.0 cm. 

(a) Single-Spiral #2 where a = 3.0 cm and d = 40.6 cm. 

(b)
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No Axial 
Displacement, 

c = 0 cm 

Recovered Value 
by Choosing the Optimum Axial 

Displacement 
Angular 

Misalignment: 
[°]

Transmission 
Efficiency: 

[%] 

Axial 
Displacement:

c [cm] 

Transmission 
Efficiency: 

[%] 

Recovered
Amount 

[%] 
10 79.7 3.0 80.0 0.3 
20 78.6 5.0 79.2 0.6 
30 76.7 7.0 78.2 1.5 
40 74.6 9.0 77.4 2.8 
50 70.0 10.0 76.3 6.3 
60 57.5 15.0 73.5 16.0 

No Axial 
Displacement, 

c = 0 cm 

Recovered Value 
by Choosing the Optimum Axial 

Displacement 
Angular 

Misalignment: 
[°]

Transmission 
Efficiency: 

[%] 

Axial 
Displacement:

c [cm] 

Transmission 
Efficiency: 

[%] 

Recovered
Amount 

[%] 
10 86.8 2.0 86.9 0.1 
20 86.4 2.0 86.6 0.2 
30 85.7 5.0 86.2 0.5 
40 84.4 8.0 85.5 1.1 
50 81.7 9.0 84.6 2.9 
60 76.3 15.0 83.3 7.0 

Table 4.2 Comparison of Power Transmission Efficiency between No Axial 
Displacement and Recovered Value by Axial Displacement 
when a = 5.0 cm. 

(a) Single-Spiral #2 where a = 5.0 cm and d = 51.0 cm. 

(b)
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No Axial 
Displacement, 

c = 0 cm 

Recovered Value 
by Choosing the Optimum Axial 

Displacement 
Angular 

Misalignment: 
[°]

Transmission 
Efficiency: 

[%] 

Axial 
Displacement:

c [cm] 

Transmission 
Efficiency: 

[%] 

Recovered
Amount 

[%] 
10 70.3 3.0 70.5 0.2 
20 69.3 6.0 69.8 0.5 
30 67.1 8.0 68.9 1.8 
40 62.7 10.0 66.2 3.5 
50 55.5 16.0 63.4 7.9 
60 42.5 20.0 59.1 16.6 

No Axial 
Displacement, 

c = 0 cm 

Recovered Value 
by Choosing the Optimum Axial 

Displacement 
Angular 

Misalignment: 
[°]

Transmission 
Efficiency: 

[%] 

Axial 
Displacement:

c [cm] 

Transmission 
Efficiency: 

[%] 

Recovered
Amount 

[%] 
10 81.1 2.0 81.1 0.0 
20 81.0 5.0 81.3 0.3 
30 79.8 11.0 80.8 1.0 
40 77.0 10.0 80.0 3.0 
50 72.0 14 77.6 5.6 
60 62.0 18 74.3 12.3 

Table 4.3 Comparison of Power Transmission Efficiency between No Axial 
Displacement and Recovered Value by Axial Displacement 
when a = 7.0 cm. 

(a) Single-Spiral #2 where a = 7.0 cm and d = 64.4 cm. 

(b)
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From the measured results, when a=3.0 cm, 5.0 cm, and 7.0 cm, the recovered amount 

for the single-spiral resonator is larger than that of the dual-spiral resonator. However, 

the power transmission efficiency for the RC-WPT system with angular misalignment is 

higher for the dual-spiral resonator than it is for the single-spiral resonator. Besides, the 

dual-spiral resonator performed better than the single-spiral resonator against the 

misalignment between the Tx and Rx units of the RC-WPT system. It can be inferred that 

dual-spiral resonators are more superior in overcoming the sensitivity of 

positioning/misalignment of the RC-WPT system.  

On the other hand, judging from the measured results of the method of improving 

the RC-WPT system using single-spiral and dual-spiral resonators, it is obvious that the 

proposed improvement method for the performance of the RC-WPT system would be 

effective for the WPT system. According to Refs. [61] and [62], the power transmission 

efficiency of the butt-joint between the optical waveguides through an air gap and 

between the single-mode and multi-mode waveguides has relied on the overlapping rate 

of their modal profile. Therefore, through the proposed improvement method of adding 

axial displacement to the tilted Rx unit of the RC-WPT system, it is assumed that the 

decayed power transmission efficiency of the RC-WPT system can be recovered because 

the rate of overlapping area between the modal profiles of the Tx and Rx spiral resonators 
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would grow. As a result, the degree of coupling between the resonators would improve,

resulting in higher power transmission efficiency. To confirm these assumptions, the 

modal shape of the spiral resonators should be investigated more in detail using an 

electromagnetic simulator.

One way to achieve this is shown in Figure 4.13. This proposed method might

allow a comprehensive degree of freedom when placing devices, without the positioning 

of the devices being a matter of concern. 

Figure 4.13 Expectation of Future Practical Application.
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4.6 Summary 

In this chapter, the power transmission efficiency of the RC-WPT system with angular 

misalignments, which are when the Rx unit is tilted, has been investigated. The results 

show that when the power transmission distance is increased, the power transmission 

efficiency generally decreases due to angular misalignment. Furthermore, the method of 

adjusting the RC-WPT system to improve the power transmission efficiency in the case 

of angular misalignment has been studied, while the power transmission characteristics 

when the Rx with angular misalignment was shifted on its axis has been investigated as 

a method. The findings indicate that the decayed power transmission efficiency of the 

RC-WPT system due to angular misalignment was improved for both the single-spiral 

and dual-spiral resonators by adding axial displacement to the tilted Rx unit.  



Chapter 5: Conclusions 

-109- 

Chapter 5: Conclusions 

This paper presents a comprehensive and detailed study of how to reduce the effect of 

lossy mediums in the power transmission path and how to avoid a loss in power 

transmission efficiency due to the misalignment between the Tx/Rx units of the system, 

in order to make RC-WPT systems an effective and practical power source for mobile 

equipment, sensors embedded in IoT devices, and other items. Consequently, several 

effective approaches and improved methods have been proposed to further enhance the 

performance of the RC-WPT system. As concluding remarks, the major improvements 

and their methods are summarized below. 

a)
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b)

Next, the effect of some misalignments between the Tx and Rx units of the RC-

WPT system was discussed. As the angular misalignment between the Tx and Rx units 

of the RC-WPT system increased, the power transmission efficiency of the RC-WPT 

system with single-spiral and dual-spiral resonators decreased. This decrease in power 

transmission efficiency due to the angular misalignment became more significant for 

longer power transmission distances. As a countermeasure, the power transmission 

efficiency was improved by shifting the tilted Rx unit to a direction parallel to the spiral 

plane of the Tx unit, considering the shape of the magnetic field formed by the resonator. 

As a result, it was confirmed that the power transmission efficiency degraded by the 

angular misalignment could be recovered in both the single-spiral resonator system and 

the WPT system with dual-spiral resonators. 

This improvement method is expected to be applicable in cases where the Tx and 

Rx units have large axial displacement and/or angular misalignment when supplying 
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power to sensors for IoT devices and mobile communication devices such as smartphones, 

which are currently in widespread use. 

From the above explanations, it can be concluded that the WPT system is 

practical, effective, and can perform even better. In the future, it will be necessary to 

develop a more practical and efficient WPT system and to consider the effects of the 

electromagnetic field formed by the WPT system on the human bodyò 

Finally, it will be a considerable pleasure for the author if the results obtained 

in this study can contribute to improvements in people's QoL (Quality of Life) in the 

future. 
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