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Abstract 

 

 High efficiency Class-E Power Amplifiers (PA) are difficult to analytically design using 

the original design equations. We present a high frequency (HF) Class-E PA design methodology 

that simplifies design in this thesis. A high-efficiency Class-E PA was designed using a low-cost 

power FET by following this design-flow. 

 Due to their small size, itôs difficult to design efficient MCR-WPT resonators for portable 

electronics. We propose a novel multi-layer MCR-WPT Printed Spiral Coil (PSC) design and 

design methodology. Two MCR-WPT PSC resonators were designed for smartphones and tablets 

to meet the Rezence Self-Resonant Frequency and efficiency specifications using this novel design 

and design methodology. 

 The MCR-WPT resonators power transfer efficiency is reduced when their separation 

distance is below the optimal Critical Coupling Distance (CCD) due to frequency splitting. We 

present a novel maximum-peak detection and auto-tuning circuit that automatically improves 

efficiency using capacitive tuning when the separation distance is below the CCD. 
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Chapter 1 

1 Introduction 

 The Airfuel (formerly known as A4WP) Rezence Wireless Power Transmission (WPT) 

standard was established 2012 [1] to wirelessly power portable devices. Researchers from MIT 

developed the Magnetically Coupled Resonant Wireless Power Transmission (MCR-WPT) 

techniques in 2007 [2] which the Rezence technology is based on. Some of the applications that 

the MCR-WPT technique is used in are charging TVs, electric vehicles and other large electronics 

[3], [4] and [5]. With this technique, Rezence has the ability to charge in smaller electronic devices 

such as tablets, smartphones and Bluetooth headsets [6]. These devices can be charged at a distance 

allowing for freedom of placement in horizontal and vertical dimensions for a true drop and go 

user experience [1]. Power solutions from 1-50W range allow it to support multi-device charging.   

 In this chapter, the basic background of the Rezence standard is presented in section 1.1. 

We then go through some of the design issues associated with the Rezence standard in section 1.2. 

This is followed by the contributions of this thesis in section 1.3. Then the thesis organization is 

briefly described in section 1.4. Finally, we conclude this chapter in section 1.5. 
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1.1 Background and Literature Review 

 Wireless Power Transmission (WPT) has been around for more than a century. One of the 

earliest research done used wireless power and resonance techniques for a transformer system for 

electric railways in 1894 by M. Hutin and M. Leblanc [7], [8]. Extensive research was later done 

by Nicola Tesla on WPT, who by 1910s held many patents [9] for WPT applications including 

WPT using high-tension tesla coils [10], and an apparatus for transmitting electrical energy [11]. 

Tesla also did multiple other experiments with WPT, in one of them he used the experimental 

setup shown in Figure 1.1-1 to wirelessly power an electric light bulb using a pair of coils. Because 

of his broad and cutting-edge research on WPT, Tesla is considered a pioneer of the field [7].  

 There are multiple works done by Tesla in WPT that have helped to pave the way for the 

establishment of WPT. After Tesla, there was a pause in WPT research until after WWII [12], 

wherein 1962 the first long-range microwave WPT system was demonstrated by William C. 

Brown [13]. At around the same time in the 1960s, research was being done with short-range WPT 

systems for biomedical applications using inductive WPT such as in [14] and [15]. Lots more 

research was done over the next few decades using various types of WPT in different applications, 

which is discussed in more detail in [7]and [12].  

 
Figure 1.1-1 One of Tesla's wireless power transmission experiment [7]  
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 In 2007, a group of researchers from MIT demonstrated Wireless power transmission using 

strongly coupled magnetic resonance [2], also known as MCR-WPT [16]. The work uses 

impedance matching and resonance to extend the transmission distance to mid-range WPT. This 

new approach is the foundation of the WiTricity Drive11 WPT standard for cars [4], and the 

Airfuel Rezence WPT standard portable electronic devices [17].  

1.1.1 Basic overall Architecture 

 The Rezence WPT standard uses magnetic resonance, instead of inductance to wirelessly 

charge portable electronic devices. According to [6], it brings many improvements over its 

inductive counterparts for wireless charging, which include: 

¶ Large charging range ï instead of being limited to a charging pad, the device can be 

placed anywhere in the charging range. 

¶ Multiple device charging ï devices with different power requirements (such as 

smartphones and tablets) can be charged simultaneously. 

¶ Real world safe charging ï Stray metallic objects such as keys and utensils tend to heat 

up in the presence of magnetic fields due to eddy currents generated in the metals. Due to 

the resonant nature of MCR-WPT, most of these object wonôt heat up unless they resonate 

at the transmission frequency, which reduces the risk of power loss in nearby stray metallic 

objects. Also using Bluetooth 4.0 LE, Rezence charging surfaces will only transmit power 

when compatible devices are present, thereby further reducing this hazard.  

 To accomplish these improvements, the Rezence WPT standard uses the system 

architecture provided in Figure 1.1-2. The standard transmits power using 6.78MHz resonators. 

The overall system which is composed of a Power Transmit Unit (PTU) and a Power Receiving  
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Figure 1.1-2 Rezence magnetic resonance wireless power specification [18]  

Unit (PRU). The PTU is has a power supply block, Power Amplifier, matching network and 

transmitter Resonator (Tx). The PRU is has a Receiver Resonator (Rx), Rectifier, and DC-DC 

Converter. There are two Microcontroller Units (MCU), one at the PTU and PRU respectively. 

Each Block will be briefly discussed here and more detail in the subsequent chapters. There 

are 5 categories of PRU and 5 classes of PRUs which are presented in Table 1.1-1. 

1.1.2 Communication between the MCU 

 The MCUs uses a propriety protocol via Bluetooth 4.0 LE (smart) to allow to PTU and 

PRUs to communicate with one another. This enables the PTU to identify compatible PRU 

Table 1.1-1 PRU and PTU device classifications [6] . 

 Power Receiving Unit (PRU)  Power Transmitting Unit (PTU)  

Category 

1 

Bluetooth 

Headset 

(On 

Roadmap) 

Class 

1 

(On Roadmap) ï Supporting 1 category 1 device 

Category 

2 

Feature 

Phone 

3.5 Watts Class 

2 

10 Wattsï Supporting 1 category 1, 2 or 3 device 

Category 

3 

Smart 

Phone 

6 Watts Class 

3 

16 Watts ï Supporting 2 category 1, 2, or 3  

                   devices, or 1 category 4 device 

Category 

4 

Tablet (On 

Roadmap) 

Class 

4 

22 Watts ï Supporting 3 category 1, 2, or 3  

                   devices, or 1 category 4 device. 

Category 

5 

Laptop (On 

Roadmap) 

Class 

5 

(On Roadmap) ï TBD 
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devices before it starts transmitting power. This is done to ensure that power is not transmitted in 

the presence of stray metallic objects. It is also used to adjust the Impedance Matching Network 

to improve the efficiency when the device is not at the optimal location for maximum efficiency. 

The protocol allows for the communication between PTU and PRUs so that the Power Amplifier 

input power can be adjusted to accommodate the number of PRUs in range  

1.1.3 Power Supply, Oscillator, and Gate driver 

 The Power Supply block is composed of 3 sub-blocks including the Power Supply, 

Oscillator and Gate Driver as illustrated in Figure 1.1-3. The power supply provides a stable 

voltage supply for the oscillator, gate driver and PA. It can be adjusted to by the MCU to deliver 

a more or less power to the PA depending on how many Load devices need to be powered up. 

Since the oscillator and gate driver blocks need a constant voltage supply, a voltage regulator could 

be used to supply constant supply voltage in the presence of the changing power supply  

 
Figure 1.1-3 Rezence power supply sub-blocks 
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 There are many types of oscillators, such as the Colpitts, Crystal and Hartley Oscillators 

among others. Since the Rezence frequency specification is 6.78MHz ±15kHz, the oscillator 

accuracy and stability are a primary concern. Extra attention should be given to the selection of 

oscillator components that are unaffected by temperature and voltage variations.  

 Gate Drivers are used to supply the PA input with enough power so that it can function 

correctly. The gate of switch mode PAs must be charged and discharged quickly so that it acts as 

a switch, and can be done with two types of gate drivers, a square or sine wave. Both types of gate 

drivers need additional circuitry to operate correctly, where the square wave gate drivers need an 

analog to digital converter between the oscillator output and its input, and the sine wave gate driver 

needs an impedance matching network between its output and the PA input. The selection of the 

gate driver is dependent on which gate driver enables the PA to achieve higher output efficiency 

when applied to the PA input.  

1.1.4 Power Amplifier and Impedance Matching 

 The Power Amplifier (PA) supplies to the power that the Tx Resonator transmits to the Rx 

resonator. There are many types of PAs available which are grouped into two main categories, 

namely controlled conduction angle and switch mode PAs. The controlled conduction angle PAs 

are composed of the common class A, AB, B and C PAs which have simpler designs, with the 

exception of the class C PA, generally have higher input to output power linearity at the cost of a 

lower efficiency. Switch mode amplifiers which include D, E, and other PA classes, use digital 

input signals to constantly drive the transistor output into saturation and cut-off regions by 

switching the input between ñfully-ONò and ñfully-OFFò. These PAs generally have a higher 

efficiency, with some PAs achieving 100% efficiency, but they are non-linear, so additional 

circuitry is required to ensure the amplified input signal is not altered at the output. Power 
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Amplifier (PA) linearity is highly important when transmitting information and data. The Rezence 

resonators are not concerned with PA linearly since they only transmit power. Because of this 

switch-mode PAs like the class D and E are used for their high efficiency.   

 Regardless of the type of PA used to supply power to the TX resonator, the output must be 

impedance matched to the Tx resonator input to ensure maximum power transfer. This is done 

with a power matching network composed of capacitors and inductors which ideally have purely 

imaginary impedances with no resistive losses. In reality, all passive devices exhibit some resistive 

loss, but since the 6.78MHz Rezence operating frequency is much less than 300MHz (the 

frequency where transmission line effects should be taken into account the frequency wavelength 

is comparable to the wire trace lengths). There are a few basic impedance matching network 

topologies such as the L, ́ and T networks which are shown in Figure 1.1-4. Impedance matching 

theory is not discussed in detail in this thesis, but many books and articles that discuss the theory 

of these networks, example [19].  

 
Figure 1.1-4 Basic impedance matching networks using lumped components 
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1.1.5 Magnetic Coupling Resonant Wireless Power Transmission Coils 

 The Magnetic Coupling Resonant Wireless Power Transmission (MCR-WPT) coils used 

to design the Tx and Rx resonators, supply power to the PRU from the PTU. It does so by 

converting AC current to a resonant magnetic field at the Tx resonator, which is received by the 

Rx resonator and converted back to an AC current. The physical dimensions of the Tx and Rx 

resonators such as the number of turns, wire width, wire thickness, wire spacing, inner and outer 

coil diameters, and the number of layers have a direct impact on the self-inductance and self-

capacitance. These parameters also determine the efficiency, Self-Resonant Frequency (SRF), and 

the transmission distance between the Tx and Rx. There are multiple inductor coil geometries 

available which can be used for the resonator designs.  

1.1.6 Rectifiers and DC-to-DC converters 

 AC to DC rectification is generally implemented using a rectifier. There are many types of 

rectifiers used for both single and three phase systems which can be categorized into 3 groups, 

uncontrolled, half-controlled and fully controlled rectifiers, which are shown in Figure 1.1-5. 

When designing or selecting a rectifier for frequencies above 1MHz, extra attention should be 

placed on the reverse recovery time and reverse bias capacitance as they significantly reduce the 

rectifier efficiency.  

 DC-DC converters are used in a multitude of applications including electric motor drives, 

Switch mode DC power supplies, etc. There are two device categories, linear voltage regulators 

which have low efficiency, and switch mode DC-DC converters which can have efficiencies near 

90%. The switch mode DC-DC converters can also be subdivided into types, converters with 

without isolation, such as the boost and buck converters, and converters with isolation, such as the 

full -bridge and push-pull converters among others [20]. For WPT system the Buck converters are  
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Figure 1.1-5 Types of rectifiers [21]  

mostly used. The above material about converters are provided for informational purposes and is 

not discussed in detail in this thesis, but many books and articles that provide this information. 

1.2 Motivation s and Objectives 

 Even with all these advantages, the Rezence standard has over the other WPT standards, 

the system suffers from an overall low transmission efficiency [22]. These efficiency challenges 

include difficulties designing high-efficiency PAs as revealed in section 1.2.1. Also low-efficiency 

MCR-WPT Tx and Rx resonators due to coil size restrictions on the coil parameters as mentioned 

in section 1.2.2. Finally, reduced efficiency occurs when the Rx resonator is not placed at the 

optimal separation distance from the Tx resonator which is brought up in section 1.2.3. Our 

objectives are, therefore, to simplify the design flow for a high power Class E PA, design MCR-

WPT PSCs to achieve high efficiency at the 6.78MHz Rezence frequency specification, and to 

implement impedance match tuning to counteract changes in mutual inductance due to distance 

changes and improve efficiency 

1.2.1 Class E PA design 

 Ideal Class-E PAs can achieve high efficiency using a relatively compact circuit topology, 

but they are difficult to design. The original work [23] takes into consideration a 50% duty and 
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presents 3 equations that use the design frequency, output power, supply voltage, and knee voltage 

to determine the Class-E parallel capacitor, shifting inductor and load resistor values. These 

equations are simple but they donôt give much insight into how to design a Class-E PA for a given 

specification, or how to impedance match the output. Therefore, there is a need to create a Class-

E PA design flow that speeds up the design.  

 There are other parameters besides those used in [23] that should be considered when 

designing a Class-E PA. At a 50% duty cycle, large peak voltage and currents waveforms, which 

are high multiples of the supply voltages and currents, appear at the drain of the Power FET, so 

the Power FETôs absolute maximum voltages and currents should be above these values to 

guarantee device reliability. Since the magnitude of these peak values is dependent on duty cycle, 

using a duty cycle other than 50% would decrease these current and voltage values enough, to 

allow for Class-E PA design using power FET devices unable to handle the 50% duty cycle peak 

values. There are theoretical design equations which include the duty cycle [24]. But these 

equations are lengthy, which makes them difficult to use to analytically design a Class-E PA. Other 

factors such as the Power FETôs intrinsic output capacitance, should be considered to ensure proper 

Class-E operation during simulations and device reliability. There are also many other factors that 

need to be considered to realize physical prototype such as power FET power dissipation limits 

and temperature, passive component tolerances and available discrete values, capacitor maximum 

currents and voltages, inductor maximum current and SRF to name a few. 

 This thesis presents a proposed design flow based on [25], that simplifies and speeds up 

Class-E design for shortwave HF applications such as the Rezence 6.78MHz. Using this flow it is 

shown that a high-efficiency Class-E PA can be designed using a low-cost Power FET. 
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1.2.2 Coil Design 

 Due to their small size Bluetooth devices, Feature phones and Smartphones place 

restrictions on the physical dimensions of an embedded MCR-WPT Rx Resonator. These size 

restrictions significantly affect the maximum efficiency and the minimum SRF that can be 

achieved when designing the MCR-WPT Rx Resonator. This is because the dimensions of the 

coils used in their design are directly related to the coil inductance. To increase the inductance of 

the coil, the number of turns and the inner and outer diameter must be increased, but this is limited 

by the device restrictions. 

 The available coil types that can be used to design the Rx is also limited. Previous MCR-

WPT coil designs with high efficiency and low SRF using 4-coil helix [2], inner magnetic core 

[26], and non-planar (wire-wound) coils [27] designs canôt be used in this application due to the 

thickness restrictions of these devices. However Printed Spiral Coils (PSC), whose design is based 

on spiral inductors that have been broadly used in RF Integrated circuit for many years [28] can 

be used in this application due to their small size 

 Single layer MCR-WPT PSCs can be designed to achieve a high efficiency in small 

devices. But when their size is decreased to fit in the devices, the SRF increases. This can be 

overcome by significantly increasing the wire thickness to increase capacitance and inductance, or 

by adding an external capacitor [16]. But this makes the coils too bulky for our application. Double 

layer MCR-WPT coils based on series stacked inductors which have been shown to reduce the 

SRF [29] and [30] have been used. 

 A proposed modified version of the double layer MCR-WPT PSCs without vias is 

presented in this thesis. We demonstrate that the efficiency can be increased and the SRF can be 
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reduced to meet the specifications in the Rezence system without external passive components. It 

is also shown that the design can be further improved by changing the dielectric substrate and 

increasing the number of layers. 

1.2.3 Impedance Matching, and Tuning to Counteract Frequency Splitting  

 The Rezence system can wirelessly transmit power over a wide distance range and is 

capable of high-efficiency WPT at the optimal separation distance known as the Critical Coupling 

Distance (CCD), between the Tx and Rx resonators. However, when the Rx resonator is placed at 

a distance that is less than the CCD, the transmission efficiency decreases. This decrease in 

efficiency is from the frequency splitting phenomenon which is inherent to all MCR-WPT coils. 

Frequency splitting is caused by the change in mutual induction due to a change in separation 

distance less than the CCD, resulting in a reduced efficiency at the design frequency and the system 

resonating at two new frequencies which are higher and lower than the original design frequency.  

 To get the system back into resonance, either the transmission frequency, inductance or 

capacitance should be adjusted. The operating frequency can't be changed because the Rezence 

operating frequency specification is fixed and the Class E PA is a highly tuned frequency 

dependent circuit. Changes in the MCR-WPT coil Inductance is dependent on the physical 

parameters of the coils, and since these parameters are fixed after they are manufactured, they 

cannot be changed. Therefore, the only method that can be used counteract the effects of frequency 

splitting and bring the MCR-WPT coils system back to resonance is capacitive changes. 

 In this thesis, we propose a capacitive tuning method to counteract the effect of frequency 

splitting using a Maximum Peak Detection and Auto-Tuning circuit. We demonstrate through 

simulations that the system efficiency can be rapidly improved through this method. 
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1.3 Contributions of Thesis 

This section gives a summary of the original contributions contained in the different chapters of 

this thesis, 

1.3.1 High-Efficiency, Cost-Effective Class E Amplifier Design 

 This thesis proposes a high-efficiency Class E PA design flow. The design flow modified 

from [25] to design the Class-E PA at frequencies below 100MHz. The flow allows for rapid CAD 

design and assessment of Class-E PA using different Power FETs, and supply voltage, duty cycle 

and output power combinations. By following this flow, a Class-E PA circuit that has a low supply 

current and high supply voltage, and using a low-cost power FET was design with efficiency. 

Detailed information on the simulation and experimental setups and results are given  

1.3.2 Multilayer Spiral  MCR-WPT PSC Design 

 A new planar spiral MCR-WPT PSC design with multiple layers is put forth in this thesis. 

Identical copies of the outer resonator coil which are rotated on the Z axis, or mirrored on the X 

or Y-axis, are placed on subsequent layers. This allows for a simple and symmetric design. Using 

this design we show that coil SRF is continually reduced with each additional metal layer while 

maintaining a relatively constant efficiency, and outer length, width and thickness dimensions. We 

also show that by changing the dielectric substrate material, the SRF can be further reduced with 

the efficiency kept relatively constant, or the efficiency can be increased with a constant frequency. 

This makes it possible to design smaller Tx and Rx resonators with high efficiency, making them 

attractive for smartphone and small Bluetooth device changing applications. Detailed MCR-WPT 

PSC simulation and experimental setups information and results are provided. 
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1.3.3 Capacitive Auto-Tuning Impedance Matching Technique for Improved 

Efficiency 

 We propose a novel impedance matching auto tuning technique at the PRU of the Rezence 

system. This technique will both tune the resonant frequency of the coils and impedance match 

them to the Class E output. We demonstrate that it reduces energy loss through the Class E Power 

FET due to impedance mismatch and efficiency loss in the coils due to frequency splitting. The 

novel matching technique includes: (1) a discrete varactor tuning technique which includes a 

binary counter, MOS switches and discrete capacitor components, and (2) a self -tuning technique 

which use maximum peak voltage detection circuit composed of a negative voltage level shifter 

and comparator. Detailed simulation setup information and results are provided 

  

1.4 Thesis Organisation 

This thesis presents the newly proposed techniques to improve the overall system efficiency, and 

is organized in the following order: 

 Chapter 2 presents the design of the component blocks of the Rezence system architecture. 

These blocks include the Power Supply, Class-E PA, and Rectifier blocks. The design of a 1:1 

isolation transformer, required for the implementation of the auto-tuning system at the PRU, is 

also included. Particular focus is placed on the new Class-E design flow and the design of a high-

efficiency Class E PA. It includes extensive simulation and experimental results  

 Chapter 3 presents the design of the novel small profile, low SRF, and high-efficiency 

multi-layer spiral MCR-WPT PSC coils.  
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 Chapter 4 presents the issues associated with MCR-WPT PSC coil systems, mainly 

frequency splitting. It then explores previous methods used to reduce the effects of this issue and 

then presents the new auto-tuning method used to counteract frequency splitting and improve 

efficiency with simulation results provided.  

 Chapter 5 we conclude this thesis and present future works that could be done for improved 

results. 

 

1.5 Chapter Summary 

 In this chapter, we presented an overview of the Rezence standard. The potential benefits 

of the Rezence standard were discussed as well as the basic building blocks that make up the 

Rezence architecture were introduced with brief descriptions. A short description of the design 

challenges associated with PA and MCR-WPT coil design that make it difficult to achieve high-

efficiency at 6.78MHz is given. Another issue that was briefly discussed is the frequency splitting 

phenomenon which causes a decrease in transmission efficiency. New and novel methods used to 

address these issues by creating a modified design flow that simplifies Class-E PA design, a new 

multilayer planar spiral MCR-WPT PSC design achieve higher efficiency in small devices, and an 

auto-tuning design to counteract frequency splitting were presented.  
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Chapter 2 

2 Rezence WPT System Analog Component Blocks 

Design. 

 Rezence is the name given to the Airfuel (formerly the Alliance for Wireless Power -

A4WP) WPT system standard in 2013 [6]. It is one of two main standards used for WPT in mobile 

devices, with the other being the WPC Qi standard. Based on the MCR-WPT design introduced in 

2007 by a group of researchers from MIT [2], the Rezence WPT standard has the ability to transmit 

power over short distances. As mentioned in section 1.1.1, it is composed of PTU with a front-end 

power supply (which include an Oscillator and Gate Driver), an MCU, and Power Amplifier (PA) 

with impedance matching, and a Tx Resonator. It also has a PRU with an Rx transmitter, a 

regulator (which includes a rectifier according to [31]), DC-DC converter and an MCU. 

 We present the selection and design of the PTU and PRU analog blocks within the Rezence 

WPT system excluding the MCUs, DC-DC converter, and transmitters in this chapter. These 

analog blocks are the foundational circuitry required for the design and test of the novel MCR-

WPT PSCs and Maximum Peak Detection and Auto-Tuning circuits presented in the later chapters 

of this thesis. The blocks are designed with the Rezence standard operating frequency of 6.78MHz, 

with the PTU unit between a Class3 and Class4 to supply power to category 4 devices and below.  
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 This chapter presents the design, simulations, and results of the analog component block 

of the Rezence WPT system. In section 2.1 we cover the specifications and derivations of the 

Rezence WPT system components. This is followed by the front end oscillator and gate driver 

selection and design discussed in Section 2.2. Then section 2.3 presents the design methodology, 

simulations, and results of the Class-E Power Amplifier. Next, the design and simulations of the 

RF bridge rectifier circuit are presented in Section 2.4. Finally, we conclude the chapter with the 

design and test results of an RF 1:1 transformer which is required for the implementation of the 

maximum peak detection and auto-tuning circuitry discussed in Section 2.5.  

 

2.1 Rezence WPT System Blocks Efficiency 

Specifications. 

 As mentioned in the chapter introduction, the Rezence WPT system standard is composed 

of a PTU and PRU, which include an Oscillator, Gate Driver, Power Amplifier, and Rectifier 

among other component blocks. These blocks, and an additional 1:1 transformer are required for  

 
Figure 2.1-1 Rezence system block diagram with block component efficiencies to calculate the minimum output power of the PA. 
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the design and test of the novel MCR-WPT PSCs and Maximum Peak Detection and Auto-Tuning 

circuits. Before we go through the selection and design of each block, we must first determine their 

minimum efficiency specifications.  

 To determine these specifications, the efficiency of the RWPT system is broken down into 

4 main blocks as shown in Figure 2.1-1. The expected efficiencies of each block are then 

determined by finding the average efficiency of off the shelf components. Then starting from the 

Device load on the receiver side and working our way backward, we divide the load power by the 

product of the efficiencies of each system block provided. The output power of the PA was 

calculated to be 13.4-20.6 Watts as seen Figure 2.1-1.  

 

2.2 Oscillator on Gate Driver Circuitry  

 The front end of the Rezence standard is composed of a frequency generator and a Class-

E power amplifier. The frequency generator circuitry needs to be accurate and stable to meet the 

6.78MHz ±15kHz requirement, and be able to supply enough power to the Class-E PA input for it 

to operate at maximum efficiency. By itself, an oscillator is unable to supply the Class-E PA with 

enough power. So a gate driver is used to supply the required input power to the Class-E PA. We 

go through the selection and design of the Oscillator and Gate Driver in this section. 

2.2.1 Oscillator Selection and Design 

 There are many types of oscillator circuit topologies that can be used in our oscillator 

design. Since our operating frequency is larger than 1MHz, basic RL, RC, and amplifier based 

oscillators cannot be used. Other oscillator typologies and devices such as crystal, Colpitts, Hartley 

oscillator, were then looked into. Their benefits and drawbacks I discussed below. 
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2.2.1.1 Oscillator Selection 

 Among the three oscillators, crystal oscillators are the best at generating a stable frequency 

source. This makes them ideal for our application because we require a stable operating frequency. 

Unfortunately, there are no available discrete crystal oscillator components that operate at our 6.78 

MHz frequency for purchase. A 13.56 MHz Crystal oscillator could be used with frequency divider 

circuits, such as the Miller frequency divider circuit and a digital counter, to achieve our 6.78 MHz 

frequency. But doing so increases the overall complexity of the circuit. 

 The alternative Hartley and Colpitts oscillators can also generate relatively stable 

frequency source. The frequency sourceôs stability is mainly dependant on the type of capacitors 

used, where np0 and Silver Mica capacitors which are designed for tuning circuits maintain their 

capacitance value in the presence of higher temperatures and voltages. Both oscillators have the 

same simple a simple circuit design. They differ when it comes to their resonant tuning tank 

configuration, where The Hartley tank is composed of two inductors and a capacitor, and the 

Colpitts tank is composed two capacitors and an inductor, as shown in Figure 2.2-1 (A) and (B) 

respectively. To calculate the resonant frequency of the Hartley tank we use equation (2.1). 

 
Ὢ

ρ

ς“ ὒ ὒ Ὧ ὒẗὒ ẗὅ

 (2.1) 

For the resonant frequency of the Colpitts tank, we use equation (2.2). 

 
Ὢ

ρ

ς“ ὒ
ὅẗὅ
ὅ ὅ

 (2.2) 

 Due to the simplicity of its design, and the high stability that can be achieved us the Colpitts 

oscillator was selected for our design. It was chosen over the Hartley oscillator because it is slightly  
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Figure 2.2-1 Circuit comparison between (A) Hartley oscillator; (B) Colpitts oscillator. 

easier to obtain capacitors and inductors and the operating frequency equation is also simpler. The 

design and simulation of the Colpitts oscillator for our application are discussed in the next section. 

2.2.1.2 Design and Simulations of the Colpitts Oscillator 

Before going through the simulation result, we establish the specifications for the Colpitts 

Oscillator. The specifications are as follows 

¶ Fundamental Frequency of operation (f)  6.78MHz ±0.015 

¶ Output Power      >0.02Watts (~13dBm) 

 To satisfy the frequency requirement, we selected a 470pF and 460pF capacitors, and a 

2.2uH inductor for the tuning tank. A buffer circuit was added at the output to isolate the oscillator 

circuit and to increase that output power. The PN2222A was used in both circuits with a 18V Vdc, 

10nF DC blocking capacitors, and bias resistor values as shown in the schematic in Figure 2.2-2.  
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Figure 2.2-2 Colpitts oscillator and buffer circuit schematic in ADS. 

 A Harmonic Balance simulation was run in Keysightôs ADS software to determine the 

frequency and output power of the circuit. An OscPort component is required to run the Harmonic 

Balance simulation, and it is placed between the C4 DC blocking capacitor and the resonant tuning 

tank. The simulation frequency settings tab is set to run with 5 harmonics at the fundamental 

frequency of 6.78MHz. The oscillator setting tab has the ñEnable Oscillator Analysisò selected 

and the Method is ñUse OscPortò. All other tab settings are left with their default values. 

 
Figure 2.2-3 Colpitts oscillator and buffer circuit ads data display simulation results in ADS. 



22 

 

 The resulting Waveform, operating frequency, and output power are in Figure 2.2-3. With 

this design we achieve an output power of 13.7dBm and a resonant frequency of 6.798MHz. These 

values are slightly above our specifications. An experimental PCB prototype was constructed as 

seen in blue in Figure 2.3-11. It is seen that there were some harmonic ripples at the outputs of the 

Colpitts and buffer circuits from the simulation plots. Therefore, a series RL circuit was put at the 

output of the buffer, before the gate driver on the PCB board, to remove these high-frequency 

components. Test measured test results showed that a frequency of 6.78MHZ was generated. 

2.2.2 Gate Driver  Circuit Selection and Design.  

 Gate driver circuits are required to supply enough current to the input of switch mode PAs 

so that they can operate correctly. The reason for this is the PA transistor gate requires sufficient 

current, to supply the input gate capacitance with the required charge to turn the transistor ON and 

OFF fast enough, such that it acts like a switch. The type of gate driver used depends on the gate 

charge and the type of input waveform of the Class-E PA, which we investigate below. 

2.2.2.1 Gate Driver  Selection 

 There two types of gate drivers used for switch mode PAs, an input a square wave or an 

input a sine wave. Sine wave gate drivers are used when impedance matching is required, and 

square wave gate driver when impedance matching is not necessary. Both of these gate drivers 

should have a large enough output power to turn the transistor gate ON and OFF fast enough.  

 Square wave gate drivers are more common in low-frequency applications. These gate 

drivers are commercially available or they can be designed from scratch. The selection of the 

correct device depends on the power handling and peak drive current specifications of the device 
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as described in [32]. They require an input square wave for their correct operation. Therefore an 

intermediate circuit is needed in between the oscillator and the gate driver to transform the 

sinusoidal oscillator output, to a square wave gate driver input. Commercially available devices 

like the Schmitt trigger are designed for this purpose. This addition of this component slight 

increase the circuit complexity.  

 Sinusoidal gate drives are usually used in RF and microwave applications where 

impedance matching is required, and high current square waves are more difficult to create at these 

frequencies. Many types of PAs can be used for this purpose, and since the use a sinusoidal input, 

they can be placed between the oscillator buffer output and the Class-E input without additional 

components. Power Amplifiers can be purchased commercially or be designed from scratch.  

 Both types of gate driver were tested on the input of the Class-E PA. The square wave 

pulse with a varying resistor was applied directly to the Class-E input, and a sine wave port with 

the varying power was connected to an input impedance matched Class-E PA. They were 

simulated to determine which gate driver allowed the output impedance matched Class-E PA to 

operate with a higher efficiency, which resulted in the selection of and the sinusoidal gate driver.  

2.2.2.2 Design and Simulation of the Class-AB Gate Driver 

Before going through the simulation result, we establish the specifications for the PA. The 

specifications are as follows 

¶ Fundamental Frequency of operation (f)  6.78MHz ±0.02 

¶ Output Power      >2Watts (~33dBm) 

¶ Efficiency       >50% 

¶ Output Resistance      27ɋ Ñ2ɋ 
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Figure 2.2-4 Class-AB gate driver schematic in ADS. 

 To satisfy the efficiency requirement, a Class-AB design was used. The FQPF3n25 power 

MOSFET was used in the Class-AB design. The Keysight ADS design methodology and 

workspace presented in [33], was used to design the Class-AB PA. The Class-AB PA simulation 

schematic is shown in Figure 2.2-4. The V1 gate bias voltage and V2 supply voltage are 4V and 

18V respectively. The high Q parallel LC resonator circuit is placed on the output to short circuit 

all higher harmonic components and ensures that a sinusoidal output waveform appears. The input 

power was varied between 10dBm and 15dBm 

 
Figure 2.2-5 Class-AB gate driver simulation data display results in ADS. 
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.  A Harmonic Balance simulation was run in ADS to determine the efficiency, output power 

and effective output resistance of the circuit. All tab settings for the workspace were obtained from 

[33] and were left with their default values. These results as well as the Output and Drain current 

and voltage Waveforms for a 13dBm input sinusoid are in Figure 2.2-5. With this design, we 

achieve an output power and efficiency of 33.7Bm and 50.73% respectively which meets our 

targets nicely. The Effective load resistance of 29.52ɋ with this input power is slightly above our 

target and will affect the efficiency of the Class-E amplifier which is impedance match to 27ɋ. 

Since this resistance changes with respect to the input power, a variable resistor is connected 

between the buffer LPF and the Class-AB input, to adjust the resistance at the cost increasing or 

lowering the output power. 

 

2.3 Class-E Power Amplifier with  High Efficiency.  

 A Power Amplifier (PA) is required to power up the MCR-WPT coils system so that 

enough power can be supplied to the load. According to [34], there are two main types of PAs. 

The controlled conduction angle amplifiers are the first group of PAs which is composed of the 

common amplifier classes A, B, AB and C PAs. These PAs are defined by the length of their 

conduction state over some portion of the output waveform, from completely ON to completely 

OFF. The other group is the switch mode amplifiers which include most other PA classes. These 

PAs use digital circuits and pulse width modulation (PWM) to constantly switch the signal 

between ñfully-ONò and ñfully-OFFò driving the transistor output hard into the saturation and cut-

off regions. Among these switch-mode PAs is the Class-E amplifier, which has a 100% theoretical 

efficiency. 
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 Due to its high efficiency, the Class-E PA power loss is low, and most of the power goes 

to the Transmitter MCR-WPT PSC coils. Also, the fundamental load of the Class E PA is 

inductive, which is good for driving WPT coils. For these reasons, the Class-E is used as the PA 

within our Rezence MCR-WPT System. But the complete design equations of the Class-E derived 

in [24] are not compact, which makes it difficult to design this PA. So in this section, we go through 

the basic operation of a Class-E amplifier. Next, we briefly go through the design flow obtained 

from [25], used to design the Class-E. Then the discrete electronic component design limitations 

are discussed. Finally, the Simulations and Experimental results Class-E and the Power transmitter 

unit from the oscillator to the Class-E output are presented.  

2.3.1 Class-E Amplifier B asics and Theory 

 As mentioned above, the Class-E amplifier has a potential theoretical efficiency of 100%. 

It was first proposed in [23], and a detailed analysis was done in [24]. In order for a high-efficiency 

design is to be made, a basic understanding of how it works, the reasons for its circuit topology, 

and some basic design equation is needed. We go through these basics in this section. 

2.3.1.1 Switch Mode PA Operation and Topology 

 The Class-E amplifier is a switch mode amplifier, which means that the Power FET is used 

as an ON-OFF switch. The basic switch-mode PA operates as follows. When the switch is closed 

AC current flows into the switch, and when it is open current flows into the load causing a voltage. 

The operation of this PA and resulting current and voltage waveforms are shown in Figure 2.3-1. 

With this topology, square voltage and current waveforms are generated at the switch. A theoretical 

efficiency of 100% would be expected, but in reality, the maximum efficiency is ~81% [25], which 

is due to losses from all other odd harmonics besides the fundamental.  
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Figure 2.3-1 Ideal basic switch-mode PA circuit, with current and voltage waveforms from [25] . 

2.3.1.2 Class-E Operation and Circuit Topology 

 The Class-E PA improves on this design adding a series resonator at the output, a capacitor 

in parallel with the switch, and an inductor in series with the resonator. Its circuit topology is 

shown in Figure 2.3-2. The resonator acts like a short at the fundamental frequency, and an open 

at all other harmonics. This ensures that a sinusoidal waveform flowing throughout the circuit 

when the switch opens and closes. When the switch is closed, AC current flows from the resonator 

through the switch, and when the switch is open, current flows from the capacitor in parallel with  

 
Figure 2.3-2 Ideal Class E circuit topology [25] . 
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Figure 2.3-3 Ideal 50% duty cycle Class-E switch voltage and current waveforms, with the peak voltage and current values [25] . 

the switch back into the resonator. Finally, the series inductor is used to phase shift the current 

waveform.  

 To understand the purpose of the series inductor, we need to look at the voltage (V) and 

current (I ) boundary conditions of the switchôs opening and closing points. At the closing point, 

the voltage across and current through the transistor must be ZERO (V=0 and I=0). This is where 

the biggest potential for high current draw occurs. At the switch open point, only the voltage must 

be ZERO (V=0) since no current will flow from the switch. Since current waveform at the switch 

is a DC offset sinusoid, the series inductor is used to phase shift the current to ensure it is ZERO 

(I=0) at the switch closing point. Figure 2.3-3 shows the current and voltage waveforms at the 

switch. 

2.3.1.3 Class-E Design Equations at 50% Duty Cycle 

 The design equations for a Class-E PA with a 50% duty cycle was derived in [23]. A 

theoretical efficiency of 100% can only be achieved using this duty cycle. Before we can determine 

the switch parallel capacitance (CP) and phase shift series inductance (LS) values, the supply 
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voltage (VDC), power FET output knee/on voltage (Vknee), output power (Pout), and operation 

frequency (f) parameters must be determined beforehand. Using VDC, Vknee, and Pout parameters, 

the output resistance (RL) can be calculated using (2.3).  

 
Ὑ
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(2.3) 

After determining RL, it is used with the f to determine the CP and LS, where ɤ=2ˊf 

 
ὅ

ρ

‫ὙẗυȢττχ
 (2.4) 

 

 
ὒ

ρȢρυςυẗὙ

‫
 

(2.5) 

Using these equations, the Peak current and voltages swings were derived in [23]. They are large 

multiples of the supply current and voltage, as defined in Figure 2.3-3. These large drain values 

significantly limit the available transistors devices selection that can be used for Class-E design.  

2.3.2 Class-E Design Methodology 

 The above equations could be used exclusively to design 50% duty cycle Class-E PA. But 

they have severely limited design capabilities s, as no insight given as to how the predetermined 

parameters used are selected. They also ignore other important design parameters which must be 

considered when designing a realizable Class-E PA. This section briefly describes the design 

methodology presented in [25] using Keysightôs ADS software, to design the Class-E PA. 

2.3.2.1 Additional Parameter Effects on Class-E PA design,  

 Before using going through the design flow, we first discuss the effects of additional 

parameters on Class-E PA power FET selection. Besides the VDC, Vknee, Pout, and f, other 

parameters other such as the maximum currents and voltage, and intrinsic drain capacitance of the 

power FET directly determines whether the transistor can be used in a design. The switching duty 
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cycle of the Class-E, which can be less than 50%, also indirectly determines if the transistor can 

be used. These effects are examined below.  

 When designing a Class-E PA, the most important factors which decide whether a power 

FET can be used in a design are its absolute maximum ratings. The peak drain-current and voltage 

swings of the 50% duty cycle Class-PA are large multiples of the input supply current and voltage 

in Figure 2.3-3. Therefore, they limit the range of reliable power FET devices that can be used in 

the design. The power FET must be within the safe operating device limits for reliable use.  

 Another design factor to be considered is the intrinsic device output capacitance (CDEV) as 

it determines if a power FET could be used within the design. The CDEV is combined with an 

external capacitor to meet the theoretically determined Cp. From equations (2.3) and (2.4), Cp is 

directly related to the predetermined VDC, Vknee, Pout, and f values. Any increase in f or VDC, or 

decrease in Vknee or Pout, decreases the CP capacitance needed to collect charge from the DC supply 

and supply current to the resonant circuit so that switching conditions for Class E operation are 

met. If CP is continually decreased by these parameters, there comes a point where CDEV > CP. At 

this point, Class E operation can no longer be achieved using this power FET in the design. 

 Finally, the duty cycle of the Class-E PA is the other factor that should be considered, as it 

directly determines the peak drain current and voltage swing values of the power FET. At 50% 

duty cycle, theoretical peak drain current and voltage swings are their largest, and 100% efficiency 

can be achieved. There are times when the design requires a specific power FET. If the FET cannot 

operate reliably with a 50% duty cycle due to peak drain current and voltage swings exceeding the 

deviceôs absolute maximum ratings, a smaller duty cycle could be used at the cost of a reduced 

maximum efficiency. Generalized Ideal Class-E PA design equations that include duty cycle are 

given in [24], but they are lengthy, which makes them difficult to use for theoretical analysis.  



31 

 

2.3.2.2 Class-E PA Design Flow  

 First, a fixed operating frequency needs to be specified. Then a range of acceptable supply 

voltages and output powers, and a variety of possible power FETs are determined. Next, the knee 

voltage, device intrinsic capacitance, and the maximum supply currents and voltage of each power 

FET are taken from its datasheet. These parameters are then entered into the ideal Class-E PA 

synthesis tool in [25] which uses the equations from [24]. The VDC and Pout parameters are adjusted 

next to assess whether intrinsic device capacitance is less than CP so that Class-E operation can be 

achieved, and that the FET device will work within its safe operating limits. Finally, the VDC and 

Pout parameters are tweaked to obtain readily available discrete R, L and C component values.  

 Next, verification is then run on an ideal circuit shown in Figure 2.3-4. The resulting R, L 

and C values generated from the synthesis tool are used for the passive circuit components, and 

the power FET VDC, Vknee, f, CDEV and duty cycle values are used in the ideal switch as seen in the 

red box of Figure 2.3-4. A Harmonic Balance simulation with 75 harmonics is then run to verify 

the efficiency, and time domain drain current and voltage waveforms shown in Figure 2.3-5 (a). 

 
Figure 2.3-4 Ideal Class E verification schematic in ADS. 
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Figure 2.3-5 Ideal Class-E harmonic balance simulation data display results in ADS: (A) time domain drain voltage and 

currents; (B) time domain drain current and voltage harmonics; (C) frequency domain harmonic impedances. 

These waveforms at the drain of the FET are subsequently broken down into their fundamental 

and harmonic frequency components using Fourier analysis by doing a Harmonic Balance 

simulation. The resulting time domain current and voltage harmonic waveforms are seen in Figure 

2.3-5 (b). The currents and voltages are then used to obtain the respective ideal frequency domain 

impedance components, that generate the time domain drain current and voltage harmonic 

waveforms found through Fourier analysis. These impedance components are obtained using the  

 
Figure 2.3-6 Class-E output impedance matching circuit in ADS. 
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Figure 2.3-7 Class-E input impedance and final circuit design schematic in ADS. 

equations bounded in blue in Figure 2.3-4, and the smith chart harmonic impedances are in Figure 

2.3-5 (c). Usually, only the first 5 harmonics are needed to get close to the ideal Class-E waveform.  

 Using these ideal harmonic drain impedances as a target, output impedance matching is 

done on the real FET device. To do this the power FET spice model is first imported into ADS. 

The FET BSIM3 (or LEVEL 3) model is then removed and replaced with a term component so 

device parasitics could be used in the impedance match analysis. We note that since our operating 

frequency is below 100MHz by more than one order of magnitude, discrete capacitors and 

inductors close to the ideal Class-E circuit values can be used with little concern with parasitic 

impedance shifts due to trace lengths, shapes, etc. Therefore the respective VDC, f, L and C values 

of the ideal Class-E are added to the circuit. Finally, a  ́or T matching network is added between 

the output of the resonator and a 50ɋ load resistor. The resulting schematic is shown in Figure 

2.3-6. Four S-Parameter simulations are done at the fundamental, second, third and fourth 

Harmonic frequencies with the fundamental frequency set to 6.78MHz, and the ˊ or T matching 

network components are varied using Optimisation and/or Tuning to achieve smith chart harmonic 

drain impedances that are close to the ideal target values in Figure 2.3-5(c).  



34 

 

 After the output impedance matching is complete, the input is impedance matched. The 

input impedance matching is an optional step since it is only required when a sine wave is used, 

as the Class-E input can be driven by either a square or sine wave. A ˊ or T matching network is 

placed at the input gate terminal of the power FET, and the gate biased adjusted to achieve the 

desired switching duty cycle. The resulting circuit is shown in Figure 2.3-7. An S-Parameter 

simulation is run with a frequency range from 6-8MHz, and a step size of 1kHz. All other settings 

were left at the default values.  

 Finally, a Harmonic Balance simulation is done on the final circuit design which is the 

same as Figure 2.3-7, except for port component is used instead of a term component as the input. 

The simulation frequency settings tab is set to run with up to 500 harmonics with the fundamental 

frequency of 6.78MHz. In the Initial guess tab, ñtransient assisted harmonic balanceò is set to "on", 

and the ñharmonic balance assisted harmonic balanceò is set to "on". In the solver tab, the 

ñconvergence modeò is set to "basic (fast)", the ñmax durationò is set to" robust", the ñsolver typeò 

is set to "direct", and the ñmatrix re-useò is set to "robust".  

 The Class-E efficiency and time domain current and voltage waveforms at drain are then 

verified from the simulation results. If the efficiency is below the desired values, either VDC or Pout 

values can be adjusted, or a new device selected, and go through the design flow again. A flowchart 

of the complete design flow is presented in Figure 2.3-8.  
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Figure 2.3-8 Class-E Design Methodology Flow Chart. 
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2.3.3 Other Class-E Design Considerations 

  Besides the design parameters mentioned in 2.3.2.1, there are other factors that should be 

considered when designing the Class-E PA. These factors include the power FET power 

dissipation limits and temperature, passive component tolerances and available discrete values, 

capacitor maximum currents and voltages, inductor maximum current and SRF, quality factor and 

electronic component costs. The effects of these factors are briefly explained below.   

 Power dissipated through Power FET transistors is converted to heat, which increases the 

operating temperature. Operation temperature levels should be maintained since the FET 

performance is greatly affected by temperature changes. An increase in device temperature 

increases the FET on-resistance which affects Vknee but decreases maximum current and power 

dissipation limit capabilities, which are part of the deviceôs safe operating limits. So reducing 

device heating due to power loss is required to avoid these issues. Thermal calculations for heat 

sinking and device power dissipation limits need to be considered 

Å The tolerances and values of passive electronic components are standardized within the 

industry. The Class-E amplifier is a tuned circuit, so any deviation from the Class-E design passive 

component values could result in significantly lowered efficiency. So it is desirable to have 

capacitors and inductors with very low tolerance, especially at the resonator circuit. The available 

discrete passive component values are proportional and/or inversely proportional to the VDC and 

Pout used in the Class-E. Itôs important to achieve a design where the simulation values as close as 

possible to a single or combination of discrete component values, to obtain the highest efficiency  

 Capacitor absolute maximum current and voltage ratings determine the peak drain voltages 

which could be as high as 2.8 and 3.5 times the supply current and voltage. The voltage rating 
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should be twice the expected maximum value to account for voltage spikes. The current rating of 

capacitors is important for the Class-E resonator capacitor, as it needs to handle the large currents 

flowing through the output. The maximum current rating is not usually included in the component 

datasheet but can be calculated using equation (2.6) for up to 500kHz taken from [35].  

 Ὅ ς“ẗὠ ẗὪẗὅ (2.6) 

From equation (2.6), smaller the capacitors have a smaller maximum current handling capability. 

For higher frequencies, the temperature rise due to power dissipation determines the maximum 

current. These specifications can be obtained by request from the manufacturer. So, the maximum 

current rating should be twice the expected maximum current to ensure component reliability. 

 Inductors maximum current rating and SRF must be considered when designing the class-

E. The choke, phase shifting, and resonator inductors should all be able to handle the large drain 

currents which could be as high as 2.8 times the supply current. So maximum current values should 

be at least double the expected maximum current to ensure component reliability. All inductors 

have an SRF due to parasitic capacitances in between its turn wire. At frequencies larger than the 

SRF, the inductor behaves like a capacitor. It is therefore important that the SRF of the selected 

inductors is well above the fundamental operating frequency so that the inductor does not behave 

as a capacitor at the higher harmonics, which would degrade Class-E efficiency. The range of 

available inductors is heavily dependent on the current rating and SRF. There are very few inductor 

values with a large maximum current and SRF. So it is important to keep the Class-E IDC low, by 

using a large VDC, to increase the range of available discrete inductors  

 Quality (Q) factor and cost are the other factors affecting Class-E PA design. The Q factor 

is the measure of stored energy vs lost energy in capacitors and inductors. So higher Q factor 
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components are desired for higher efficiency operation. Inductors generally have lower Q factor 

than capacitors, so they are the limiting factor. The device and component costs are determined by 

their tolerances, absolute maximum ratings, capacitor stability, and inductor resonant frequency, 

among other things.  

2.3.4 Class-E PA Specifications, Simulations and Experimental Result  

2.3.4.1 Class-E Design Specifications 

 Before going into the simulation setup, we establish the specifications for the Class-E PA 

design. The specifications are as follows 

¶ Overall Class-E Specifications 

o Fundamental Frequency of Operation  6.78MHz  ±0.5MHz 

o Efficiency      >70% 

o Duty Cycle      50% 

o Output Power      12.7-19.6 Watts 

o Supply Voltage (VDC)     24V, 36V, or 48V 

o Supply Power Maximum rating   >35 Watts 

¶ Power FET Specifications 

o Drain-source breakdown voltage   >(2VDCÅ3.6) 

o Maximum DC current     >1A 

o Power Dissipation     >20 Watts 

¶ Capacitors and Inductors 

o Tolerance       Ò2% 

o Maximum current     >1A 
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o Quality Factor      50 

o Capacitor breakdown voltage    >(2VDCÅ3.6) 

o Inductor SRF      >68MHz 

 The overall design specifications were met using a VDC of 36V and Pout of 20Watts. With 

this configuration, the largest efficiency was achieved with an IDC ~= 0.6A. This lower IDC was 

important since it increased the range of available discrete inductors for the design. The power 

supply is rated at 60 Watts.  

 After using the design flow in (Figure 2.3-1) with multiple power FETs, the IPP50R190CE 

power MOSFET was selected. It has a 550V maximum drain-source voltage which is larger than 

the (2VDCÅ3.6) resulting Vpeak of 259.2V. A maximum current of more than 15A, Power 

Dissipation above 100Watts is well above the specification values. A sinusoidal gate driver 

provided better efficiency that a square wave gate driver, so the power FET was input matched. 

 Both the inductors and capacitors had a current rating above 1A and tolerances of either 

1% or 2% depending on availability except for the choke inductors. The capacitors had a voltage 

rating of 500V, and the SRF of all the inductors were above 100MHz, which meet the 

specifications. 

2.3.4.2 Simulations Results 

 The final design parameters are summarized in Table 2.3-1, and the design schematic in 

Figure 2.3-9. The input impedance is matched to 27ɋ simplify the Class-AB gate driver design. 

The input C7 capacitor is large since it doubles as the Class-AB output DC block. The inherent 

CP-internal capacitance of the IPP50R190CE MOSFET is not shown in the schematic. The CP-

external and Lshift components are the C1 capacitor and L2 inductor values respectively. The Cres  
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Table 2.3-1 Class-E PA final design parameters. 

Parameter Value (experiment value) 
Ideal Class Parameters 

VDC 36V 

CP-external 68pF 

Cp-internal 68pF 

Lshift+Lres  15uH 

Cres  39pF 

Output Matching Network  

C2 470pF 

C3 620pF (150+470) 

L3 500nH 

Input Matching Network  

C6 2750pF (1600+820+330) 

C7 10nF 

C8 220pF 

L6 500nH 

Miscellaneous 

Choke Inductors (L1 and L4) 15uH 

Input bias voltage 3V 

Input Power 2Watts 

Input impedance 27ɋ 

 

and Lres are the SLC1 (series inductor and capacitor component) capacitor and inductor values. 

Finally, there were no single discrete C3 and C6 capacitor value available, so they were made by 

adding multiple capacitors in parallel as shown in brackets in Table 2.3-1. 

 
Figure 2.3-9 Class-E final design schematic in ADS. 
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Figure 2.3-10 Simulation data display results of the Class-E Design done in ADS. 

 A Harmonic Balance simulation was run on the schematic in Figure 2.3-9 using the setting 

specified as follows. The simulation frequency settings tab is set to run with up to 500 harmonics 

with the fundamental frequency of 6.78MHz. In the Initial guess tab, ñtransient assisted harmonic 

balanceò is set to "on", and the ñharmonic balance assisted harmonic balanceò is set to "on". In the 

solver tab, the ñconvergence modeò is set to "basic (fast)", the ñmax durationò is set to" robust", 

the ñsolver typeò is set to "direct", and the ñmatrix re-useò is set to "robust".  

  The simulation results are shown in Figure 2.3-10. The results show that an efficiency of 

89.9% was achieved with this design, with a DC current of 0.554A. Besides some current ripple 

at the deviceôs intrinsic drain node, the current and voltage waveforms at the acts like a high-

efficiency class-E. 

2.3.4.3 Experimental Results and Discussion 

 The Class-E experimental setup used a double layer PCB shown in Figure 2.3-11. It is 

composed of the Colpitts oscillator, buffer and low pass filter circuit in blue. The Class-AB driver 

circuit in Red, which has a blue variable resistor at its input, which is used to adjust Class-B gate  
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Figure 2.3-11 Class-E PCB experimental test circuit. 

driver to provide sufficient input power to the Class-E. The Class-E PA outlined in green is 

connected to a 20watt 50ɋ output load resistor. A 36V DC desktop power supply was used as the 

input power, and the twisted wires connected to a DMM4050 to measure the DC current of the 

PA. All other measurements were done with the MSOX3024A oscilloscope 

 The measurement results are shown in Table 2.3-2. The results show that an efficiency of 

71% was achieved with this design, which has a DC supply current of 0.69A. The final design 

meets our efficiency specification. 

 The efficiencies of simulation and measured results vary from one another. To determine 

the cause of this difference, the capacitances of all the Class-E capacitor components were 

measured to check their actual value. It was found that the 39pF Cres capacitor with a 2% tolerance 

had a measured capacitance of 40pf. This value was plugged into final design schematic and the 

Table 2.3-2 Class-E PA measurement results. 

Measurement Results 

Output Peak voltage 42Vpeak 

Input DC Current 0.69A 

Efficiency 71% 
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Harmonic Balance simulations were rerun. The simulation result showed that the efficiency drops 

by more than 10%, which suggests that this a major part of the reduced efficiency. 

 

2.4 High Frequency, Power Rectifiers 

 The rectifier circuit in the Rezence WPT standard is used to convert the output RX 

Resonator AC power to DC. In this section focus on the Bridge Rectifier circuit design. This circuit 

topology is chosen due to its simplicity of implementation and good efficiency. We go through the 

design parameters the must be considered in its design. Then we discuss types of diodes that were 

considered with benefits and drawbacks. Finally, we show the simulations and experimental results 

of the finalized circuit and discuss possible alternatives. 

2.4.1 Rectifier and Diodes Basics and Considerations 

 The bridge rectifier with a filter capacitor was chosen due to its high efficiency and 

simplicity of implementation. Ideally, with reference to Appendix E, this rectifier is shown to have 

a maximum efficiency of ~81% without a filter capacitor. But with the addition of the filter 

capacitor in parallel with RL, efficiencies of 84% and higher have been reported [36] [37]. To get 

these high efficiencies, the parasitics of the diodes have to be taken into consideration, because at 

higher frequencies their effects are no longer negligible.  

 Before we go through the effects of the diode parasitics, the desired behavior of our diodes 

for high efficiency had to be determined. We wanted the diode to act as close to the ideal diode as 

possible. According to ideal rectifier equation in (E.3), we needed the series resistance (Rs) to be 

near 0. We also needed the Reverse Recovery Time (Űrr) and the Reverse Junction Capacitance 

(Cj) to be zero. With these characteristics established we can now analyze the parasitic effects. 
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Figure 2.4-1 Model of a real diode parasitics [36] . 

2.4.1.1 Reverse Junction Capacitance (Cr) 

One of the main parameters of concern in selecting a diode is its reverse junction 

capacitance (Cr). In Figure 2.4-1 we see the diode capacitance is composed of a fixed device 

package capacitance (Cp) and bond-wire capacitance (Cb), as well as a variable junction 

capacitance (Cj). The reactance equation for Cr is defined as follows  
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 (2.7) 

Ideally, the diode capacitance Cr = 0. From (2.9) this leads to a reactance Xc ŸÐ. Therefore from 

Figure 2.4-2, assuming Rf is negligible, all the AC signal would go to the filter capacitor (Cfilter) 

and RL. In reality, nearly all diodes have a finite variable capacitance Cr, which is dependent on 

the reverse voltage (Vr), as can be seen in a typical diode datasheet show in Figure 2.4-3. Since 

the capacitance decreases for increasing Vr. 

 Ignoring the variability of Cr and using the highest capacitance (~710pF) with a 6.78MHz 

operating frequency, and plugging the values into (2.7) we get Xc å 33ɋ. Since Cr shunts both the 

large Cfilter capacitance and 50 ɋ RL resistance, using (G.4) we get the current ratio through Cr to 
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Figure 2.4-2 Rectifier with parasitic forward resistance and reverse capacitance and filter capacitor. 

be Ir/Ieqå60%. This means most of the i in input current is shunted to ground by Cr and any charge 

on Cfilter is discharged to ground through Cr, resulting in a small current going through RL. So to 

get 90% or more of the current to go through RL, using (G.4) Xc should be at least10 times RL. 

2.4.1.2 Diode Reverse Recovery Time (tr) 

 Diode reverse recovery time is another factor that affects the performance of real diodes. 

From [38], the reverse recovery time is the amount of time a diode or rectifier takes to discharge 

 

Figure 2.4-3 Typical junction capacitance for stps5l60 Schottky diode [39] . 
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the stored charge when switching from the conducting to the blocking state. We know that for a 

bridge rectifier, the reverse bias time (tr) of the diodes defined as 

 
ὸ

ρ

ςẗὪ
 (2.8) 

Using these facts, for any frequency, trr needs to be substantially tr. To have 99% blocking time, 

we would need tr Ó 100Ŀtr. 

2.4.1.3 Forward Resistance (Rf) 

As shown in Figure 2.4-1, the diode series resistance Rs is a series combination of a fixed 

resistor R due to lead and packaging resistances, and a variable junction resistor (Rj). We can 

further break down Rj into its forward-bias resistance (Rf) and reverse resistance. The reverse 

resistance Rr is assumed to be infinity due to the low leakage current. Following from Figure 5.2-14 

from Appendix E, the forward resistance (Rf) is defined as follows 
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Ὅ
 (2.9) 

From (2.9) we see that Rj is a function of If since the forward voltage drop (Vf) relatively constant 

when the diode conducts. Therefore to minimize losses due to heat caused by Rj during the 

conduction cycle, Vf needs to be, as low as possible.  

Finally, the maximum voltages and currents going through the device need to be no more 

than 70% of its absolute maximum rating. In other words, the Peak, RMS and DC reverse voltages 

and forward currents, need be below the device maxima so as to avoid the reverse barrier 

breakdown surge currents and excessive overheating respectively. Another parameter that should 

also be considered is the reverse leakage current. 
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2.4.2 Types of Rectifier Diodes 

 There were 3 main types of rectifier diodes that were considered, namely Silicon PiN, 

Schottky, and SiC (Silicon Carbide) Schottky diodes. Each has their benefits and drawbacks and 

we will go through them individually. 

2.4.2.1 Silicon PiN Diode 

 Silicon PiN diode is made up of heavily doped P and N regions, with an intrinsic 

semiconductor region in between [40]. They are used for a large range of frequencies and 

applications. They can support large reverse voltages and forward currents which make them good 

for power rectifier applications. All of these types of diodes have a trr that should be taken into 

consideration. Their Cj values range widely depending on device structure and application. When 

selecting one for high power RF rectification applications, they should be specified as ultrafast 

PiN diodes or have their trr value specified in the datasheet. 

2.4.2.2 Schottky Diode 

 Schottky diodes are composed of a metal coming into contact with moderately doped n-

type region [41]. Unlike PiN diodes, they have virtually no trr due to the minority carrier charge 

effects in the metal. They also have a lower Vf than PiN diodes. The Cr of these devices is 

comparable to PiN diodes so they should be taken into consideration. 

2.4.2.3 Silicon Carbide (SiC) Diode  

 Silicon Carbide (SiC) diodes are Schottky diodes that use SiC semiconductor instead of 

silicon [42]. Like regular Schottky diodes, that have virtually no trr. Their Cj values are generally 

lower, and the Vr much higher when compared to the other diodes, which make them ideal for high 
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power switch mode applications [43]. On the flip side, due to their current high power niche 

applications, their Vf is the highest of the three in lower power applications.  

2.4.3 Simulations and Results 

Before using the design considerations mentioned in the previous section, we establish the 

specifications for the bridge rectifier with filter capacitor. The specifications are as follows 

¶ Fundamental Frequency of operation (f)  6.78MHz  

¶ Maximum DC forward current (IF)   1.2A 

¶ Maximum reverse voltage (VR)   40V peak or ~28Vrms 

¶ Reverse recovery time (tr)    <1/(100·f) 

¶ Reverse junction capacitance (Cr)   <1/(2ĿˊĿfĿXc) where Xc = 250ɋ 

¶ Forward voltage (Vf)     <1V 

¶ Efficiency       70% 

 To satisfy these requirements, we selected the CSD01060 SiC diode from Wolfspeed. Inc. 

The datasheet parameters [15] are listed in Table 4 1. From Table 4 1 we see that the maximum Cr  

 

Figure 2.4-4 CSD01060 SiC diode bridge rectifier ADS schematic test bench. 
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Figure 2.4-5 5V input signal simulation data display results for the CSD01060 SiC diode bridge rectifier. 

or 45pF at VR = 4V. Plugging this value into (2.7), we get Xc å 520ɋ > 250 ɋ, which meets our 

specification. With an IF = 4A, a VR = 600V, and tr å 0s (inherent to SiC diodes), the diode meets 

these require specifications. The only parameter that is not met is the Vf which can have voltage 

values up to 2V. This large Vf value would affect the efficiency of the bridge rectifier, particularly 

for smaller AC voltage peaks.  

 To check the effects of the large Vf on the bridge rectifier, a Harmonic Balance simulation 

was done in Keysightôs ADS software. The schematic of the test circuit is provided in Figure 2.4-4. 

The csd01060 component is the spice model of the SiC diode obtained from Wolfspeedôs website. 

The transformer component is ideal, with a 1:1 ratio and 50ɋ impedance. Harmonic Balance 

simulations were run on the circuit to generate the frequency spectrum of the input and output 

currents and voltages. The simulation frequency settings tab is set to run with 75 harmonics at the 

fundamental frequency of 6.78MHz. All other tab settings are left with their default values. To 

calculate the efficiency, the built-in pt() function was used to calculate the RMS power of input 

and output frequency spectrums. Two simulations were performed at the expected lowest and 

highest input peak voltages of 5V and 30V respectively to compare the efficiencies.  
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Figure 2.4-6 30V input signal simulation data display results in ADS for the CSD01060 SiC diode bridge rectifier. 

 The 5V and 30V peak voltage simulations are shown in Figure 2.4-5 and Figure 2.4-6 

respectively. The of the 5V peak simulation is 56% and the efficiency of the 30V simulation is 

87%. As suspected, the efficiency is much lower when the input signal is small, and this can mainly 

be attributed to the large Vf voltage of the device.  

 On another note, the rectifier efficiency could not be calculated as shown in (2.10) 

 
–
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The reason it wonôt work is that the input current is composed of multiple harmonic resulting in a 

non-sinusoidal periodic function.  

Table 2.4-1 CSD01060 SiC diode datasheet parameters. 

Parameter Value Specification 

maximum Cr @ VR = 4V 45pF 100pF 

IF 4A 1.2A 

VR 600V 40V 

tr 0s 1.47ns 

Vf max 2V 1V 

Efficiency (from simulation) 
Vin peak = 5V  ->  56%  

Vin peak = 30V  ->  87%  
70% 
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2.5 Broadband DC Isolation Transformers  

 Transformers are used in many areas of electrical and electronics engineering. They are 

simple to implement and can be designed to provide DC isolation, EMI suppression, impedance 

matching, and specific current and voltage ratios [44] [45]. For these reasons, they are found in 

Power, Broadband, Pulse and Impedance matching applications in a broad range of industries.  

In this section, we will go through the design of a DC Isolation Transformer. According to 

Figure 1.1-2 of in section 1.1.1, transformers are not part of the Rezence specification. It is 

however required for the implementation of the auto-tuning method which will be described in 

section 4.2.1 of this chapter. During the design of the auto-tuning portion of the system, we found 

that there were no available isolated transformers components available for purchase that met our 

specifications. Because of this, we had to design the transformer ourselves. Therefore, this section 

will go through the theory and considerations used to design the Isolation transformer as described 

in [44] and [45], as well as the physical testing and results.  

 

Figure 2.5-1 Typical broadband transformer insertion loss vs frequency characteristic curve [44] . 
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2.5.1 Isolation Transformer Theory and Considerations 

 Broadband transformers are wound devices used to transfer energy [44]. As shown in 

Figure 2.5-1, the typical insertion loss characteristic curve of broadband transformers is broken 

down into 3 regions, the Mid-Band Frequency region where f1 Ò f Ò f2, the Low-Frequency region 

f < f1, and the High-Frequency region f > f2. The transformer bandwidth is defined as f2 - f1 and is 

a function of the transformer transfer function steepness and the specified insertion loss. The 

lumped circuit element schematic diagram for the transformer and its simplified circuit model is 

shown Figure 2.5-2 Transformer equivalent circuit models: (a) Lumped model; (b) Simplified 

model. Using these models, we can determine the factors that affect the frequency regions. 

2.5.1.1 Low-Frequency Region Considerations 

 When f < f1, the low-frequency attenuation is caused by the lowering of the shunt 

impedance. This attenuation is caused by the shunt inductance Lp, the load resistance Rbô, and the 

 

Figure 2.5-2 Transformer equivalent circuit models: (a) Lumped model; (b) Simplified model [44] . 
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shunt resistance Rp. Rp is very small at low frequencies is neglected and attenuation defined as 

 
ὃ ρπẗÌÏÇρ
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Ὠὄ (2.11) 

where A is the attenuation. The impedance mainly a function of Lp since the load is usually fixed. 

As can be seen, with decreasing frequency, the attenuation level increases.  

2.5.1.2 Mid -band Region Considerations 

 When f1 Ò f Ò f2 in the Mid-Band region, transmission is affected mainly by the resistances 

Rc in the transformer windings defined in Figure 2.5-2. These losses are determined mainly by the 

resistance due to the skin effect at the fundamental frequency which is discussed in section 3.1.4.3 

and defined in (3.8). This loss can be calculated as shown in (2.12). 
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2.5.1.3 High-Frequency Region Considerations 

 In the third region where f > f2, the high-frequency attenuation is caused by leakage 

inductance Ll and shunt capacitance C. These are defined as follows. 
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 Another factor mentioned in [45] that must be taken into consideration is the complex 

permeability of the inductive core of the transformer. The core permeability is defined by real and 

imaginary parameters ɛǋs ɛǋǋs, which are used to calculate the series inductance and series resistive 

loss of the core material as defined in [46] and shown below  
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The parameter L0 is defined by the core shape which could be toroidal or multi-aperture. In general 

for all ferromagnetic materials, at low frequencies ɛǋs is larger than ɛǋǋs, but as the frequency 

increases ɛǋǋs becomes the dominant parameter, which is supported by the equations in (2.15). 

2.5.1.4 Other Considerations 

 Other isolation transformer design parameters taken into consideration, are the transformer 

core material types and core shapes, and the temperature effects on the core material. There are 

many magnetic core materials used to design transformers at low frequencies such as iron and 

steel. But at frequencies where losses due to eddy currents become more significant, ceramics 

ferrites are preferred. Core shapes vary depending on the application. For higher frequency 

transformer applications, toroidal and multi-aperture cores seen in are recommended [44]. Changes 

in temperature cause changes in the core materialôs permeability. At high temperatures, the 

material can lose its magnetic properties. This is known as the Curie temperature. 

2.5.1.5 Considerations Summary 

 In summary, the f1 and f2 frequencies, the number of turns, wire winding thickness, the 

core shape and the changes in temperature the device will be exposed to, are the factors to consider 

in high-frequency transformer design. To reduce insertion loss at f1, materials with the highest ɛǋǋs 

at f1 should be selected. The number of windings should be minimized to reduce leakage 

inductance and parasitic capacitances. In the mid-band region, due to the resistive losses caused 

by the skin effect, the frequencies of operation and the amount of current that the transformer is 

required to support should be taken into consideration to determine the wire windings size. Finally, 

Toroidal and Multi-aperture cores shapes are preferred for high-frequency transformers. 
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2.5.2 Isolation Transformer Design, Testing, and Results 

 Before using the design considerations mentioned in the previous section, we establish the 

specifications for the DC Isolation transformer. The specifications are as follows 

¶ Fundamental Frequency of Operation 6.78MHz  ±2MHz 

¶ Maximum Output Power   12Watts 

¶ Maximum Current    1.2A 

¶ Maximum Voltage     40V peak or ~28Vrms 

¶ Load impedance    50ɋ 

¶ Operating Temperature   ~25oC 

¶ Winding Ratio     1:1 

¶ Efficiency      90% 

 To satisfy the efficiency, frequency, impedance and temperature specifications, we selected 

the 2861000102 multi-aperture binocular ferrite core with the high frequency 61 NiZn ferrite 

material [47]. The multi-aperture binocular core has high flux density than standard toroid cores. 

From the complex permeability graph provided in Figure 2.4-1, we see that ɛǋǋs < 1 up to 7MHz, 

and according to (2.15) we know that we should have little loss due to Rs which should result in 

high efficiency at the fundamental frequency. Also ɛǋs >100 until 40MHz, which should provide 

sufficient inductance for our transformer. The temperature effects of the core are negligible 

according to the temperature graph in [47], 

 A solid 24AWG wire was selected to satisfy the current specification. This wire is able to 

handle 2A of current with good insulation according to [48]. With a diameter of ~0.5mm for the 
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Figure 2.5-3 Complex permeability vs frequency measured on standard toroids (18/10/6 mm) at 25°C [47] . 

24 AWG wire and a 3.8mm hole diameter for the 2861000102 multi-aperture binocular core, we 

can create up to a 4:4 winding ratio for the transformer.  

 An insertion loss testbench was then set up to determine the optimal number of winding 

for maximum efficiency. The test setup uses a 5Vp-p input signal using the DMM4050. As a  

 
Figure 2.5-4 Transformer insertion loss test setup: (A) Before Insertion; (B) 270ɋ resistor inserted; (C) Transformer inserted. 
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Table 2.5-1 Transformer insertion loss measurements and results. 

Frequency (MHz) 4.78 5.78 6.78 7.78 8.78 

47ɋ (VoRMS/IL(dB)) 1.198/0 1.199/0 1.2/0 1.201/0 1.202/0 

270ɋ (VoRMS/IL(dB)) 1.063/1.038 1.066/1.021 1.068/1.012 1.07/1.003 1.071/1.002 

2 Turns (VoRMS/IL(dB)) 1.175/0.168 1.179/-0.146 1.178/-0.161 1.179/-0.161 1.178/0.175 

3 Turns (VoRMS/IL(dB)) 1.170/0.205 1.175/-0.175 1.176/-0.175 1.177/-0.175 1.178/0.175 

4 Turns (VoRMS/IL(dB)) 1.170/0.205 1.176/0.168 1.176/-0.175 1.177/-0.175 1.178/0.175 

 

reference point, the input signal is sent through a source resistor and load resistor of 47ɋ each as 

seen in Figure 2.5-4 (a), and the VoRMS is measured across the load at different frequencies. A 

270ɋ resistor is placed in parallel with the load as a reference point as shown in Figure 2.5-4 (b) 

and the output is re-measured. All measurements were done with the MSOX3024A oscilloscope. 

Finally, the transformer is put in place of the parallel resistor as shown in Figure 2.5-4 (c) with a 

1:1 turn ratio of 2, 3 and 4 winding on the primary and secondary sides, and the VoRMS 

measurements were retaken. The results are presented in Table 2.5-1. The insertion loss is defined 

in (G.1), where Vo is the voltage at the load before the insertion, and Voǋ the load voltage after 

insertion. Using the data calculated in Table 2.5-1, we see that there is negligible difference in 

IL(dB) between the 3 winding configurations. The largest and smallest IL(dB) values in Table 

2.5-1 are -0.205dB and -0.147dB respectively. This translates to efficiencies of 95% and 96% 

which meets our specification.  

 

2.6 Chapter Summary and Conclusions 

 In this chapter, we went through the basics, theory, and design of the Rezence WPT system 

analog component blocks. We first went through the method used to decide the minimum 
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efficiency specifications for each block in the system, by working backward from the Device load 

to the PA output. Using this method the DC-DC Converter, Broadband 1:1 Transformer, Rectifier, 

and Rx and Tx resonators were efficiency specifications and the PA output power were 

determined.  

 Next, we presented the design of the oscillator. Potential oscillator circuit topologies that 

can generate a 6.78MHz were looked into and the Colpitts oscillator was selected. The oscillator 

was then designed with a buffer on the output to meet our 6.78MHz and 0.02Watt specifications. 

Simulations and physical tests were done on the oscillator design, which showed that the physical 

test met our requirements.  

 We then presented the design of the PA Gate Driver. The differences between the 

sinusoidal and square wave implementations were discussed, including the additional circuitry 

required for them to operate effectively. A comparison was done between the gate drivers to see 

which one allowed the output impedance matched Class-E PA to operate with a higher efficiency, 

and the sinusoidal gate driver which performed better was selected. The sinusoidal gate driver was 

realized using a 6.78MHz Class-AB PA design and was simulated to verify if it meets our 

efficiency, load resistance, and output power requirements. Results show that the efficiency and 

output power specifications were met but the load resistance was slightly above our target. 

 Class-E PA design was explored next. Here we introduced the basic types of PAs available 

and gave reasons for the selection of the Class-E PA, such as its high efficiency, and its 

fundamental inductive load which is good for driving WPT coils. We then went through the basic 

and theory of the basic switch mode and Class-E PA. From there we found that the original 

equations, which use a 50% duty cycle, are simple but do not give enough meaningful information 

to analytically design a Class-E PA. There is a generalized set of ideal Class-E PA design equations 
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which takes duty cycle into account and give more insight into Class-E PA design, but they are 

too lengthy to be used for design analysis. These equations ignore many other parameters required 

to design the Class-E PA.  

 To overcome these issues, we presented a Class-E PA Design Methodology modified from 

[25]. This design flow uses the generalized Class-PA design equations to generate current and 

voltage waveforms at the drain of an ideal switch. These ideal waveforms are then broken down 

into their harmonic current and voltage waveforms, which are converted to harmonic impedances. 

These drain impedances are then used as a target to output impedance match the power FET using 

discrete components. Finally, the input is optionally impedance matched and the design simulated. 

 The design of a Class-E PA using a low-cost power MOSFET then done. Using the design 

flow, a simulation efficiency of 89.9% was achieved with this design, with a DC current of 0.554A 

and an output power of 18Watts. The Design then prototyped and tested, and measurement results 

show an efficiency of 71% was achieved, having a DC current of 0.69A, and 18Watt output power. 

It was found that the differences between the simulation and measurement results were caused by 

the capacitance value of the resonator capacitor being 40pF instead of 39pF. 

 Design of the Rectifier was discussed next. At frequencies in the HF range, the parasitics 

of the rectifier diode cannot be ignored. To achieve high-efficiency rectification we needed the 

series resistance to be small, and the Reverse Recovery Time and Reverse Junction Capacitance 

to be zero. Using equations (2.7), (2.8), and (2.9) the acceptable rectifier diode series resistance, 

reverse recovery time, and reverse junction capacitance values were determined and the 

CSD01060 SiC diode was selected. A Harmonic Balance simulation was done on the rectifier at 

peak voltages of 5V and 30V, resulting in 56% and 87% efficiencies. The low-efficiency value 

when a small input is applied was attributed to the large Vf voltage of the device.  
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 Finally design of the 1:1 isolation transformer which is required for the implementation of 

the auto-tuning method described in chapter 4. There are many factors to be considered when 

designing an HF isolation transformer such as the f1 frequency, number of turns, wire winding 

thickness, and the core shape. These factors whose effects were described in section 2.5.1, were 

used to design the isolation transformer, and a 4 turn transformer with a 2861000102 multi-

aperture binocular ferrite core with 61 NiZn ferrite material was selected. The physical 

Transformer was designed and an insertion loss analysis was done. The measurement results 

showed that the transformer had 96% efficiency. 
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Chapter 3 

3 Magnetically Coupled Resonant Wireless Power 

Transmission Coils for Small Electronic Devices 

 The key element of the Rezence WPT standard is the Magnetic Inductance and Resonant 

Coupling coils, which is also known as Magnetic Resonant Coupling Wireless Power 

Transmission (MCR-WPT) coils [49]. The MCR-WPT coils were introduced in 2007 by a group 

of researchers from MIT [2]. The main draw of this technology is the ability to wirelessly power 

any device at a distance [5]. The technology has seen applications such as wirelessly charging cars 

and smartphones using the Drive11 and Rezence Standards Respectively. Although The Drive11 

standard is steadily being adopted for charging electric cars [4], due to stiff competition from the 

WPC Qi standard used in the iPhone X [50], the Rezence standard has not been as widely adopted. 

This is mainly due to difficulties in designing small MCR-WPT coils that resonate at 6.78MHz 

with high efficiency. It has been reported that Rezence devices achieve only 40% efficiency [22]. 

 We present a new approach to designing Rezence MCR-WPT coils for smartphones and 

tablets. Our approach uses a double layer Printed Spiral Coil (PSC) design, which consists of 3 

individual coils per PSC board on an FR4 substrate, without vias and external capacitors. This 

configuration allows us to take advantage of the parasitic capacitance between layers which 
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enables us to reduce the size of the coils. The simulations and test results show that our 5x2.5in2 

design has ~60% and 43% percent and our 8x4In2 design has ~75% and 51% efficiency 

respectively. Simulations using higher Ůr materials also suggest that greater efficiency numbers 

can be achieved. 

 This chapter presents the design methodology, simulations, and results of our novel MCR-

WPT PSC design. In section 3.1 we cover the basics of spiral inductors, including their parasitics, 

dimensions and modeling equations. The single layer MCR-WPT coils are discussed in Section 

3.2 along with their pros and cons. Section 3.3 introduces different double layer MCR-WPT coils, 

and our novel MCR-WPT design and design approach. Simulations and Experimental results are 

presented and discussed in Section 3.4. Finally, we conclude the chapter in Section 3.5.  

 

3.1 Spiral Inductor Basics and Theory 

 In the chapter introduction, we highlighted the technological progression of wireless power 

transmission using MCR-WPT coils. In particular, we focused on its application in small electronic 

devices such as smartphones and tablets, where PSCs are used for their design. These PSCs are 

based on the basic spiral inductors which have been broadly used in RF integrated circuits for 

many years [28], due to having a smaller 2D geometry than their 3D Helical counterparts. There 

are many geometries available to design these coils in which their resulting inductances are 

dependent on each of their physical dimensions. But there are also many parasitics that are 

associated with them that need to be considered when modeling and designing these coils. In this 

section, we will discuss these design considerations for spiral inductors which were retrieved from 

[51]. 
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Figure 3.1-1 Various spiral inductor structures: (a) circular; (b) octagonal; (c) symmetric; (d) series stacked; (e) with ground 

shield; (f) parallel stacked. 

3.1.1 Spiral Inductor Geometries 

 In addition to the basic square spiral inductor, there are many other geometries available 

that add to spiral inductor design flexibility. Some of the common single layer alternative 

structures that currently exist include the circular, octagonal and symmetric configurations. There 

are also series stacked, shielded, and parallel stacked multilayer inductor configurations available. 

The geometry of each of these spirals is shown in Figure 3.1-1. Each structure has their advantages 

over one another allowing for their use in different applications.  

3.1.2 Effects of Single Layer Inductor Dimensions on Inductance  

 A Two-dimensional square spiral inductor is specified by four main physical parameters. 

These parameters are the outer length Dout, the number of turns N, wire spacing S, and wire width 

W, and there are defined in Figure 3.1-2 (A). The inner length Din is also defined and is a function 

of the other parameters. The inductance of spiral inductors mainly depends on the number of turns 

and the diameter of each turn, but these parameters are affected by the wire width and spacing.  
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 With reference to the 3 turn spiral inductor in Figure 3.1-2 (B), the inductance was 

calculated in [51] as shown in (3.1) below where L1, L2, and L3 are the inductances of each turn 

AB, BC, and CD the mutual inductances between L1 and L2 to be M12, etc. 

 ὒ ὒ ὒ ὒ ὓ ὓ ὓ   (3.1) 

Although equation (3.1) suggests that inductance increases with the square of the number of turns 

(N), due to an N-turn structure having N(N+1)/2 terms in the equation, there are few factors that 

limit such an increase. First, assuming we hold all other parameters constant and we increase N, 

each additional inner turn is smaller, hence has lower inductance. Next, the mutual coupling factor 

is 0.7 between neighboring turns and is less for turns further apart. Finally, as the number of turns 

increases, the effect of the two opposite legs of the innermost turn produces opposing magnetic 

field that partially cancels each otherôs inductance increases since the turn diameter decreases.   

 Although the number of turns directly affects inductance, the effects other parameters 

should be considered as they have an indirect effect on the parameters in equation (3.1). When we  

 
Figure 3.1-2 Simple spiral inductor: (A) various physical parameter dimensions; (B) inductance and turn definitions [51] . 
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Table 3.1-1 Summary of the effect on physical parameters on spiral coil inductance. 

Increasing  

Parameter 

Effects 

Pros Cons 

N (Number of turns) Increases inductance Din decreased 

Dout (Outer Diameter) Max N increased Limits small area applications 

Din increased 

W (Wire width)  Wire resistance decreased Din decreased 

Max N decreased 

S (Wire Spacing) Reduced stray capacitance Mutual inductance reduced 

 

increase W, holding all other parameters constant, the line resistance would be reduced but the 

diameter of the inner turns and the maximum number of turns decrease resulting in reduced 

inductance. Increasing Dout increases the maximum number of turns and inner turn diameter but 

limits small area applications. Finally increasing S results in reduced stray capacitances from 

adjacent turns but reduces inner turn diameter. These effects are summarized in Table 3.1-1 above. 

3.1.3 Effects of Multil ayer Inductor Parameters on Inductance 

 As mentioned in section 3.1.1, there are a few multilayer geometries available. Among 

them are the series and parallel stacked spiral inductor structures. The addition of a second layer 

affects the total inductance of each structure differently. In this section, we explore these effects 

on their inductance and define their inductance equations. 

3.1.3.1 Series Stacked Spiral Inductors 

 The idea of series stacked spiral inductors is to reduce the area occupied, and increase the 

inductance of a spiral coil [51]. This is done by placing them on top of each other and connecting 

the ends points of the inner turns together with a via as shown in Figure 3.1-3. Using this structure, 

the inductance is increased by the inductors being in series and the strong mutual inductance in 

between layers. Thus the total inductance for the double layer spiral in Figure 3.1-3 is defined as  

 ὒ ὒ ὒ ςὓ (3.2) 



66 

 

 
Figure 3.1-3 Series stacked spiral inductors. 

 Since the vertical spacing between L1 and L2 is much smaller than their horizontal 

dimensions, the mutual inductance coupling between L1 and L2 is nearly perfect. Therefore 

MåL1=L2, and from (3.2) Ltotå4L1. In general for a multilayer spiral, the total inductance is 

increased by a factor of approximately n2, where n is the number of layers. In reality, because no 

mutual coupling is seen from the perpendicular legs, and the inner turn of each layer is about 7/8th 

of a complete turn, the multiplication factor is a little less than n2. 

3.1.3.2 Parallel Stacked Spiral Inductors 

 Parallel stacked spiral inductors improve the quality factor of a single layer spiral inductor, 

by keeping the inductance constant and reducing the coilôs resistive losses. This is done by placing 

the spiral inductors on top of each other and connecting vias in between the layers as seen in Figure 

3.1-1 (f). The net inductance of double layer parallel spiral coil calculated from Figure 3.1-4 is 

 
ὒ

ὒὒ ὓ

ὒ ὒ ςὓ
 

(3.3) 

where L1 and L2 are the self-inductances, and M is the mutual coupling between the inductors. The 

horizontal dimensions of the parallel stacked spiral inductors in Figure 3.1-1 (f) are much larger  
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Figure 3.1-4 Effect of placing tightly coupled inductors in parallel. 

than their vertical spacing, and the layers experience strong mutual inductance. Therefore 

MåL1=L2, and the resulting net inductance Lnet=L1 from (3.3). 

3.1.4 Spiral Inductor Parasitics and Loss Mechanisms 

 There many parasitics and loss mechanisms associated with spiral inductors. The parasitics 

are due to the capacitances between individual layers in multilayer coils and between the bottom 

layer and the ground shield or substrate. Resistive losses such as dc wire resistance, skin effect, 

and proximity effect, capacitive coupling losses from the stray capacitances and inductive coupling 

losses into the ground plane all contribute to the parasitics. We will briefly go through their effects 

and equation definitions in this section. For more detailed explanations of these effects and their 

equation derivations, see [51]  

3.1.4.1 Parasitic Capacitance and Capacitive Coupling 

  Planar spiral inductors are susceptible parasitic capacitances between their surfaces and 

the substrate materials they are built upon. There are 2 main types of parasitic capacitances. The 

first type is parallel plate and fringe capacitances formed between the metal lines of the inductor 

and the substrate for single layer inductor illustrated in Figure 3.1-5(a), and adjacent layer wires  
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Figure 3.1-5 Capacitance types and their models: (a) bottom plate capacitance and or multilayer series inductor capacitance; 

(b) interwinding Capacitance. 

for multi-layer inductors as shown in Figure 3.1-6. The fringe capacitance between adjacent turns 

of the inductor is the other type of parasitic capacitance illustrated in Figure 3.1-5(b). Therefore if 

the wire width or thickness is increased to reduce the line resistance, these component capacitances 

increase and must be considered.  

 The lumped model of the capacitances on each leg of the square spiral inductor representing 

the parallel plate and fringe capacitances are shown in Figure 3-3(a). Using an energy-based 

analysis on a modified distributed capacitance model based on the lumped model as described in 

[51], the estimated equivalent lumped capacitance equation was derived and the results are shown 

in (3.4) below. The parameters K and Cu represent the total number of legs in the spiral inductor 

and the average capacitance of all the legs due to the parallel plate and fringe capacitances to the 

substrate. 

 
ὅ ὅẗ

ὑ ρ ςὯ ρ

φὑ
  

(3.4) 

For the parallel turn-to-turn Interwinding capacitances, the lumped model capacitance is shown in 

Figure 3-3(b). Using the same energy-based analysis, the equivalent lumped capacitance equation  
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Figure 3.1-6 Equivalent capacitance for series stacked inductors: (a) layers close together; (b) layers further apart. 

was derived and shown in (3.5). The K and CF represent the total number of spiral inductor legs 

and the average capacitance of all the legs due to parallel fringe capacitances of all the turn-to-turn 

inter-windings. 

 
ὅ

ρ

ὑ
ẗὅ 

(3.5) 

 We now consider the parasitic capacitances of the multilayer inductor, in particular, the 

series and parallel stacked inductors. First, we consider the equivalent capacitance of the series 

stacked inductors as shown in Figure 3.1-6. The lumped capacitances between layers and the lower 

layer and substrate are defined by C1 and C2 respectively. Using an analysis similar to before, the 

equivalent lumped capacitance equation was derived and the result shown in (3.6).  

 
ὅ

τὅ ὅ

ρς
 

(3.6) 

For stacked parallel inductors with multiple vias seen in Figure 3.1-1 (f), when a time varying 

voltage is applied, the voltage difference between layer segments is 0V. This results in a net 

capacitance of 0F. In reality, thereôs a small capacitance but itôs too small to have an effect. 



70 

 

 
Figure 3.1-7 Substrate loss due to capacitive coupling. 

 All of our analysis with spiral inductor capacitances was associated with their parasitic 

characteristics, but there are however losses associated with the capacitive coupling to the substrate 

where the resistivity is neither infinity nor zero. Illustrated in Figure 3.1-7, since we have the rising 

and falling of voltage at each segment of the spiral inductor, a time-varying displacement current 

is flowing in the substrate. This current flow causes some power loss in the substrate during each 

cycle. The loss due to capacitive substrate coupling is dependent on the specified loss tangent of 

the substrate. A low loss tangent measured at a high frequency means that at our low frequency, 

the loss due to substrate coupling is small enough to be ignored. 

3.1.4.2 Low Frequency (DC) Metal Resistance 

  All conductors exhibit a small resistance at DC and low frequencies. For spiral inductors, 

only the series resistance as illustrated in Figure 3.1-8. The total series resistance of the inductor 

is dependent on the total unwound wire length (l), the cross-sectional area (A), and the resistivity 

of the metal (ɟ), and is determined using equation (3.7). 

 
Ὑ

”ẗὰ 

ὃ
 

(3.7) 

 To reduce the loss of from Rs we need to identify and adjust the inductor parameters that 

affect its value. First, we know l is directly related to the N of the inductor when we hold all other 
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Figure 3.1-8 Metal resistance in spiral inductors. 

parameters constant. Also, the cross-sectional area is a function of W and wire thickness. Thus 

from the above equation, we see that the wire resistance of the conducting material can be reduced 

by increasing the wire width or decreasing the number of turns.  

 There are however some trade-offs that need to be considered when increasing W to reduce 

Rs. As described in sections 3.1.2 and 3.1.4.1, increasing the wire width reduces the diameter of 

the inner turns and the maximum N as well as increases the parasitic capacitance. Also decreasing 

N decreases the overall inductance.  

3.1.4.3 Skin Effect 

 Current through conductors tend to flow near the conductorôs surface at high frequencies 

as shown in Figure 3.1-9. Because of this the area where current flows is reduced resulting in a 

higher resistance. This is due to the attenuation of the amplitude of an EM wave when trying to 

penetrate a conductive medium [52]. The measure of the attenuation decrease by a factor of e-1 

into the medium is known as the skin depth. The skin depth is a function of the conductor 

permeability (µ), conductivity (ů), as well as frequency (f), and is defined in equation (3.8). 

 
‏

ρ

“Ὢ‘„
 (3.8) 

The resistance due to skin effect is defined in (3.9) as follows. 
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Figure 3.1-9 Current distribution in a conductor: (a) low frequencies; (b) high frequencies 

 
Ὑ
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(3.9) 

 During high-frequency operation where ŭ is larger than the wire thickness, the loss due to 

Rskin may be significant. To reduce Rskin, we can use stacked parallel inductors with an individual 

thickness less than ŭ to increase the conductive surface area. The overall loss due Rskin is reduced 

considerably when the sum of the individual wire thicknesses is greater than ŭ. 

3.1.4.4 Proximity Effect and Current Crowding 

 With the adjacent wires in the spiral inductor having small distances between them, their 

close proximity starts to affect the current distribution throughout the inductor. As seen in Figure 

3.1-10 (a), the current is condensed into a smaller area near the edge of the wire. To understand 

why this happens, we do a quick analysis the effect of the current flowing through one turn on an 

adjacent turn which is illustrated in Figure 3.1-10 (b). The inductors time-varying current i(t) in 

one turn generates a time-varying magnetic field by Biot-Savartôs law. From Faradayôs law, this 

changing magnetic field passes through nearby turns and generates current loops in the center of 

the wire known as eddy currents. These eddy current flow opposite and concurrent with i(t) which 

adds and subtracts to it. Because of this, current is crowded at one side of the conductor. This 

current crowding due to nearby adjacent turns is known as the proximity effect.  
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Figure 3.1-10 Proximity effect: (a) current distribution in adjacent turns; (b) eddy currents in the wire due to the magnetic field 

generated from a nearby adjacent wire; (c) reduction of the substrate and multilayer capacitance due to current crowding. 

 The resistance due to the proximity effect is a function of frequency. This because the 

induced voltage (Vemf) in the conductor is proportional to the frequency (f) from Faraday's law. 

Therefore when f increases, the Vemf increases proportionally producing an increase in the eddy 

currents in adjacent turns, resulting in the i(t) current concentrating into an increasingly smaller 

area at the edge of the wire, and hence causes an increase in the inductor resistance. Using this 

information, the equation for proximity effect derived and shown in (3.10). 

 
Ὑ Ὑ ẗρ
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Ὢ
  (3.10) 

The Rdc in the above equation represents the dc resistance and fcrit is frequency where current 

crowding begins and is defined as follows 

 
Ὢ

σȢρ

ς“‘
ẗ
ὡ Ὓ

ὡ
ẗὙ  (3.11) 

where W and S are the wire spacing and separation distance in the inductor, µ and Rsheet are the 

permeability and sheet resistance of the metal.  
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Figure 3.1-11 Magnetic coupling to the substrate. 

 There are other effects of current crowding. Since the current is concentrated at the edge 

of the wire, each turnôs equivalent diameter changes a little resulting in a different inductance than 

the low-frequency value. Since the current is concentrated at the wireôs edge, the wire has no 

current in the middle, and therefore the total capacitance (Ctot) is reduced which is seen in Figure 

3.1-10 (c). Thus as shown in equation (3.12), the total capacitance is inversely proportional to the 

wire resistance where Cdc is the dc capacitance. 

 
ὅ

Ὑ

Ὑ
ẗὅ  (3.12) 

3.1.4.5 Magnetic Coupling in the Substrate 

 The final set of losses to be considered in spiral inductor design are the losses associated 

with the magnetic coupling to the substrate where the resistivity is neither infinity nor zero. 

Illustrated in Figure 3.1-11, we see that eddy currents are produced in the substrate from the 

magnetic fields generated by the current flow in the inductorôs turns. These eddy currents translate 

into losses in the substrate during each cycle. Like the capacitive coupling to the substrate, the loss 

due to inductive substrate coupling is dependent on the specified loss tangent of the substrate. A  
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Table 3.1-2 Types of resistive loss, their description, and methods to reduce their effects. 

Resistive Loss Mechanisms Loss Effect Description Methods to reduce Effect 

DC  Metal DC sheet resistance Thicker and wider wire 

Skin effect Increased resistance from high 

frequency current flowing on 

the conductor surface due to 

the EM waves inability to 

penetrate the material 

Use stacked parallel inductors 

with individual thickness less 

than the shin depth to increase 

the conductive surface area 

Proximity Effect Current crowds in a small area 

near the edge of the wire due 

to eddy currents formed by the 

magnetic field created from 

nearby adjacent wires 

Larger spacing between wires 

and thicker wires. 

Capacitive and Magnetic 

coupling to substrate 

Losses due to currents in the 

substrate caused by the 

changing line voltages  

Due to our relatively low 

application frequency, this 

effect can be ignored  

low loss tangent measured at a high frequency means that at our low frequency, the loss due to 

substrate coupling is small enough to be ignored 

3.1.4.6 Inductors Parasitics and Loss Mechanisms Summary 

 There are many types of capacitive parasitics and resistive losses associated with inductor 

design. We summarise the resistive loss types, their description and reduction methods in Table 

3.1-2. The capacitive parasitics, their description, benefits, and effects are provided in Table 3.1-3. 

Table 3.1-3 Types of spiral inductor capacitive parasitics, their benefits, and drawbacks. 

Capacitive Parasitic  Description Benefits and Effects 

Substrate 

Capacitance 

Parallel plate and fringe 

capacitances between the 

wires and the substrate 

Substrate resistance losses from time-

varying substrate currents caused by 

substrate capacitance (Small enough 

to be ignored).  

Inter -wire 

Capacitance 

Fringe capacitances between 

adjacent turns of the inductor 

An increase in the number of turns 

and number of layers increases the 

inter-wire and inter-layer parasitic 

capacitances, resulting in a lower 

resonant frequency, but at the cost of 

increased resistance due to the 

proximity effect 

Inter -layer 

capacitance 

Parallel plate and fringe 

capacitances between wires 

on multiple layers 
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3.1.5 Spiral Inductor Basics Summary and its relationship to MCR-WPT Coils 

  In this section, we covered the effects of the key inductor dimension parameters on its 

inductance as well as its associated passive capacitive parasitics and loss mechanisms. We will 

now briefly summarize their effects and how they can be mitigated 

 When constructing the spiral inductor, the number of turns and the outer dimension of the 

spiral inductor are the main contributors to the inductance. Other parameters such as the wire 

spacing and width indirectly affect these parameters and must be considered. The effects of these 

spiral inductor dimensions on its inductance are summarized in Table 3.1-1. Ideally, the inductance 

is the square of the number of turns from (3.1). But because each added turn has a smaller diameter 

with a smaller inductance and increased inductive loss from opposing legs, and are also further 

from the outer turns, the inductance and mutual inductance they add to the total inductance is 

incrementally smaller. Another way to increase inductance is by using stacked series spiral 

inductors but this also causes an increase the parasitic capacitance.  

 Spiral inductor capacitive parasitics are important because these capacitances and the 

inductance of the inductor determines its self-resonant frequency (SRF), and an increase in 

parasitic capacitance causes a decrease in the SRF. Therefore when trying to the increase 

inductance by increasing the number of turns and or the number of layers (between series stacked 

spirals), the parasitic capacitance increases due to an increase in fringe capacitances between 

adjacent turns and parallel plate and fringe capacitances between wires on multiple layers 

respectively, and must be taken into consideration. The parasitic capacitance to the substrate is 

also present and may need to be considered depending on the operation frequency. 

 Finally, there are resistive loss mechanisms that reduce the quality factor of the spiral 
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inductor. Low frequency/DC sheet resistance is a characteristic of the metal being used. Resistance 

due to the skin effect is dependent on frequency and the permeability of the metal. Proximity effect 

resistance is dependent on frequency, the permeability of the metal, the wire spacing and wire 

width. There are also losses from generated magnetically coupled eddy currents and capacitively 

coupled displacement currents flowing through the resistance in the substrate. These losses are 

summarized in tangent measured at a high frequency means that at our low frequency, the loss due 

to substrate coupling is small enough to be ignored 

3.1.5.1 Inductors Parasitics and Loss Mechanisms Summary 

 There are many types of capacitive parasitics and resistive losses associated with inductor 

design. We summarise the resistive loss types, their description and reduction methods in Table 

3.1-2. The capacitive parasitics, their description, benefits, and effects are provided in Table 3.1-3. 

 

3.2 Single Layer MCR-WPT Coils  

 Single layer MCR-WPT printed spiral coils (PSCs) using the Rezence standard with a 

frequency of 6.78MHz share all the loss mechanisms and parasitic capacitances with their single 

layer spiral inductor counterparts. Like the spiral inductor, the low frequency/DC sheet resistance, 

skin effect and proximity effect loss mechanisms must be taken into consideration since they affect 

the Q factor of the system. There are also substrate losses due to magnetically and capacitively 

coupled currents flowing through the substrate resistances, but are these small and can be ignored 

because of our low operating frequency.  

 Unlike its spiral inductor counterpart which mainly focuses on design to achieve a large 
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inductance is a small space, the design of small MCR-WPT PSCs to fit in smartphones with the 

low Rezence SRF and a high Q. To achieve this low frequency we can add external capacitors to 

the spiral coil, but this canôt be done since it requires additional space in the cellphone which is 

expensive. We try to reduce the SRF by changing the physical parameters that affect the parasitic 

fringe capacitances between turns. In this section, we go through the basics of MCR-WPT PSCs, 

the step by step method used to design and determine the SRF through simulations, the simulation 

results, and discussions with a summary. 

3.2.1 MCR-WPT PSC Basics 

 MCR-WPT PSCs are composed of 4 spiral inductors with 2 spiral inductors each on the 

transmitter and receiver PSC boards. The basic circuit diagram of the MCR-WPT coils system 

obtained from [53] is shown in Figure 3.2-1. From the diagram, the first and second coils known 

as the 1-Source and 2-Sending/Transmitting coils are on the transmitter side PSC board, and the 

third and fourth coils known as the 3-Receiving and 4-Load coils are on receiver side PSC board. 

other reasons for this configuration. Firstly, since the outer coil on the PSC board has more turns 

and is inductively coupled with the inner coil, it has a higher voltage across it. The outer coils 

 
Figure 3.2-1 Basic circuit diagram of an MCR-WPT coils system connected to a source and load [53] . 
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on both PSC boards are loosely coupled and magnetically resonant. Because of this, the separation 

distance where maximum efficiency occurs is increased, and when this separation distance is 

smaller than the optimal efficiency distance. Another reason is that since the coils are impedance 

matched, they can be tuned to bring the system back into resonance when the separation distance 

is shorter than the optimal efficiency distance as shown in sections 4.1.3 and 4.1.4.  

 Each coil in the MCR-WPT coils system is composed of individual capacitances, 

inductances, and resistances. Like their spiral coil counterpart, their inductance is determined by 

the dimensions of the inductor as discussed in section 3.1.2. The exception to this is that the 

efficiency is directly related to the amount of flux through the inner coil, so a larger inner coil 

dimension is needed for higher efficiency. The same loss mechanisms and parasitic capacitances 

described in section 3.1.4. The resistance values of each of the spiral coils were taken from the 

Ohmic losses in the wires, due to the low-frequency DC metal sheet resistance, the skin effect, and 

the proximity effect. The capacitance values were obtained from fringe capacitances between 

adjacent turns of the inductor. These passive values can be lumped together for circuit analysis. 

 Using these passive components, with reference to Figure 3.2-1, the simplified and 

complete equivalent lumped circuit models are constructed as seen in Figure 3.2-2. The capacitive, 

inductive and resistive elements of each inductive coil are represented as Ci, Li, and Ri, and the 

mutual inductance between the inductive coils defined by M ij, where i,j = 1,2,3,4 and i Í j. The 

numbers for i and j represent the source, sending, receiving and load coils respectively.  

 Looking at the equivalent circuit models in Figure 3.2-2, it can be seen that the resistances 

R1 and R4 are ignored in both models. This is because the Source resistance RS and the load 

resistance RL are much larger than the corresponding R1 and R4 resistances of the source and load 

coils respectively, and are thus ignored.  
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Figure 3.2-2 Equivalent lumped circuit models of the MCR-WPT 4-coil system: (a) complete model; (b) simplified model [53] . 

 The inner and outer adjacent coils on the same PSC board are inductively coupled with 

mutual inductances M12 and M34, while the outer coils on the different PSC boards are loosely 

coupled and magnetically resonant with a mutual inductance of M23. There are other mutual 

inductances in the system between the source and load coils, the source and receiving coils, and 

the sending and receiving coils which are defined as M14, M13, and M24 respectively. The difference 

between the complete and simplified circuit models is the mutual inductances that are considered 

in the system. In the complete circuit model, the mutual induction between the non-adjacent coils 

is taken into consideration but are ignored in the simplified model. 

 Using these models, a detailed theoretical analysis of the frequency splitting phenomenon 

which affects MCR-WPT coils was done in [53]. We do no use this theoretical analysis to design 

our coils, but the reader is encouraged to go through [53] to get a better understanding of this 

phenomenon. For the remainder of this chapter, we will use the separation distance where 

maximum efficiency occurs, also known as the critical coupling distance (CCD), to assess our 

design. We briefly describe the basic theory of Frequency Splitting and the resulting MCR-WPT 

coils system modes of operation it causes in section 4.1.1.  
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3.2.2 Design Methodology and Simulation Setup. 

 Before we present our single layer MCR-WPT results, we go through the design 

methodology used to design the self-resonant coils. Two simulation tools, namely Momentum and 

EMPro, provided by Keysight technologies are used in this methodology. It first involves the use 

of Momentumôs Method Of Moments (MOM) simulations (which take roughly 2 minutes to 

complete) on the individual PSC boards with an inner and outer coil each. PSC board is then 

imported into EMPro to conduct lengthy Finite Element Method (FEM) simulations at multiple 

distances on the entire MCR-WPT coils system to verify SRF and efficiency. 

3.2.2.1 Momentum - Simulation setup 

 We begin Momentum simulation setup by establishing copper foil and PSC board overall 

thickness, and substrate material. Standard value board and copper foil thicknesses of 1/32inch or 

1/16inch, and 1oz or 2oz respectively were used in simulations, as they allowed for easy 

prototyping. The FR4 substrate is easily accessed for prototyping and is mainly used for 

simulations, but simulations were also done with other materials to see their effects on the coils.  

 Using these parameters the Momentum substrate was set up. Copper layer thicknesses (one 

or more layers) values were entered directly. The substrate thickness was determined by 

subtracting the overall copper thickness from board thickness. Finally, using a method adopted 

from Sonnet software spiral inductor design [54], a PEC ground plane was placed 2 inches below 

the design with an air layer in between to minimize the field effects the PEC has on the PSC board.  

3.2.2.2 Momentum - Creation of Spiral Coils and Simulation 

 The Inner and outer coils are then created using the macros available in Momentum. Using 

the T-lines macro the inner source/load coil is created. It has a single turn, a large diameter and to 
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allow more flux, and a wire width and thickness large enough to lower DC resistance without 

exceeding 3 times the skin depth of copper. For the outer (sending/receiving coil) coil, the T-lines 

macro was used for single layer coils, and the double layer spiral (part of an inductor workspace 

from Keysightôs website) was used for double layer coils. The outer diameters of the coils were 

limited by cellphone and tablet sizes, and the number of turns was used to lower the frequency. 

Since there is less current flow through the outer coils due to inductive coupling between inner 

and outer coils, its wire width is made smaller than the inner coil which allows for more turns, but 

at the cost of increased resistive losses. Care was also taken to ensure the outer coils inner diameter 

was larger than the inner coil diameter so that there is no layer overlap. 

 Since these coils are for smartphones and tablets applications, using these factors, it was 

determined that rectangular coils with outer coil outer dimensions of 5x2.5in2 and 8x4in2 for 

smartphones and tablets respectively would be designed. The inner source/load coils diameter is 

limited by the shorter of its 2 sides. An initial guess of wire widths, wire spacing, diameters and 

number of turn for both coils were done. Two ports were connected to the ends of the inner coil as 

 
Figure 3.2-3 Layout of PSC board with inner and outer coils and port connections in momentum. 
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shown in Figure 3.2-3, and the other ends are connected to ground automatically. The frequency 

range of S-Parameter simulations are set to 0.5-35MHz with a step size of 1kHz. All other settings 

were left at the default values. The simulation was the run and S-Parameter results were generated. 

3.2.2.3 Momentum - Post Simulation Setup and Analysis 

 S-Parameter simulation results are stored in the dataset files, which we used to generate 

the S11 dB and the S11-Resistance vs frequency graphs. The S11 (as well as S12, S21, S22) vs 

frequency plot is generated in the Momentum Data Display by default. To obtain the graph of the 

S11-Resistance vs frequency, we first convert the S(1,1) matrix to the Z matrix, then plot the real 

value (R) of the complex number matrix using the equations (3.13) and (3.14) below.  

 ὤ ίὸέᾀίρȟρ  (3.13) 

 Ὑ ὶὩὥὰὤ (3.14) 

 Using these plots we find the SRF of the PSC board. We obtain the board SRF by getting 

frequency where the peak S11-Resistance (R) value occurs and the lowest frequency where a sharp 

peak S11 dB values occurs. These frequency values are more often than not exactly the same. The 

differences are found to be more pronounced when the frequency range was larger suggesting that 

accuracy is affected interpolation errors.  

 The PSC board SRF value, obtained from the peak R and S11 values, gives a good 

estimation of the MCR-WPT coilsô SRF at the critical coupling. Assuming the spacing between 

the inner and outer coils is roughly equal to the outer coil wire spacing, the error ranges from 0.2-

1.5MHz larger than the MCR-WPT coilsô SRF from the EMPro simulation. The error magnitude 

is dependent on outer coil wire width to wire spacing ratio (W/S), where W/S ratios near 0.5, 1 

and 1.5, result in errors of 0.2-0.5MHz, 0.5-1.1MHz, and 1.1-1.5MHz of respectively. 
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3.2.2.4 Momentum ï Insertion Loss, and MCR-WPT S21 and Efficiency Calculation 

 Since we have identical coils, we can get an estimated max efficiency of the 4 coil system 

doing insertion loss analysis using the peak S11-Resistance value which is at resonance. With 

reference to Appendix F, assuming that ZG and ZL are matched, the insertion loss is that same as 

the S21 and S12 S-parameters. Therefore we set up the insertion loss analysis by inserting 2 

resistance values in parallel with ZL as shown in Figure 3.2-4.These resistances represent the 

identical loss through the transmitter coils and receiver coils of the MCR-WPT coils system. We 

then get the VLA and VLB voltages before and after the insertion of the resistors by basic circuit 

analysis. Equation (F.1) is then used to calculate the insertion loss, which is the equal to -S21. 

 Through many simulations, it has been observed that the maximum S21 dB peak values 

seen from the EMPro FEM simulations during the over coupled frequency splitting region (defined 

in section 4.1.1) are consistently near the value obtained from insertion loss analysis. The CCD 

value is slightly lower with an error of 1dB depending on FEM accuracy settings. There is a 

possible issue with this method, due to an oversight that could not be verified with ADS technical 

support beforehand. When converting from S to Z parameters, S11 was used as the stoz() variable. 

But according to the stoz() documentation, the S matrix should be used as a variable. 

 
Figure 3.2-4 Insertion loss analysis schematic used to calculate and predict the maximum S21 MCR-WPT coils system. 
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Table 3.2-1 Benefits and drawbacks of changing MCR-WPT coil parameters on SRF & efficiency. All other parameters are 

constant. 

COIL  PARAMETER  CHANGE BENEFITS DRAWBACKS  

Inner  Diameter Increase Å improved magnetic flux  

Å improved efficiency 

Å maximum number of 

outer coil turns reduced 

Outer Number of turns Increase Å lowers frequency Å inner diameter may 

need to be reduced 

Outer Wire width Increase Å reduces the DC resistance 

Å reduces the frequency  

Å increase in proximity 

effect resistance 

Outer  Wire spacing Decrease Å reduces the frequency  Å increase in proximity 

effect resistance 

3.2.2.5 Momentum ï MCR-WPT Coil Design Assessment 

 After using the insertion loss and the peak S11 to predict the efficiency and SRF of the 

EMPro MCR-WPT coils simulation, we compare the results to our specifications. If the design 

doesnôt meet the frequency and/or efficiency goals, the parameters of both coils are re-adjusted to 

meet the targets. Using Table 3.1-1 as a reference, the parameters that affect frequency and 

efficiency of the coils are presented with their benefits and drawbacks in Table 3.2-1. 

3.2.2.6 EMPro setup and simulations 

 When the estimated efficiency and SRF results from the Momentum simulation on the PSC 

board meet the specifications, the board is imported into EMPro. The MCR-WPT coil design is 

 
Figure 3.2-5 Example EMPro 3D assembly of the MCR-WPT coils system with 2 ports. 
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then set up for simulations by removing the simulation box, PEC ground plane, and the waveguide 

planes objects. A copy of the board assembly is then created, and its orientation and location are 

changed. The FEM padding is set to ñabsorbingò for the x, y and z-axes and boundary conditions 

are set to the length and width of the PSC boards in the x and y-axes, and the separation distance 

in the z-axis. DC feed ports are added. Finally, the FEM simulation setup is adjusted as follows: 

Frequency Plans section 

¶ Fields storage tab  

o "all frequencies from the frequency plan and mesh frequency" is turned on.  

mesh/refinement properties section  

¶ advanced tab 

o "use initial minimal mesh size" is selected  

o ñautomatically determineò button is used to generate initial mesh size value. 

¶ initial mesh tab 

o "fixed for all conductors" is turned on  

o ñedge mesh lengthò and ñvertex mesh lengthò values are filled in with the value 

obtained from the "use initial minimal mesh size".  

o turned on "custom Target mesh size" and "wavelength(25e6)/10" value is entered. 

A parametric sweep of the separation distance is executed to determine the CCD, efficiency, and 

SRF. An example of the final design is shown in Figure 3.2-5. 

 The S-Parameter results of the parametric simulations are plotted. The peak efficiency and 

SRF results at the CCD are checked against our specifications. If the targets arenôt met, the board 

design is changed again according to section 3.2.2.5. Otherwise, the design is complete. A 

flowchart of the complete design flow is presented in Figure 3.2-6  
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Figure 3.2-6 MCR-WPT COILS SYSTEM DESIGN FLOW. 
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3.2.3 Simulations, Results, and Summary 

3.2.3.1 Single Layer MCR-WPT PCB Coils Specifications 

 Before going into the simulation setup, we establish the specifications for the Single Layer 

self-resonant MCR-WPT coil system. The specifications are as follows 

¶ Maximum current through source/load coils  1.2A 

¶ Number of outer coil turns    10 

¶ Minimum trace width design rule   8 mils 

¶ Maximum Length (Cellphone)   5 inches 

¶ Maximum Width (Cellphone)    2.5 inches 

¶ Minimum S21       -1.3dB 

¶ Fundamental Frequency of Operation  6.78MHz  ±0.5MHz 

 To satisfy the current specification we used the PCB trace width calculator based on the 

IPC-2221 standard [55] with 1oz copper to calculate the wire width. For internal and external layer 

traces, the minimum wire widths are 15.2mil (386µm) and 39.6mil (1mm) respectively. We used 

an inner coil wire width of 80 mils, which is twice the minimum to account for current spikes.  

 Since the outer coils inductively coupled to the inner coil with a 1:10 ratio, the maximum 

current, and minimum wire width are 1/10th the inner coil values resulting in a 0.12A maximum 

current requiring a 1.65mil(0.042mm) internal layer wire width. This width is below the PCB 

milling machineôs minimum trace width design rule, and also has a large DC resistance loss of 

0.306ɋ/inch. We must use a much larger wire width for the outer coil. An exhaustive set of 

parametric simulations with multiple wire widths and spacings were done in 2mil increments to 

determine their optimal values to achieve the lowest SRF, which were found to be 40 and 16mils. 



89 

 

Table 3.2-2 Single layer MCR-WPT PSC parameters. 

Parameter Inner Coil (mils/mm)  Outer Coil (mils/mm) 

Wire Width 80/2.032 40 /1.016 

Wire Spacing NA 16/0.406 

Length 1 3880/98.6 5000/127 

Length 2 1380/33.0 2500/63.5 

Number of turns 1 10 

 

respectively. The design parameters of our single layer MCR-WPT PSC boards are summarized 

in Table 3.2-2. 

3.2.3.2 Simulations and Results of the Single Layer MCR-WPT PCB Coils 

 Following the Design methodology in section 3.2.2 and using the parameters in Table 

3.2-2, the PSC board layout of the inner and outer coils was created in ADS Momentum. An S-

Parameter simulation was run in the coils with a frequency range of 0.5 - 35MHz. The resulting 

S11 and S11-Resistance graphs are shown in Figure 3.2-7 and Figure 3.2-8 below. 

 Using the frequency value where the peak S11 occurs in Figure 3.2-7, the PSC board SRF 

is estimated to be 19.94MHz. The S11-resistance at 19.70MHz is 411.81ɋ as seen in Figure 3.2-8. 

 
Figure 3.2-7 5x2.5in single layer PSC board S11 momentum simulation data display result. 
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Figure 3.2-8 5x2.5in single layer PSC board S11-resistance momentum simulation data display result. 

The estimated maximum S21 of the MCR-WPT coils simulations using the insertion loss analysis 

was calculated to be 0.995dB.  

 Figure 3.2-9 shows the EMPro S21 simulation results for 1-3 inch separation distances in 

0.5in increments. The resulting SRF, maximum S21, and CCD peak S21 are ~19.65MHz, -

0.972dB and -1.494dB respectively. The results are summarized in Table 3.2-3. 

 
Figure 3.2-9 single layer MCR-WPT coils S21 EMPro simulation result. 
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Table 3.2-3 single layer MCR-WPT coils SRF and S21dB specifications vs simulation results. 

Parameter Specification Momentum Results EMPro Results 

Self-Resonant Frequency (SRF) 6.78MHz 19.94MHz 19.65MHz 

S21 dB at the CCD -1.3dB -0.995dB -1.494dB 

Maximum EMPro S21 observed NA NA -0.972dB 

 

 From Table 3.2-3, the S21 and the SRF values from the EMPro and Momentum simulations 

closely match. The predicted Momentum S21, and the EMPro maximum peak and critical coupling 

peak S21 values are -0.995dB, -0.972dB and -1.494dB respectively. The SRF obtained from the 

EMPro and Momentum simulations are both near ~20MHz with a difference of 0.3MHz, which is 

much higher than our 6.78MHz specification. To achieve our frequency specification with single 

layer MCR-WPT coils, we must either increase the number of turns or add an external capacitor.  

 In the first instance, increasing the number of turns of the outer coil reduces the inner coil 

diameter. This would allow less flux to flow through the coils resulting in decreased efficiency. 

We also canôt increase the number of turns beyond the maximum number of turns specification.  

 Other alternatives are to add an external capacitor as done in [16] and [56], or to increase 

wire thickness. Adding an external capacitor to the outer coils or increasing the wire thickness 

makes them too bulky for our portable electronics application. For these reasons, single layer 

design was aborted and double layer MCR-WPT design was explored. 

 

3.3 Double and Multi -Layer MCR-WPT Coils and Proposed 

6.78MHz MCR-WPT Coils for small electronics Devices  

 Multi -layer MCR-WPT PSCs using the Rezence standard with a frequency of 6.78MHz 

share all the loss mechanisms and parasitic capacitances of their single layer MCR-WPT PSC 
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counterparts. Due to the additional parasitic capacitances in-between layers, the self-resonant 

frequency (SRF) of the coils is reduced. On the other hand, there are additional resistive losses due 

to the proximity effect between layers that also need to be considered.  

 In this section, we look at different types of multilayer MCR-WPT coils proposed in other 

papers. We then present a novel multilayer MCR-WPT design for small electronic devices. Finally, 

we analyze the effects of multilayer parameters on the SRF and efficiency of the novel design. 

3.3.1 Double Layer Parallel and Series Stacked MCR-WPT coils 

 As mentioned in section 3.1.1, the stacked series and stacked parallel inductors shown in 

Figure 3.1-1 (d) and (f) respectively are 2 types of multi-layer inductors in RF Applications. Both 

of these configurations have been investigated for use in MCR-WPT coils in other publications 

with the purpose of increasing system efficiency, reducing SRF, and reducing the dimensions of 

the MCR-WPT coils. We briefly go through their findings below. 

3.3.1.1 Parallel Stacked MCR-WPT Coils 

 Parallel stacked MCR-WPT coils were studied in [57], with an operation frequency of 

13.56MHz. The layers were connected with a conductive shorting wall on the outside edges of the  

 
Figure 3.3-1 Geometry of double layer parallel stacked MCR-WPT coils proposed in [57] . 
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PSC board as well as 2 vias at the ends of the spirals which can connect to an external capacitor. 

Figure 3.3-1 shows the geometry of the parallel double layer MCR-WPT board.  

 Their results show an improvement in transmission efficiency over the single layer MCR-

WPT counterpart from 77.51% to 83.51%, with relatively no change to the SRF. The constant SRF 

is expected as there is no voltage difference between layers, resulting in no interlayer capacitance. 

Also by placing the spiral inductors in parallel, where their separation distances are much less than 

their lateral dimensions, they experience strong mutual inductance resulting in no change to the 

overall inductance as discussed in section 3.1.3.2. Since using a stacked parallel MCR-WPT coils 

configuration is unable to reduce the SRF of our system, they canôt be used in our application. 

3.3.1.2 Series Stacked MCR-WPT Coils 

 Series stacked inductors have been used to implement multilayer double layer MCR-WPT 

coils in [29] and [30]. They used slightly different implementation approaches for different 

applications. We go through these implementations in this section. 

 The MCR-WPT Series stacked coils studied in [29], uses the series inductor design found 

in Figure 3.1-1 (d) as a resonator. They use square shaped coils with an outer length of 11.3inches  

 
Figure 3.3-2 Geometry of double layer series stacked MCR-WPT resonator coil proposed in [29] . 
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Figure 3.3-3 Geometry of double layer series stacked MCR-WPT resonator coil proposed in [30] . 

(288mm). Both layers have 3.875 turns and layers were connected with one via at the endpoints 

on the innermost turns. The geometry of the resonator is shown in Figure 3.3-2. This configuration 

was shown to have an SRF of ~4MHz through simulations and measurements. Simulations with 

5.875 turns were also shown to have an SRF of below 3MHz 

 In [30], a comparison between resonant single layer and double layer series stacked spirals 

with the same size was conducted. Square shaped spiral coils with an outer length of 0.787inch 

(20mm) were used and with ~17 turns each. The series stacked spiral coil geometry that was used 

is shown in Figure 3.3-3. It is slightly different than the resonator geometry shown in Figure 3.3-2, 

as has the outer ends points of both coils in the same corner. This allowed for the upper and bottom 

layers to have a whole number turn values. Measurements were done on the coils without an inner 

coil, and the resulting SRF of the single and double layer coils were 71MHz and 21.5MHz. 

 These research studies have shown that a lower SRF can be realized by using resonant 

stacked series coils. The SRF of the coils in [30] was reduced by a factor of 3.3 and an SRF below 

3MHz was achieved in [29]. This reduction in SRF is due to the increased coupling capacitance in 

between layers and the increased inductance by placing the inductors in series. From section 
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3.1.4.1, the capacitance was shown to ideally increase by 4 according to equation (3.6), and the 

inductance with each additional layer ideally by a factor of n2 from equation (3.2) in 3.1.3.1. These 

capacitance and inductance increases translate into a decrease in SRF by 1/4.  

 There is a drawback associated with the series stacked spiral coils presented in [29] and 

[30]. The main disadvantage is that a via is required in-between the layers on the innermost turn. 

Because of this, a complete turn cannot be created on the innermost turn of both layers since the 

leg where the via connects the layers does not have wires on top one another. This causes the total 

inductance and interlayer capacitance to be reduced. Another issue is that we also do not have 

access to machinery to create PSC boards with vias for prototyping. 

3.3.2 Novel MCR-WPT Multi -Layer Design 

 In this section, we present our novel multilayer MCR-WPT PSC board design. Similar to 

the series stacked spiral coils, it reduces the SRF of the MCR-WPT coils system by taking 

advantage of the interlayer capacitance and mutual inductance between layers. On the other hand, 

it does not require any vias which simplifies its design and increases interlayer capacitance. 

 An example double layer MCR-WPT PSC using our novel design is shown in Figure 3.3-4. 

The dark red bottom layer consists of an inner source/load coil with a larger wire width, and multi-

turn outer resonator coil with a smaller wire width. The yellow top layer has an identical multi-

turn resonator coil which has been mirrored on the green Y-axis so that the coil endpoints are 

located as seen in Figure 3.3-4. Both resonators have outer diameters of D1 and D2 and are 

separated by a dielectric substrate with a thickness of Ts.  

 The new design is not limited to the structure shown in Figure 3.3-4. The additional 

resonator coil on the second layer can be mirrored on the red X-axis, mirrored on the green Y-axis,  



96 

 

 
Figure 3.3-4 Novel double layer MCR-WPT resonator coils design to reduce the SRF. 

or rotated around the Z-axis in blue, or any combination of these. It can also be used for any shape 

spiral coil such as hexagonal and circular spiral coils. More than one resonator coil can also be 

added on more layers to further reduce the SRF of the MCR-WPT coils system.  

 It should be noted that in the example shown in Figure 3.3-4, the corners of the turns are 

90o and not rounded. Rounded or curved corners could be used but the overall benefit is not 

expected to be significant. This is because it is easier to redesign the coils with 90o turns as there 

are rectangular spiral inductor design macros in ADS Momentum with 90o turns. Another reason 

is the wavelength of our frequency of operation is much longer than the longest side of coils. Hence 

loss due to wave reflections is small and can be ignored according to [58].  

3.3.3 Effects of Multilayer Parameters on Resonance of Novel design 

 As mentioned in the previous section, our novel design can have two or more layers and 

have different dielectric substrate thicknesses. We will, therefore, analyze the effects of changing 

the number of layers, the substrate thickness, and the type of dielectric substrate have on the SRF 

and efficiency of the PSC board. This is done running simulations in Momentum to generate the 




































































































































































































