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Abstract

High efficiency Clas€E Power Amplifiers (PA) are difficult to analytically design using
the original design equations. We present a high frequgti€yClasse PA design methodology
that simplifies design in this thesi.high-efficiency ClassE PA was designed using a last
power FET by following this desigfiow.

Duetotheirsmallsizet 6s di ffi cul t t-\WPTdesonatogsrigooedble i ci e nt
electronics.We propose a novel multhyer MCRWPT Printed Spiral Coil (PSC) design and
design methodology. Two MGRV/PT PSC resonators were designedsfoartphones and tablets
to meet the Rezence S&ksonant Frequency and efficiency speatfans using this novel design
and design methodology.

The MCRWPT resonators power transfer efficiency is reduced when their separation
distance is below the optimal Critical Coupling Distance (CCD) due to frequencyngplitie
present a novel maximupeak detection and autoning circuit that automatically improves

efficiency using capacitive tuning when the separation distarisdas/the CCD.
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Chapter 1

1 Introduction

The Airfuel (formerly known as A4WPRezencéNireless Power Transmissi@giVPT)
standard was established 2(J12 to wirelessly poweportable devicesResearchers from MIT
developed the Magnetically Coupled Resonant Wireless Power Transmission-\{lPTR
techniques in 200[2] which the Rezence technology is based on. Some of the applications that
the MCRWPT technique is used arecharging TVs, electric vehicles and other large electronics
[3], [4] and[5]. With this technique, Rezence hhs ability to chargen smallerelectronicdevices
such as tabletsmartphoneand Bluetooth headsd®]. Thesealevices can be charged at a distance
allowing for freedonmof placement in horizontal and vertical dimensions for a true drop and go

user experiencg]. Pawver solutiondrom 1-50W rangeallow it to support multidevice charging

In this chapter, the basic background of the Rezence standard is presented irlskection
We then go through some of the design issues associated with the Rezence standardir?section
This is followed by the contributions of this thesis in setfidB. Then the thesis organization is

briefly described in sectioh.4. Finally, we conclude this chapter in sectibrb.



1.1 Background and Literature Review

Wireless Power TransmissigWPT) hasbeenaround for more t#in a century. One of the
earliest researctdoneuseal wireless power and resonance techniques toansformer system for
electricrailwaysin 1894 by M. Hutin and M. Leblar{@], [8]. Extensve research was later done
by Nicola Teshon WPT, whoby 1910s held manpatentg9] for WPT applications including
WPT using higktension tesla coilgl0], andan gparatus for transmitting electrical enef@y].
Tesla also did mtiple other experiments witdVPT, in one ofthemhe used the experimental
setup shown ifrigurel.1-1to wirelessly power aelectric light bullbusing a pair of coildBecause

of his broad andutting-edgeresearch on WPT, Tesla is considered a pioneer of the[Tigld

There are multiple works done by TeslaNPT that have helped to pave the way for the
establishment of WPTAfter Teslg there was a pause in WPT research until after W\0],
wherein 1962 the first longange microwave WPT system was demonstrated by William C.
Brown[13]. At around the same time in the 1960s, research was being done wittasigert'vPT
systems for biomedical applications using inductiveMsuch as ifl14] 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[ifjand[12].

my uwcp.r
lomp

Aeep covs in some plone
Figure 1.1-1 One of Tesla's wireless power transmission experifignt




In 2007,agroup of researchefrom MIT demonstratetlVireless power transmission using
strongly coupled magnetic resonan@}, also known as MCRVPT [16]. The work uses
impedance matchingnd resonanc® extend the transmission distance to-nadgeWPT. This
new approach is the foundation of thgiTricity Drivell WPT standard for cafd], and the

Airfuel Rezence WPT standard portable electronic deVic8s

1.1.1 Basic overall Architecture

TheRezencaVPT standardises magnetic resonance, instead of inductenwérelessly
charge portable electronic devicesccording to [6], it brings many improvementsover its

inductive counterparts for wireless chargimdnichinclude:

T Large charging rangei instead of beindimited to a charging padthe devicecan be

placed anywhere in the chargirange

T Multiple device charging i devices with different power requirementg¢such as

smartphones and tabletsgn be chargesimultaneously

1 Real world safe chargingi Stray metallic objects such as keys and utensils tend to heat
up in the presence of magnetic fields due to eddy currents generated in theDoetads.
the resonant nature f MCRP T, most of t eatupenlessihpyeesdnatevo n 6 t
at the transmission frequency, which reduces the risk of power loss in nearby stray metallic
objects. Also ging Bluetooth 4.0 LERezenceharging surfacewill only transmit power

when compatible devices are present, thefalityer reducinghis hazard.

To accomplish these improvements, the Rezence WPT standard uses the system
architecture provided iRigurel.1-2. The standard transm®wer using 6.78MHz resonators.

The overall system which is composed of a Power Transmit Unit (PTU) and a Power Receiving
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Power Transmitting Unit (PTU)

Figure 1.1-2 Rezencenagnetic resonance wireless power specificai@j

Unit (PRU). The PTU ifhasa power supply block, Power Amplifiematching network and
transmitter Resonar (Tx). The PRU is hag Receiver Resonat{Rx), Rectifier, andC-DC
Converter. There atevo Microcontroller Units (MCU)oneat the PTU and PREéspectively

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 presehaddieih. 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 anotherisTénables the PTU to identi@pmpatible PRU

Tablel.1-1 PRU and PTU device classificatiof .

Power Receiving Unit (PRU) Power Transmitting Unit (PTU)
Category| Bluetooth| (On Class | (On Roadmapi Supportng 1 category 1 device
1 Headset | Roadmap)| 1

Category| Feature | 3.5 Watts | Class | 10 Watt$ Supporting 1 category 1, 2 or 3 devic
2 Phone 2
Category| Smart 6 Watts Class | 16 Wattsi Supporting 2 category 1, 2, or 3

3 Phone 3 devices, or 1 category 4 device
Category| Tablet (On Class | 22 Wattsi Supporting 3 category 1, 2, or 3
4 Roadmap)| 4 devices, or 1 category 4 device.
Category| Laptop (On Class | (On Roadmapj) TBD

5 Roadmap)| 5




devices before itstartstransmittingpower This is done to ensure that power is not transmitted in
the presence of stray metallic objedtss 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 potocol allows for the communication between PTU and PRUs so that the Power Amplifier

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

1.1.3 Power Supply,Oscillator, and Gate driver

The Power Supply block is composed ofs@bblocks including the Power Supply,
Oscillator and Gate Driveas illustrated inFigure 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 rnaay devices need to be powered up.
Since the oscillator and gatever 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

Power Supply Block

Figure 1.1-3 Rezence power supply shimcks



There are many types of oscillators, such as the Colpitts, Crystal and Hartley Oscillators
among others. Since the Rezence frequency specification is 6.7&¥%kHz, the oscillator
accuracy and stability are a primary concern. Extra attention should retgitiee selection of

oscillator components that are unaffected by temperature and voltage variations.

Gate Drivers g used tasupplythe PA input withenough poweso thatit canfunction
correctly. The gate of switch mode PAs must be charged andadigchquickly so that it aces
a switch, and can be done with two typegatedrivers, a square aginewave. Both types of gate
drivers need additional circuitry toperatecorrectly, where the square wave gate drivers aeed
analog to digital convégr 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 highéetidency

when applied to the PA input.

1.1.4 Power Amplifier and Impedance Matching

ThePower Amplifier (PA)suppliego the powerthatthe Tx Resonator transmits to the Rx
resonatorThere are many types &fAs available which are grouped into two main categories,
namely controlled conduction angle and switch mode. FAs cotraled conduction angle PAs
are composed of the commaolassA, AB, B andC PAswhich have simpler designs, with the
exception of the cks C PA, generally have higher input to output power linearity at the cost of a
lower efficiency.Switch mode amplifiersvhich include D, E, and othdtA classesuse digital
input signalsto constantlydrive the transistor output into saturation and-affitregions by
switching theinputb e t we e FONT walnld® FiF dhdsd BAs generally have a higher
efficiency, with some PAs achievintD0% efficiency, but they areonlinear, so additional

circuitry is required to ensure the amplified input sigrgainot altered at the output. Power
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Amplifier (PA) linearity is highly importanivhentransmitting information and data. The Rezence
resonators are not concerned with PA linearly since they only transmit power. Because of this

switchhmodePAs like the clas® and Eare used for their high efficiency

Regardlessf 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 tréhisfes. done
with a power matching netwi composed of capacitors and inductors which ideally have purely
imaginary impedances with no resistive lossesedtity, 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 fregaeal@ngth
is comparable to the wire trace lengths). There are a few basic impedance matching network
topologies such as the Land T networks which are shownkigure 1.1-4. Impedance matching
theoryis not discussed in detail in this thesis, but many books and athelediscuss the theory

of these networks, examl&9].

...............................................................

(C) m-Matching Network (D) T-Matching Network

Figure 1.1-4 Basic impedance matching networks using lumped components



1.1.5 Magnetic Coupling Resonant Wireless Power Transmissio@oils

The Magnetic Coupling Resonant Wireless Power Transmission (WER) coilsused
to design the Tx and Rx resonatossipply power to the PRU from the PTU. It does so by
converting AC current to a resonant magnetic field at theeSanatorwhich is received by the
Rx resonatorand converted back to an AC currefihe physical diransions 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 seliaductanceand self-
capacitanceThese parameters also detee theefficiency,SeltResonanErequency (SRFand
the transmission distance between the Tx andTRere are multiplenductor coil geometries

availablewhich can be used for the resonator designs.

1.1.6 Rectifiers and DGto-DC converters

AC to DC rectiication is generally implemented using a rectifier. There are many types of
rectifiers used for both single and three phase systems which aatelgerzed into 3 groups,
uncontrolled, hakcontrolled and fully controlled rectifiers, which are shownFigure 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 capaces they significantly reduce the

rectifier efficiency

DC-DC convertes are useth amultitudeof applications includinglectric motor drives,
Switch mode DC power suppliestt. There are two device categories, linear voltage regulators
which hae low efficiency, and switch mode BIGC converters which can have efficiencies near
90%. The switch mode D@C converters can also be subdivided into types, converters with
without isolation, such as the boost and buck converters, and converters withriselech as the

full-bridge and puslpull converters among othgi20]. For WPT system the Buck converters are
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Figure 1.1-5 Typesof rectifiers[21]

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

notdiscussedn detail in this thesis, but many books and artitthes provide this information.

1.2 Motivation sand Objectives

Even with all theeadvantagg the Rezence standands over the other WPT standards,
the system suffers from an overall low transmission efficigB2}. These efficiency ddlenges
include difficultiesdesigninghigh-efficiencyPAs as revealed in secti@r.1 Alsolow-efficiency
MCR-WPT Tx and Rx resonatodsieto coil size restrictions on the coil parametersnamtioned
in section1.2.2 Finally, reduced efficiencyccurswhen the Rx resonator is not placed at the
optimal separation distance from the fesonatorwhich is brought up irsection1.2.3 Ou r
objectithes,¢edboese mpl i fy the design flow f-or a h
WPT PSCs to achieve high efficiency at the 6.
i mpl ement i mpedance match tuning to counterac

chgas and i mprove efficiency

1.2.1 Class E PA design

IdealClasskE PAscan achieve high efficienaysing arelativelycompactircuit topology,

but they are difficult to design. The original wofR3] takes into consideration a 50%tgwand
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presents 3 equations that usedbsign frequencyutput powersupply voltage and lnee voltage

to determine the Clads parallel capacitor, shifting inductor and load resistor vallibgese
equations are si mpl e b notdhowthdegign d OlafPA forgaigivee mu c h
specification, or how to impedance match the outpbérdore, thereis a need to create a Class

E PA design flow thaspeedsip the design.

There are other parameters besides those usg8Jinthat should be considered when
designing a Clask PA. At a 50% duty cycldarge peak voltage and currents wavefgrwisich
are high multiples of the supply voltages and currents, agebe drain of the Power FET, so
t he Power FET6s absolute maximum voltages an
guarantee device reliability. Since the magnitude of these peak \@tieggenent on duty cycle,
using a duty cycle other than 50% would decrease these current tegewdlues enough, to
allow for Classkt PA design using power FET devices unable to handle the 50% duty cycle peak
values. There are heoreticaldesign equationsvhich include the duty cycl¢24]. But these
equationsre lenghy, which makes them difficult to use analytically design a ClagsPA Other
factors such astieo w e r irfiriBsic @wput capacitancehould be considered to ensure proper
ClassE operatiorduring simulations andevice reliability. There are also many other factors that
need to be considered tealize physical prototype such gower FET power dissipation limits
and temperature, passive comportetgrance andavailable discrete valuesapacitor maximum

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

This thesis presents a proposed design flow bas¢@5dnthat simplifies and speeds up
ClassE design for shortwave HF applications such as the Rezence 6.78MHz. Using thisdlow it

shown that &igh-efficiencyClassE PA can be designed usindpav-costPower FET.
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1.2.2 Coil Design

Due to their small size Bluetooth devices, Feature phones and Smartphones place
restrictiors onthe physical dimensions of an embedd@R-WPT Rx ResonatofThese size
restrictions significantly affect the maximum efficiency and the minimum SRF that can be
achieved when designitge MCRWPT Rx ResonatorThis is becausthe dimensions of the
coils used in their design are directly related to theiodiictanceTo increaseheinductance of
the coil the number ofurnsandtheinner and outer diameter must be increased, but thsited

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 usfhgoil helix [2], inner magnetic core
[26], and norplanar (wirewound) coils[27] designsc an 6t be used in this
thickness restrictions of these dewddoweverPrinted iral Coils (PSC), whose design is based
on spiral inductors that have been broadlgdign RF Integrated circuit for many ye§28] can

be used in this applicatiatue to their small size

Single layer MCRWPT PSG canbe designed to achieve a high efficiency in small
devices. But when their size is decreased to fit in the device§RRaencreases. This can be
overcome by significantly increasing thvire thickness to increase capacitance and inductance

by adding a external capacitdf6]. But thismakes the coils too bulky for our applicati@ouble

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 lapdCR-WPT PSCswithout vias is

presented in this thesis. We demonstrate that the efficiency can be increased and the SRF can be

11
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reduced to meet the specificationghe 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 distargmand is
capable ohigh-efficiency WPT at the optimal separation distance known as the Critical Coupling
Distance (CCD), between the Tx and Rx resonators. Howehen tihe Rx resomar is placed at
a distancethat is less than th€CD, the transmission efficiency decreases. Td@srease in
efficiency is from the frequency splittinghenomenonvhich is inherent to all MCRNPT coils.
Frequency splittings caused by thehange in mutual inductiodue to achange in separation
distancdess than the CCDesulting ina reduced efficiency at the design frequencythadystem

resonating at two new frequencigkich arehigher and lower than the original design frequency.

To getthe systenback irnto resonancegither the transmission frequency, inductance or
capacitanceshould beadjused. The operating frequency can't be changed becaudeebhence
operating frequency specification is fixed and the Class E PA is a highid tfrequency
depenént circuit. Changes in the MCRVPT 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. Therefatee only method that can heed counteract the effects of frequency

splitting and bring the MCRVPT coils system back to resonanceapacitivechanges.

In thisthesis we propose a capacitive tuning method to counteract the effect of frequency
splitting using a Maximum Peak Deten and AuteTuning 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 aoedain the different chapteos

this thesis

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

This thesis proposeshagh-efficiencyClass E PAdesignflow. The designflow modified
from [25] to desigrthe ClassE PAat frequencies below 100MHz. The flow allows for rapid CAD
design and assessment of CI&sBA using different PowdfETs, and supply voltage, duty cycle
and output power combinations. By following this flow, a GIB43A circuit that has a low supply
curent and high supply voltage, and usingpa-costpower 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 spiralCR-WPT PSC desigwith multiple layesis put fath 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 simpsy@maetricdesign.Using
this design w show thatcoil SRFis continually reduced with each additional méagler while
maintaining a relatively constaefficiency, and outer length, width and thickness dimensibfes.
also show that by changing the dielectric substrate matéaERF can be further reduosith
the efficiency keptelativelyconstantpr the efficiency can be increabeith a constant frequency.

This makes it possible tesignsmallerTx and Rx resonatomsith high efficiency,makng them
attractive for smaphone and small Bluetooth device changing applicatibetailed MCRWPT

PSCsimulation and experimentsaétups information anesultsare provided
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1.3.3 Capacitive Auto-Tuning Impedance Matching Techniquefor Improved

Efficiency

We propose aovelimpedancenatching auto tuning technigaéethe 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 dueto impedance mismatch and efficiency loss in the coiestdurequency splitting. The
novel matching technique includes: (1) a discrete vardatong techniquewhich includes a
binary counter, MOS switches and discrete capacitor compoaani®) a sé-tuning technique
which use maximum peak voltage detection circuit composed of a negative voltage level shifter

and comparatoDetailedsimulation setup information and results are provided

1.4 Thesis Organisation

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

is organized in the following order:

Chapter2 presents the desigri the component blocks of the Rezesgstemarchitecture
These blocks include the Power Supply, GBS8A, and Rectifier blocks. The design of a 1:1
isolation transformemrequired for the implementation of the atitming system at the PR
also included. Particular focus is placed lba hew Clas& design flow and thdesignof a high-

efficiencyClass EPA. It includes extensive simulation and experimental results

Chapter3 presents the design die novel small profile, low SRE&nd high-efficiency

multi-layerspiral MCRWPT PSCcoils.
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Chapter4 presentsthe issues associated wWiMCR-WPT PSC coilsystems, mainly
frequency splitting. It then explores previous methods used to redue#abis of thisssueand
then presentshe new autotuning method used to counteract frequency splittamgd improve

efficiency with simulationresultsprovided

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 ofRkeeence standardhe potential benefits
of the Rezence standaveere discussedas well asthe basic building blocks that make up the
Rezence architecture were introduced with brief descriptidrshortdescription of the design
challenges associated witA and MCRWPT coil design that makié difficult to achievehigh-
efficiency at 6.78MHzis given Another issue that was briefly discussed is the frequency splitting
phenomenon whicbhauses d@ecrease in transmission efficiency. New and nowthodsused to
address these issues by creating a modified design flow that simplifiesERa#sskesign, a new
multilayer planar spiral MCRVPT PSC desigachieve higher efficiency ismall devices, and an

autotuningdesignto counteract frequency splittingere presented.
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Chapter 2

2 Rezence WPT System Analog Component Blocks

Design

Rezences the name given to thairfuel (formerly the Alliance for Wireless Power
A4WP) WPT system standard in 20[&. It is one of two main standards used for WPT in mobile
devices with the othebeing theWPC Qi standardBased on th&1CR-WPT designintroduced in
2007 by a group of researchers from NIT, the Rezence WPT standard has the ability to transmit
power over short distancess mentioned in sectioh.1.], it is composed oPTU with afront-end
power supplywhich include an Oscillator and Gate Driveah MCU,and PoweAmplifier (PA)
with impedance matching, and a Tx Resonaltoalso has &PRU with an Rx transmittera

regulator (which includes a rectifier according3a]), DC-DC converter and an MCU.

We presenthe selection and design of the PTU and PRU arid@mkswithin the Rezence
WPT system excludinghe MCUs DC-DC converter,and transmittersin this chapter These
analog blocksare thefoundational circuitryrequiredfor the design and test of the nowCR-
WPT PSCs and Maximum Peak Detection and Auiaing circuits presented 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, simulatiansiresults ofthe analog component block
of the Rezence WPT system. In sectibf we cover the specifications and derivations of the
RezenceVPT system components. This is followed by the front end oscillator andligate
selection and desigiscussed in Sectidh2 Then ction2.3 presents the design methodology,
simulations andresuts of the Clas& Power Amplifier. Nextthe design and simulations thie
RF bridge rectifier circuiirepresented in Sectiah 4. Finally, we conclude the chapter with the
design and test results of an RF frdnsformer which is required for th@plementatiorof the

maximum peak detection and adtming circuitrydiscussed irsection2.5.

2.1 Rezence WPT  System Blocks  Efficiency

Specifications

As mentioned in the chapter introductitime Rezence WPT system standard is composed
of a PTU and PRU, which includen Oscillator, Gate Driver, Power Amplkfr, and Rectifier

among other component blocks. These blocks, aradiditional 1:1 transformexrerequired for

PA output mustbe 13.4W and 20.6 W (D) - 275% efficiency
to supply full power to the Smartphone
and Tablet loads Respectively

(C) - ~80% efficiency
C ]

b )
MCR-WPT  pusssmmq MCR-WPT

Transmitter pum——_{ Receiver

Impedance

Matched Power
Amplifier

Rectifier —

PSC Board pmmmmmmd PsC Board
() ) e— (RX)
) —

Given a typical

Smartphone load power of 6.5W i .
Tablet load power of 10W (A) - ~90% efficiency (B) - ~90% efficiency

Broadband
. DCto DC
Device Load 1:1 -
Converter
Transformer

Figure 2.1-1 Rezencsystem block diagram with block component efficiencies to calculate the minimum output powBAof the
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the design and test of the novel MORPT PSCs and Maximum Peak Detection and Atiaing
circuits. Before we go through tlselection and design of edglock, we must first determine their

minimum efficiency specifications.

To determine these specificationsetefficiency of the RWPT system is broken down into
4 main blocks as shown iRigure 2.1-1. The expected efficiencies of each blagie then
determined by finding the average efficiency of off the shelf components. Then starting from the
Device loadonthe receiver side and working our wagckward we dividethe load power by the
product of the efficiencies of each system block provided. The output power of thea$A

calculated to be 13.20.6 Wattsas seeffrigure2.1-1.

2.2 Oscillator on Gate Driver Circuitry

The front end of the Rezenstandard is composed of a frequency generator and a Class
E power amplifier. The frequency generator circuitry needs tcberate andtableto meet the
6.78MHz +15kHz requiremeréndbe able to supply enough power to the CER$2Ainputfor it
to operate at maximum efficiency. By itself, @scillatoris unable to supply the Cla&sPA with
enough power. So a gate driveused to supply the required input power to the CEaBA. 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.Sinceour operating frequencsg larger than 1MHz, basic RL, R@ndamplifier based
oscillaors cannot be used. Otlescillator typologies and devices such as crystal, Colpitts, Hartley
oscillator, weréhen looked into. Thebenefits ad drawbacks | discussed below.
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2.2.1.1 Oscillator Selection

Among the three oscillators;ystal oscillatorsare the best at generatingtable frequency
source This makes them ideal for our application because we require a stable operating frequency.
Unfortunatelythere are no available discrete crystal osgolleomponentshat operate at our 6.78
MHz frequency for purchase. A 13.56 MHz Crystal oscillator could be ugledraquency divider
circuits,such as the Miller frequency divider circuit and a digital counter, to achieve our 6.78 MHz

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

The alternative Hartley andColpitts oscillatos can also generate relatively stable
frequency source. The frequency sourceds stab
used, where np0 drSilver 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 redanarg tank
configuration, where The Hartley tank gemposed otwo inductors and a capacitor, and the
Colpitts tank iscomposedwo capacitors and an inductas shown irFigure2.2-1 (A) and (B)

respectivelyTo calculate the resonant frequency of the Hartley tank we use eq{atijon

o p o

“ 0 0 Q0 T0 té

For the resonant frequency of the Colpitts tank, we use eqyat®)n

N P
@ T (22)
q v 0 (0]

Due to the simplicity of its design, atitehigh stabilitythat can be achieved tiee 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 comparisorbetweer(A) Hartleyoscillator; (B) Colpittsoscillator.

easier tmbtain capacitors and inductamsd the operating frequency equation is also simple

design and simulation of the Colpitts oscillator for our applicarediscussed in the next section.

2.2.1.2 Design and Simulations of the Colpitts Oscillator

Before going through the simulation resulive establish thepecifications foithe Colpitts

Oscillator. The specifications are as follows

1 FundamentaFrequency of operation (f) 6.78MHz+0.015

1 Output Power >0.@Watts (~BdBm)

To satisfy thefrequency requirementve selectec 470pFand 460pF capacitors, and a
2.2WH 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 euituigs18VVdc,

10nF DC blocking capacitors, and bias resistor values as shown in the schefrigticag.2-2.
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COLPITTS OSCILLATOR
RESONATING AT 6.78MHz BUFFER CIRCUIT
G j_«,jc Vo
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=470 uF R=47 kOh : x4
T EREEEEE (R o ks
C=10.0F {1 ¢ T
I Y Vb | C=10 F {8}
: S
c3 -
C=10nF e . PNZ222 =
R=10 kOhm () - B R ® RS
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Figure 2.2-2 Colpittsoscillator and buffer circuit schematin ADS

A HarmonicBalancesimulaton wasrun n Keysi ght 0® defebnBetheo f t war
frequency and output power of the circéih OscPoricomponent is required to run the Harmonic
Balance simulation, and it is placed between the C4 DC blocking capacitor and the resonant tuning

tank. Thesimulationfrequency settings tais set to runwith 5 harmonicsat the fundamental

frequencyof 6.78MHz.The osci |l |l ator setting tab has the
and the Method is AUse OscPorto. Al ot her t a
Pout W Pout_dBm frequency
0.023 13.699 6.798E6
Colpitts Output Current and Voltage Waveforms Buffer Output Currant and Voltage Waveforms
.16 1.5 e © 10
14 1.0 4] }
. F . 5
124 05 — 24 r s
> | c 5 q c
= 104 F0.0 ~ > 0+ 0 =
c ] g 3 9 3
- 8 05 2 -2 .2
6 £-1.0 -4 *
4 \'H‘\HH\"H\H"\HH:1-5 64— e - 10
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time, nsec time, nsec

Figure 2.2-3 Colpittsoscillator and bufer circuitads dah displaysimulation resultén ADS
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The resulting Waveform, operating frequenaydoutput power are ifigure2.2-3. With
this design we achieve an output power of 13.7dBm and a resonant frequency of 6.798MHz. These
values areslightly aboveour specifications. An experimental PCB prototype was constrasted
seenn blue inFigure2.3-11. It is seen that there were some harmonic ripples at the sofghe
Colpitts andouffer circuits from the simulation plots. Theige, a series RL circuit was put at the
output of the buffer, before the gate driver on the PCB board, to remaeshigl-frequency

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

2.2.2 Gate Driver Circuit Selection and Design

Gatedriver circuits arerequired tasupply enough curremd the input of switch mode PAs
so that they can operate correctlyeTieason for il is the PA transistor gate requirssfficient
current, tosupply thanput gatecapacitancevith 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 CEa$3A, which we investigate below.

2.2.2.1 Gate Driver Selection

There two types of gate drivers used for switch mode BABput a square waver an
input a sine wave. Singave gate drivers are used when impedance matching is required, and
square wave gatdriver when impedance matching is not necessary. Bbthesegate drivers

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

Square wave gate drivers are more comnmolow-frequencyapplications.These gate
drivers are commercially available or they can be designed from scratch. The selection of the

correct devicalepend on the power handling and peak drive current specifications of the device

22



as described ifB2]. 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 dmyeit. Commercially availdb devices

like the Schmitt trigger are designed for this purpose. &bdition of this component slight

increase the circuit complexity.

Sinusoidal gate drives are usually used in RF and microwave applications where
impedance matching required andhigh 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 theElapsit without additioal

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

Both types of gate driver were tested on the input of the Ed348. The square wave
pulse with a varying resistor was applied directly to the Casgut, anda sine wave port with
the varying power was connected to iaput impedance matche@lassE PA. They were
simulated to determine whidyate driver allowed theutput impedance match&lasskE PA to

operatewith a higter efficiency, which resulted in theetection of and the sinusoidal gate driver.

2.2.2.2 Design and Simulation of the Clas#\B Gate Driver

Before going through the simulation resulve establish thepecifications fothe PA The

specifications are as follows

1 FundamentaFrequency of operation (f) 6.78MHz+0.02

1 Output Power >2Watts (-33dBm)
1 Efficiency >50%

f Output Resistance 2 7 929 N
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Figure 2.2-4 ClassAB gate driver schematity ADS

To satisfy theefficiency requirement ClassAB design was used. THQPRN25 power
MOSFET was used in the Clad8 design. TheKeysight ADS design methodologwnd
workspacepresented if33], was used to design the ClasB PA. The ClassAB PA simulation
schematic is showin Figure2.2-4. The V1 gate bias voltage and V2 supply voltage are 4V and
18V respectively. The high QarallelLC resonator circuits placed on the outptd shot circuit
all higher harmonic components agnksursthat a sinusoidal output waveform appears. The input

power was varied between 10dBm and 15dBm

An Input Power of 13dBm
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A Harmonic Balancsimulation was ruin ADS to determine the efficiency, output power
and effective output resistance of the circAiittab settings for the workspaeesreobtained from
[33] andwere leftwith their default valuesThese results as well as the Output and Drain current
and voltage Waveformr a 13dBm input sinusoidre inFigure 2.2-5. With this design we
achieve an output powemnd efficiencyof 33.7Bm and 50.73% respectively which meets our
targets nicely. The Effective load resistance of 2§9.82h this input power is slightly above our
targetand will affect the efficiency of the Clagsamgifier which is impedance match to @7
Since this resistance changes with respect to the input power, a variable resistor is connected
between the buffer LPF and the Cl&B input, to adjust the resistance at the cost increasing or

lowering the output pwer.

2.3 ClassE Power Amplifier with High Efficiency.

A Power Amplifier (PA) is required to power up the MGW/PT coils system e that
enough power can be supplied to the loactording to[34], there are two main types of PAs.
The ontrolled conduction angle amplifieese the first grouppf PAswhich is composed of the
common amplifier classe&, B, AB andC PAs. These PAs amefined by the length of their
conduction state over some portiontiee output waveformfrom completely ON to completely
OFF. The other grous 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
bet weeiONGf ahtdQFFaldryi ving the transistott out pu
off regions. Among theeswitchhmodePAs is the Clas& amplifier, which has 400%theoretical

efficiency.
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Due to its high efficiencythe ClassE PA power loss is lowandmost of the power goes
to the Transmitter MCRWPT PSC coils. Also,he fundamental load of the ClassHA is
inductive, which is good for driving WPT coilsor these reasonfhie Clas<E is used as the PA
within our Rezence MCRVPT SystemBut thecomplde design equatiaof the ClassE derived
in [24] arenot compact, which makes it difficult to design this BAin thissectionwe go through
the basic operation of @assE amplifier.Next, we briefly go through the design flow obtained
from [25], used to design the ClaBs Thenthediscrete electronic componetésignlimitations
are discussedrinally, the Simulations and Experimental res@tassE and the Bwer transmitter

unit from the oscillator to the ClagSoutput are presented.

2.3.1 ClassE Amplifier B asicsand Theory

As mentioned above, the ClaBsamplifier hasa potential theoretical efficiency of 100%.
It was first proposed if23], and a detailed analysis was doni2#i. In order for ahigh-efficiency
design is to be mada, basic understanding bbw it works, the reasons for its circuit topology,

and some basic design equation is negdéxlgo through these basics in this section.

2.3.1.1 Switch Mode PAOperation and Topology

The ClassE amplifier is a switchmode amplifier, which means that thewerFET is used
as an ONOFFswitch The basicswitch-modePA operates as follows. Nén the switch islosed
AC current flows into the switgland when it is opeaurrent flows into the load causing a voltage
The operation of this PA andsulting current and voltage waveforare shown irFigure2.3-1.
With this topology, square voltage and curmgatveformsare generated at the switéhtheoretical
efficiency of 100%would be expected, but reality, the maximum efficiency is ~81925], which

is due to losses from all othedd harmonics besides the fundamental.
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If Vetrl>0, Switch Closed | I ' l
If Vetri<0, Switch Open I e

Flgure 2.31 Ideal basicswitchmodePA circuit, with current and voltage waveforifinem [25] .

2.3.1.2 ClassE Operation and Circuit Topology

TheClassE PA improves on this design adding a seresonator athe output, a capacitor
in parallelwith the switch, and an inductor in series with the resonator. Its circuit topology is
shown inFigure2.3-2. The resonator acts likeshort at the fundamental frequenend anopen
at all other harmonicsThis ensures tha sinusoidal waverm flowing througtout the circuit
when the switch opens and closéfen the switch is closed, AC current flows from the resonator

through the switch, and when the switch is operrentiiflows from he capacitorin parallel with

i Cp - Parallel Capacitor
_— Ls - Phase shifting inductor
LC - Series Resonator
Ry - Load resistor
| VdC Inc - Supply Current
Vpc - Supply Voltage
IDC
" i
Ls

g
|
1!
O
©

Figure 2.3-2 Ideal Class Ecircuit topology[25].
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Figure 2.3-3 Ideal 50% duty cycle Clads switch voltage and current waveforms, wvtitle peak voltage and current valUgs].

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

waveform

To understand the purpose of the series inductor, we need to look at the (dkagel
currentfil) boundary conditions of t he Atghe cldsiogpdist, openi
the voltage across and current through the transistor must be ZERG0dI =0). This is where
the biggespotential for high current draw occurs. At the switch open point, only the voltage must
be ZERO ¥=0) since no current will flow from the switch. Since current waveform at the switch
is a DC offset sinusoid, the sesimductor is used to phase shift the curter@nsuret is ZERO
(I=0) at the switch closing point-igure 2.3-3 shows the current and voltage waveforms at the

switch.

2.3.1.3 ClassE DesignEquations at50% Duty Cycle

The design equations for@assE PA with a 50% duty cycle was derived [28]. A
theoreticakfficiency of 100% can only kechieved usinthis duty cycleBefore we can determine

the switch parallel capacitance €Cand phase shift series inductance) (alues, the supply
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voltage (\bc), power FET outpuknedon voltage (Mned, output power (R, and operation
frequency (fparameters mudte determinedheforehandUsing \bc, Vknes and RBut parameters,

the output resistance (JRcan be calculated usir(d.3).

XK o (2.3)
0

Y

After determining R, it is used with the f to determine the&hdls, wher e ¥=2"f

__P (2.4)
1Y tug 1 X
pd v Y (2.5)

1
Using these equations, the Peak current and voltages swemggerived if23]. Theyare large

multiples of the supply current and voltagsdefined inFigure2.3-3. These largelrainvalues

significantly limit the available transis®wdevicesselectionthat can be used f@lassE design

2.3.2 ClassE Design Methodology

The above equations could be usedlusively to design 50% duty cydBtassE PA. But
they have severelynhited design capabilities as no insighgivenas to how the predetermined
parameters used are selecteldeyalsoignore other important design parametshsch must be
considerd when designing a&ealizable ClassE PA This section briefly describes thiesign

methodologyresented ifi25]u si ng Key s i g h,ttoddssigitii€assE BA t war e

2.3.2.1 Additional Parameter Effects onClassE PA design

Before using going throughthe design flow, we first discuss the effectsaofitional
parameters on Clags PA power FET selectiorBesides the Wc, Viknes Pouy, and f, other
parametersthersuch as the maximum currents and voltage, and intrinsic dipacitance 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 Clas&, which can be less than 50%, also indirectly determines if the transistor can

beused These effects are examined below.

When designing a Clads PA, he mostimportantfactors which decig whether a power
FET can be used in@design are its absolute maximum ratinfjse pealdrain-current and voltage
swings of the 50% duty cycle ClaB# are large multiples of the input supply current and voltage
in Figure2.3-3. Therefore theylimit the range ofeliablepowerFET deviceghat can be used in

the deign. The power FEMust be withirthe safe operating device limiter reliable use

Another design factdio be considered ighe intrinsicdeviceoutputcapacitanc€Cpev) as
it determines ifa power FET coulde usd within the design. Té Cpev is combined with an
external capacitor to meet the theoretically determined~@m equation§2.3) and(2.4), G, is
directly related to th@redetermined Mc, Vknes Pout, and f valuesAny increag in f or Vpc, or
decreas inVneeOr Pout, decreasgthe Cp capacitance needed to collebiarge fronthe DC supply
andsupplycurrent tothe resonantircuit so thatswitchingconditions forClass E operation are
met. If Cpis continually decreased by these parameteesetcomes a point whe@ey > Cp. At

this point,Class E operatiooan no longebe achievedising this power FET in #gdesign.

Finally, theduty cycleof the ClassE PA is the other factor that should be considered, as it
directly determines the peak drain current and voltage swing values of the power FiP5s At
duty cycle theoreticapeak dram current and voltage swings dneir largest, and 100%fficiency
can be achieved here aréimes when the design requires a specific power FET. If the FET cannot
operate reliably with a 50% duty cycle due to peak drain current@tadje swings exceeding the
deviceds absol yasmalleraduty cycieould beaisedhintige £ost of a reduced
maximum efficiencyGeneralizeddeal ClassE PA design equations thaicludeduty cycleare

given in[24], but theyare lengthywhich makes them difficult to use for theoretical analysis
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2.3.2.2 ClassE PA Design Flow

First, a fixedoperatng frequency neesito be specifiedThena range of acceptable supply
voltages and output powers, aadariety ofpossiblepower FETs are determinddext, the knee
voltage, device intrinsic capacitance, dnel maximunsupply currents and voltage of each power
FET aretaken from its datasheefhese parameters are then entered tioidealClassE PA
synthesis toah [25] which uses the equations frg84]. The \bc and Rutparameters are adjusted
nextto assess whethantrinsic device capacitance is less thars@that Clas& operation can be
achieved, ad that the FET device will work within its safe operating limits. Finally, tbe &hd

Pout parameters are tweaked to obtain readily available diderdieand Ccomponent values.

Next, verification is then run on an ideal circuit showrFigure2.3-4. The resulting R, L
and C values generated from the synthesis tool are used for the passive circuit components, and
the power FETVpc, Vknes f, Coev andduty cyclevalues are useid the ideal switctas seen in the
red box offFigure2.3-4. A Harmonic Balancsimulation with75 harmonics ighenrunto verify

theefficiency, and time domain drain current and voltage wavefashwmsvnin Figure2.35 (a).
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Figure 2.3-4 Ideal Class E verification schematit ADS
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Figure 2.3:5 Ideal ClasskE harmonic balanceimulationdata displayresultsin ADS (A) time domain drain voltage and
currents; (B) time domain drain current and voltage harmonics; (C) frequency domain harmonic impedances.

Thesewaveformsat thedrain of theFET are subsequentiyproken down into theifundamental
and harmonic frequency componentsusing Fourier analysis by doing ldarmonic Balance
simulation.The resulting time domain current and voltage harmonic waveforms are $eégari
2.35 (b). The currents and voltages are then used to obtaespectivadeal frequency domain
impedancecomponentsthat generate théime domaindrain current and voltage harmonic

waveforms found tlough Fourier analysig.hese impedance components are obtained using th
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Figure 2.3-6 ClassE output impedance matching circiitADS
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Figure 2.3-7 ClassE input impedance and finaircuit designschematién ADS

eqguations bounded in bluekigure2.3-4, and thesmithchart harmonic impedances ard-igure

2.35(c). Usually, only the first 5 harmonics are needed to get close to the ideaEGias®form.

Using these ideal harmonic drain impedances as a target, output impedance nistching
doneon 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 tempareent so
device parasitics could be used in the impedance match analysis. We note that since our operating
frequency is belowlOOMHz by more than one order of magnitydéiscrete cagcitors and
inductors close to the ideal Clasircuit valuescan be sed with little concern with parasitic
impedance shifts due to trace lengths, shagtes Thereforéhe respective ¥, f, L and C values
of theideal ClassE are added to the circuit. Finally, @r T matching network is added between
the output of theesonator and a §0load resistor. The resulting schematic is showRigure
2.36. Four S-Parameter simulati@nare done at the fundamental, second, third and fourth
Harmonicfrequencies with the fundamental frequency set to 6.78MHzt amdor T matching
network components are variasing Optimisation and/or Tunirig achievesmith charbarmonic

drain impedances that are close to the ideal target viallrégure2.3-5(c).
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After the output impedance matching is complete, the input is impedance matched. The
input impedance matching is an optional see it is only requed when a sine wave is used
as the Clas& input can be driven by either a square or sine wavedr T matching network is
placedat the input gate terminal of the power FE&nd tle gate biased adjusted to achieve the
desired switching duty cyclélhe resulting circuit is shown ifrigure 2.3-7. An S-Parameter
simulation is rurwith a frequency range from&VHz, and a step size of 1kH&ll other settings

were left at the default values.

Finally, aHarmonic Balanceimulation is done on the final circuit desigtich is the
same agigure2.3-7, except for port comgment 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 6.78MH2n the Initial guess talfifransient assisted harmonic balamiseset to "on",
and thefiharmonic balance assisted harmonic balariseset to "on". In the solver tab, the
ficonvergence moaeés set to "basic (fast)", tH@#nax durationis set to" robust", thésolver typ@®

is set to "direct", and th@mnatrix reuseis set to "robust".

The ClassE efficiency and time domain current and voltage waveforms at draithen
verified from the simulation resultdf the efficiency is below the desired valuesher \bc or Pout
values can be adjusted, or a new devitecsed, and go through the design flow agAifiowchart

of the complete design flow is presentedrigure2.3-8.
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Figure 2.3-8 ClassE DesignMethodology Flow Chart
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2.3.3 Other ClassE DesignConsiderations

Besides the design parameters mentionét3r®.], there are other factors that should be
considered when designing the CHSsPA. These factors include the power FET power
dissipation limitsand temperaturgpassive componerblerance and available discrete values,
capacitormaximum currents and voltagaaductor maximum current and SRfuality factorand

electronic component cosiBhe effects of these factors are briefly explained below.

Power dissipated through Power FET transistors is converted tonteah increases the
operating temperatureOperation temperature levelshould bemaintained since the FET
perfaomance is greatly affected by temperature changesincrease in devicéemperature
increass the FET on-resistancavhich affectsVnee but decreasesiaximum current and power
dissipaton limit capabilites, which are part of the devisesafe operating limitsSo reducing
deviceheating due to power loss is required to avbekeissues.Thermal calculations for heat

sinkingand device power dissipation limits need to be considered

A Thetolerancesand valuesof passive electronic componeraie standardizedithin the
industry The ClassE amplifier is a tuned circuito anydeviation from theClassE designpassive
component valuesould resultin significantly lowered efficiency. Sdt is desirable tohave
capacitorand inductorsvith very low toleranceespecially at the resonator circdiheavailable
discretepassive componenaluesare proportional and/or inversely proportionathe Vpc and
Pout usedin the Clas<E. 1t Bnportant 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 aximumcurrent and voltageatings determinghepeakdrain voltages

which could be as high a&.8 and 3.8imes the supplgurrent andvoltage.The voltage rating
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should be twice the expected maximum value to account for voltage spilesurrentating of
capacitorss importantfor the Clas<E resonator capacitpasit needso handle the large currents
flowing through the outpuhe maximum current rating is not usually includethmcomponent

datasheebut can be calculated using equat{@r®) for up to 500kHz taken froff85].

0 ¢t tQo (2.6)
From equatiorf2.6), smallerthe capacitos have a smallenaximum current handling capability.
For higher frequencieshe temperatureise due to power dissipation detenes the maximum

current. These spedaftions care obtainedyy requestrom the manufacture6o, the maximum

current ratingshould bewice the expected maximum curreneiasure componemngliability.

Inductors naximum current ratingnd SRF must be considered wlidesignng the class
E. The choke, phase shiftirgndresonator inductors should all be able to handle the Graje
currentswvhichcould be as high as 2.8 times the supply currenm®omum currentaluesshould
be at least double the expected maximum cuteensurecomponenteliability. All inductors
have an SRF due to parasitic capacitances in between its turi\tiirequencies larger than the
SRF, the inductor behaves like a capacitor. It is therefore important that the SRF of the selected
inductors $ well above the fundamental operating frequency so that the inductor does not behave
as a capacitor at the higher harmonics, which would degrade-Ele8&iency. The range of
available inductors is heavily dependent on the current rating and SRFaféeesy few inductor
values with a large maximum current and SRF. So it is important to keep theEGtadsw, by

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

Quality (Q) factor and cost are the other factors affecGiassE PA design. The Qactor

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

than capacitors, so they are the limiting factére device and component costs are determined by

their tolerances, absolute maximum ratings, capacitor staglalig inductor resant frequency

among other things

2.3.4 ClassE PA Specifications,Simulations and Experimental Result

2.3.4.1 ClassE Design Specifications

Beforegoing intothe simulation setypwe establish the specifications toe ClassE PA

design.The specifications are &sllows

1 Overall ClassE Specifications

(0]

(0]

(0]

(0]

Fundamental Frequency of Operation

Efficiency

Duty Cycle

Output Power
Supply VoltaggVoc)

Supply PoweMaximum rating

1 PowerFET Specifications

(0]

o

o

Drain-source breakdown voltage
Maximum DC current

Power Dissipation

9 Capacitors and Inductors

(0]

(0]

Tolerance

Maximum current

38

6.78MHz +0.5MHz
>70%

50%
12.7-19.6Watts
24V, 36V, or 48V

>35 Watts

>(2VocA 3 . 6)
>1A

>20 Watts

O %

>1A



o Quality Factor 50
o Capacitor breakdown voltage >(2VocA 3). 6

0 Inductor SRF >68MHz

The overall design specifications were met usingadf 36V and Ryt of 20Watts. With
this configuration, the largest efficiency was achieved withpan-+ 0.6A. This lower Ipc was
important since it increasdtie rangeof available discrete inductors for the desighe power

supply is ratecit 60 Watts.

After using the design flow irfHgure2.3-1) with multiple power FETsheIPP50R190CE
power MOSFET was selected. It haS5)V maximum drairsource voltagevhich is larger than
the (2WbcA 3. 6) r g« af 259.2\h 4 maximum current of more than 15A, Power
Dissipation above 100Watis well above the specification value& sinusoidal gate driver

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

Both theinductos and capacitors hae currentrating above 1lAandtolerances of either
1% or 2% depending cawvailability except for the choke inductorBhe capacitors had a voltage
rating of 500V, and the SRF of all the inductors were abb®@MHz, which meet the

specifications.

2.3.4.2 Simulations Results

The final degjn parameters are summarizedrmble2.3-1, andthe design schematic in
Figure2.3-9. The input impedance is matched ta25implify the ClassAB gate driverdesign
Theinput C7 capacitoiis large since it doubles as tli#éassAB output DCblock Theinherent
Cr-internal capacitance of thiPP50R190CEVIOSFET is not shown in the schematic. The C

external and i componentsire the Ckapacitorand L2 inductor valugrespectively. Th€es
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Table2.3-1 ClassE PAfinal design parameters

Parameter Value (experiment value)
Ideal Class Parameters
Ve 36V
Cr-external 68pF
Cpinternal 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)
Cc7 10nF
C8 220pF
L6 500nH
Miscellaneous
Choke InductorgL1 and L4) 15uH
Input bias voltage 3V
Input Power 2Watts
Input impedance 27q

andLesare the SLC1 (series inductor and capacitor component) capacitor and inductor values.
Finally, therewere no single discrete C3 and C6 capacitdue available, so they were made by

adding multiple capacitors parallel as showm bracketsn Table2.3-1.

B desee2
Q — Vde=3V

- +

[iaa | HARMONIC BALANGE :
. Balanc czgaz
= C5EE-11{d)
Fregl1]-678 MHz L
Order{ 11500 14
: L e . ipm

LﬁDD H( U

c47c oF E} o) Cﬁ?ﬂ oF 1} fo} =

LﬁDDH{{]\/ L15H
M U
C 2740 pF o) C=220F {f} fo}
+ SRC3
= Vdc=36 V'
{ - I POWER SUPPLY

- LBSH
e D bj c L=14.128 iH

ct C=38.pF
PaRm
Hwh cmouu oF o}
P=polaridbméow{Pin}0)

L Fre-678 MHz

) III——|H—

Figure 2.3-9 ClassE final design schematio ADS
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Figure 2.3-10 Simulationdata displayresults of the Clasg Designdone in ADS

A Harmonic Balancsimulation was run on the schematid-igure2.3-9 using the setting

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

with the fundamental frequency off@MHz. In the Initial guess talitransient assisted harmonic

balanc@is set to "on", and th@harmonic balance assisted harmonic balaigset to "on". In the

solver tab, théiconvergence moads set to "basic (fast)", thmax duration is set to" rdust”,

thefsolver typ@®is set to "direct"”, and th@matrix reusais set to "robust".

The simulationresults are shown iRigure2.3-10. 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 devi

efficiencyclassE.

ceods

i ntr i n stage wadefoans at the acd ékehmht h e

2.3.4.3 Experimental Resultsand Discussion

The ClassE experimental setup used a double layer PCB shoviaigure 2.3-11. It is

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

circuit in Red, which has a blue variable resistor at its input, which is usdgutt ElassB gate
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Twisted Wires

POWER
SUPPLY

Figure2.3-11 ClassE PCB experimental test circuit.

driver to provide sufficient input powep the Clas€. The Clas€ PA outlinedin greenis
connected to a 2ress@artA36\bOCgeskiappqwversupplyavasdised as the
input power, and the twisted wires connected to a DIMI&Sto measure the DC current of the
PA. All other measurements were done with Bh80X3024Ao0scilloscope

The measurement results are showmable2.3-2. The results show that an efficiency of
71% wa achieved with this design, which re®C supplycurrent of 0.6A. The final design

meetsour efficiencyspedfication.

The efficiencies ogimulation and measured resuley from one anotheffo determine
the cause of this differencéhe capacitances of all the Cldsscapacitor components were
measurd to check their actual value. It was found that the 39gécapacitor with a 2% tolerance

had a measured capacitance of 40pf. This value was plugged into final design sciueainiec

Table2.3-2 ClassE PAmeasurement results

Measurement Results
Output Peakroltage 42Vpeak
Input DC Current 0.69A
Efficiency 71%
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Harmonic Balancsimulationswerererun. 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 D@ this section focus on the Bridge Rectifier circuit design. This circuit
topology is chosen due to its simplicity of implemeiotaand good efficiency. We go through the
design parametetBe must be considered in its design. Then we discuss types of diodes that were
considered with benefits and drawbadkisally, we show the simulations and experimental results

of thefinalizedcircuit and discuss possible alternatives.

2.4.1 Rectifier and Diodes Basicseind Considerations

The bridge rectifier with a filter capacitor was chosen due to its high efficiency and
simplicity of implementationideally, with reference té\ppendixE, this rectifier is shown to have
a maximum efficiency of ~81% withowt filter capacitor. But with the addition of the filter
capacitor in parallel with R efficiencies 084% and higher have been reporf@d] [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 desinediorof 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 equationih3), we needed the series resistancg {&Rbe
near 0. We al so needed y) tarddé¢he RewerséuncsonCapaeitancey e r y
(Gj) to be zero. With these characteristics established we caamalye the parasitic effects.
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Diode parasitics
Circuit model

Figure 2.4-1 Model of a real diode parasitid86] .

2.4.1.1 Reverse Junction Capacitance (&

One of the main parameters of concern in selecting a diode is its reverse junction
capacitance (¢ In Figure 2.4-1 we see the diode capacitance is composed of a fixed device
package capacitance gCand bondwvire capacitance (), as well as a variable junction

capacitance ({ The reactance equation fori€ defined as follows

P

ST @7)

o

Ideally, the diode capacitance Cr = 0. Fr(h9) this leads to areactance XB. Ther ef or e f
Figure2.4-2, assuming Ris negligible, all the AC signal would go to the filter capacitofid(

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

the reverse voltage (Vr), as can be seeatypical diode datasheet show kgure2.4-3. Since

the capacitance decreases for increasing V

Ignoring the variability of €andusing the highestapacitance (~710pkith a6.78MHz
operatingrequency, anglugging the valuesito (2.7) we get Xa 3 3 ¢ . rsBuntsbottetheC

largeCiiter capacitance and0 q R. resistanceusing(G.4) we get the current ratio throughtG
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Figure 2.4-2 Rectifierwith parasitic forward resistance and reverse capacitasmue filter capacitor

beleA60%. Thi s meiimpst cumentisshuatéd tatgroend byadd any barge
on Gier is discharged to ground through @sulting in a small current going through. Bo to

get 90% or more of the current to go through ising(G.4) X should be at least10 times.R
2.4.1.2 Diode Reverse Recovery Time (}

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

From[38], the reverse recovery time is thmount of time a diode or rectifitakes to discharge

C(pF)
1000 —
— F=1MHz H
~—_— Vosc =30 MVius |
~ [ T=25°C N
"'-\‘
100 =
VR(V)
10 1L [ 11
1 10 100

Figure 2.4-3 Typicaljunction capacitance for stp60 Schottky diod¢39].
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the stored charge wheswitching from the conducting to the blocking statée know that for a

bridge rectifier, the reverse bias timg @f the diodes defined as

o «:%Q 2.8)

Using these facts, for any frequentyneeds to be substantially To have 99% blocking time,

wewouldneed, O 100Lt

2.4.1.3 Forward Resistance (R)

As shown inFigure2.4-1, the diode series resistanceifka series combination of a fixed
resistor R due to lead and packaging resistances, and a variable junction regisWfe (can
further breakdown R; into its forwardbias resistance ¢Rand reverse resistance. The reverse
resistance Rs assumed to be infinity due to the low leakage current. FollowingFrgune5.2-14

from AppendixE, the forward resistance (Hs defined as follows

Y o 2.9
Ee (2.9)

From(2.9) we see thaR; is a function ofls since the forward voltage dropd]\felatively constant
when the diode conducts. Therefore to minimize losses due to heat cauBgdilbing the

conductioncycle, t 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 Ibelow 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 Typesof Rectifier Diodes

There were 3 main typed 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 PIiN diode is made up of heavilyomed P and N regionsyith an intrinsic
semiconductor region in betwegd0]. 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 havetlat should be taken into
consideration. Their (values range widely depending on device structure and application. When
selecting one for high power RF rectification applicatidhsey should be specified as ultrafast

PiN diodes or have their 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 region41]. Unlike RN diodes, they have virtually n@ tue to the minority carrier charge
effects in the metal. They also have a lowerthan PiN diodes. The Cof 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 noTtheir G values are generally

lower, and the ¥much higher when compared to the other diodes, which make them ideal for high
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power switch mode applicatiorj43]. On the flip side, due to their current high power niche

applications, their VMis the highest of the three iower 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

1 FundamentaFrequency of operation (f) 6.78MHz

1 Maximum DC forward current £) 1.2A

1 Maximum reverse voltage g 40V peak or ~28Vrms

1 Reversaecoverytime (r) <1/(100-f)

1 Reverse junction capacitance)C <1/ ( 2Qwheré X=X 250q
1 Forward voltage (W <1V

1 Efficiency 70%

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

Thedatashegbarameters [15] are listed in Table 4 1. From Table 4 1 we see that the maximum C

[ | HarmoNic BALANCE | TRANSIENT
HarmonicBalance VAR Tran
HB1 VAR1 Tran1

Freq[1]=6.78 MHz Vpeak=30 {t} StopTime=5000.0 nsec
™ Order[1]=75 f0=6.78 {t} MaxTimeStep=2.0 nsec | =
Vi )| Vo

Probe "k_lj/‘l 5 58 _ |_Probe
li_Probe i-‘-‘o"'“‘” RIERUREE lo_Probe1

% ViSine CSD01060_SiC_Diode :“’2 060_SiC_Diode ¢ R

SRC1 13 - c1 R1
@ Vdc=0 V C=390 nF {t} g R=50 Ohm

Amplitude=Vpea
- Freq=f0 MHz

Delay=0 nsec

Damping=0 ™~

Phase=0 il

CSDO0106( C_Diod
ZRef=50 Ohm |1

I

Figure 2.4-4 CSD01060 SiC diode bridge rectifidDSschematic test bench
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Figure 2.4-5 5V input signal simulatiodata displayresultsfor theCSD01060 SiC diode bridge rectifier

or 45(F at \k = 4V. Plugging this value int(®2.7), wegetXa 520q9q > 250 q, whic
specification. With anfl= 4A, a\k=600V,and;ra Os (i nherent to SiC dic
these require specifications. The only paramigiat is not met is the Avhich can have voltage
values up to 2V. This largerValue would affect the efficiency of the bridge rectifier, particularly
for smaller AC voltage peaks.

To check the effects of the large &h the bridge rectifier, Harmont Balancesimulation
was done in Keysightodos ADS softwar &igureZhde scher
The ¢sd01060 component is the spice moddi®iC diode obtained frolWo | f s pvebsiteé 6 s
The transformer component is ideal, wah 1: 1 r at i o a rHdrmobi© Balaricenp e d a n
simulationswere run on the circuit to generate the frequency spectrum of the input and output
currents and voltage¥he 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.
calculate the efficiency, theuilt-in pt() function was used to calculate the Rigk&ver of input
and output frequency spectrums. Two simulations werormed at the expected lowest and

highest input peak voltages of 5V and 30V respectively to compare the efficiencies.
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‘Simulation
ith 76 Harmoni
ElPin_total=pt(HB.vi.0.HEI_Probet)  EEJPout_total=pt{HB.Vo.0.HBIo_Probe1i)  [EEJEfficiency=100"(Pout_totaliPin_total)

Input Voltage and Current Output Voltage and Current
Frequency Spectrum ) Frequency Spectrum

fraq. Mz freq, MHz

Input Voltage and Current Output Voltage and Current
Time Domain Time Domain

FEELTREER
¥ (rieqoig orgHls)

time, nsee time, nsec

Pin_total Pout_total Efficiency
15.179 13.209 87.021

Figure 2.4-6 30V input signakimulationdata displayresultsin ADSfor the CSD01060 SiC diode bridge rectifier

The 5V and 30V peak voltage simulations are showhRigure 2.4-5 and Figure 2.4-6
respectively. The of the 5V peak simulation is 56% and the efficiehtlye 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 larger Voltage of the device.

On another note, the rectifier efficiency could not be calculated as shq:t0)

© 1o (2.10
W Tctum '
The reason it wonodét work is that the input
nonsinusoidal periodic function.
Table2.4-1 CSD01060 SiC diode datasheet parameters.

Parameter Value Specification
maximum G @ Vr = 4V 45pF 100pF
I 4A 1.2A
VR 600V 40V
tr Os 1.47ns
Vi max 2V 1V

. : , Vin peak = 5V -> 56% 0
Efficiency (from simulation) 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 toimplementand can be designed to provide DC isolation, EMI suppression, impedance
matching, and specific current and voltage rajfizg [45]. For these reasons, they are found in

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

In this sectionwe will go through the design of a DC Isolation Transformer. Atiogrto
Figure 1.1-2 of in sectionl.1.1 transformers are not part of the Rezence specification. It is
however required for the implementation of the autuing method which wilbe describé in
sectiond.2.10of this chapter. During the design of the atuning portion of the system, we found
that there were no available isolated transformers components available for @tinethasebur
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.
Low Frequency Mid-Band High Frequency
Region ‘ Region | Region

Frequency ———»

Insertion Loss —

Figure 2.5-1 Typicalbroadband transformer insertion loss vs frequency characteristic ¢ddje
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2.5.1 Isolation Transformer Theory and Considerations

Broadband transformers are wound devices used to transfer gAdfgyAs shown in
Figure2.5-1, the typical insertion loss characteristic curve of broadband transformers is broken
down into 3 regions, the MiBand Frequency region whered f », t@LoW-Frequencyegion
f < f1, and theHigh-Frequencyegion f > . Thetransformer bandwidth is defined as 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
shownFigure 2.5-2 Transformer equivalent circuit model&@) Lumpedmodel; (b) Simplified

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

2.5.1.1 Low-FrequencyRegion Considerations

When f < f, the low-frequencyattenuation is caused by the lowering of the shunt

impedance. This attenuatiecausedy the shunt inductancegd.the load resistance,®, tleen d

R| L n L 2 i Rz 3 !I".:!:Isfonner R: L 1 !I?r:::slorrmr
. ’ |
g oo bt
E, E, I [_O
(A) Lumped equivalent of a transformer. (B) Simplified equivalent transformer circuit
E, = source EMF Secondary parameters reflected Circuit Simplifications
R, = source resistance to the primary side.
C, = primary winding capacitance C,'= secondary winding capacitance GRS
R, = resistance of primary winding R,'= resistance of secondary winding R=R +R/’
L, = primary leakage inductance L,'= secondary leakage inductance L=L,+L,’
L, = open circuit inductance of R,'= load resistance
primary winding
R, = shunt resistance that represents
loss in core

Figure 2.5-2 Transformer equivalent circuit model&) Lumpedmodel; (b) Simplifiedmodel[44].
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shunt resistancepRR, is very small at low frequencies is neglected and attenuation defined as

Y ee

- Q0 (2.11)
10

0 pti T Cp

where A is the attenuation. The impedance mainly a functiop sihte the load is usually fixed.

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

2.5.1.2 Mid-band Region Considerations

Whenf O fzin@e MidBand region, transmission is affected mainly by the resistances
Rc in the transformewindings defined ifFigure2.5-2. Thesdossesare determined mainly by the
resistance due to the skin effect atfimedamentafrequency which isliscussed in sectidh1.4.3
anddefinedin (3.8). This loss can be calculated as show(Rit2).
0O ¢ml Cp W&'Q 0 (2.12

2.5.1.3 High-FrequencyRegion Considerations

In the third region where f >, f the high-frequencyattenuation is caused by leakage

inductance Land shunt capacitance C. These are defined as follows.

O pml Cp ,Yw—lere 06 (2.13)

O pm I C 1 6Y Q6 (2.14)
Another factor mentioned if@5] 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

i magi nary s dMachmadused ®© catciNate the series inductance and series resistive

loss of the core material as defined46] and shown below
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0O ‘@& Y 1°0 (2.15
The parameterdis defined by the core shape which could be toroidal or rap#iture. In general

for all ferromagnetioma t er i al s, at Njd larger tHame é\ihlit asthe fiequencye

i ncr e gscenseshe dgidjnant parameter, which is supported by tjuaions in(2.15).

2.5.1.4 Other Considerations

Otherisolation transformer desigrarameters taken into consideration,taetransformer
core materiatypesand core shapeandthe temperature effects d¢ine corematerial. There are
many magnetic core materials udeddesign transformerat low frequenciesuch as iron and
steel. But at frequencies where losses due to eddy currents become more sigogieamts
ferrites are preferred. Core shapes vary dependinth@mpplication For higher frequency
transformer applications, toroidal and muaperture cores seen in are recommeii¢ld Changes
in temperaturecausechangesint he core material s permeabil it

material can lose its magnetic properties. This is known &Suhetemperature.

2.5.1.5 Considerations Summary

In summary, theifand & frequenciesthe numberof turns, wire winding thickness, the
core shape and the changes in temperature the device will be expeseddactors toconsider
in high-frequencytransformer designro reduce insertion loss at materiakswi t h t hes hi ghe
at f1 should & selected.The number of windings should be minimized to reduce leakage
inductance and parasitic capacitances. In thebai region, due to the resistive losses caused
by the skin effect, the frequencies of operation and the amount of current thangfertmer is
required to support should be taken into consideration to determine the wire windingsaiig.

Toroidal and Multiaperture cores shapes are preferredhiight-frequencytransformers.
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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

1 FundamentaFrequency of Operation 6.78MHz +2MHz

1 Maximum Output Power 12Watts

1 Maximum Current 1.2A

1 Maximum Voltage 40V peak or ~28Vrms
1 Load impedance 50q

1 Operating Temperature ~25°C

1 Winding Ratio 1:1

1 Efficiency 90%

To satisfy the efficiency, frequency, impedance and temperature specifications, we selected
the 2861000102 multaperture binocular ferrite core with tiégh frequency6l NiZn ferrite
material[47]. The multiaperture binocular core has high flux density than standard toroid cores.
From the complexermeabilitygraphprovided inFigure2.4-1, wes e e  ts < laup to AVINiR|
and according t¢2.15) we know that we should havi¢tle loss due to Rwhich shouldresult in
high efficiency at the fundamentalr e q u e n ¢s $100 uAtil 4)MHz ewNRjch should provide
sufficient inductance foour transformer. The temperature effects of the eweenegligible

according to the temperature graph4i],

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

handle 2A of currentvith good insulation according {d8]. With a diameter of ~0.5mm for the
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Figure 2.5-3 Complexpermeability vs frequenaypeasured on standard toroids (18/10/6 mm) at 28°Q.

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

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

An insertion losgesbench was thesetup to determine the optimal number winding

for maximum efficiency. The test setup uses g 5Hiput signalusing the DMM4050As a

ol
Ol

| (TP

@) B) © (
Figure 2.54 Transformer insertion loss test setup: (A) Before InseriiBin 270 resistor inserted; (C) Transformer inserted.

56




Table2.5-1 Transformerinsertion loss measurements and results

Freqguency (MHz) 4.78 5.78 6.78 7.78 8.78

47 q RrpsNLEB)) 1.1980 1.1990 1.200 1.2010 1.2020

2 7 0 q rvg/IV(0B)) 1.0631.038| 1.0661.021| 1.0681.012| 1.071.003 | 1.0721.002
2 Turns (Vawmd/IL(dB)) | 1.17590.168|1.179-0.146/1.178-0.161/1.179-0.161| 1.1780.175
3 Turns (Vawmd/IL(dB)) | 1.1700.205|1.179-0.175/1.176-0.175/1.177-0.175| 1.1780.175
4 Turns (Vamd/IL(dB)) | 1.1700.205| 1.1760.168|1.176-0.175/1.177-0.175| 1.1780.175
referencgpoint,t he 1 nput signal I's sent through a

seen inFigure2.54 (a), and the Veaus is measured across the load at different frequencies. A

270q resistor \withtheldad asa teference ppirat asshoWrylire2.5-4 (b)

and the output is rmeasuredAll measurements were done with t&OX3024Aoscilloscope.
Finally, the transformer is put in place of the parallel resistor as shokigune2.5-4 (c) with a

1:1 turn ratio of 2, 3 and 4 winding on the pairm and secondary sides, and therM®
measurements weretaken. The results are presente@able2.5-1. The insertion loss is defined

in (G.1), where \4 is the voltage at the load before the insertion, asidj ¥ toad voltage after
insertion.Using the data calculated rable2.5-1, we see that there is negligible difference in
IL(dB) between the 3 winding configurations. The largest and smallest IL(dB) valUexbia
2.51 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 thischapteywe went throughthebasics, theoryanddesign of thd&Rezence WPT system

analog component blocks. Wigst went through the method used to decide the minimum
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efficiency specifications for each block in the system, by workexckwardrom the Device load
to the PA output. Using this method the XX Converter, Broadband 1:1 Transformer, Rectifier,
and Rx and Tx resonators were efficiency specifications and the PA output power were

determined

Next, we presentedhe design of thescillata. Potential oscilltor 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 wel@ne on the oscillator design, which showed that the physical

test met our requirements.

We then preseat the design of the PA Gate Driver. The differences between the
sinusoidal and square wave implementations were discussed, including the additiontay c
required for them to operate effectively. A comparison was deheeen the gate drivers see
which oneallowed the output impedance matched GE$3A to operate with a higher efficiency,
and the sinusoidal gate driver which performed bettersgiectedThe sinusoidal gate driver was
realized using a 6.78MHz Clas8B PA designand was simulated to verify if it meets our
efficiency, load resistance, and output power requirements. Results show that the efficiency and

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

ClasskE PA design was explored next. Here we introduced the basic types aV&kble
and gave reasons for the selection of the GHa$3A, such as its high efficiency, and its
fundamentainductive load which is good for driving WPT coils. We then went through the basic
and theory of the basic switch mode adihssE PA. From there we found that the original
equationswhich use a 50% duty cyclaresimplebutdo not give enoughmeaningfulinformation

to analytically design a ClagsPA.There isageneraltedset ofideal ClassE PA desigrequations
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which takes duty cycle into accourdndgive more isight into Class€E PA designbut they are
too lengthy to be used for design bses. These equations ignore many other parameters required

to design the Clask PA.

To overcome these issuess presented ClassE PADesign Methodologynodified from
[25]. This design flowmuses thegeneralzed ClassPA 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 #nen used as a target to output impedance match the power FET using

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

The design of a Clags PA using dow-costpower 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 0f 1% was achievethavinga DC current of 0.69Aand 18Watt output power
It was found thathte differencedetween the simulation and measurement results were caused by

the capacitance value of the resonator capacitor being 40pF instead of 39pF.

Design @ the Rectifier was discussed next. At frequencies in the HF range, the parasitics
of the rectifier diode cannot be ignored. To achibigh-efficiency rectificationwe needed the
series resistande be small, and the Reverse Recovery Tand Reversdunction Capacitance
to be zeroUsing equationg2.7), (2.8), and(2.9) the acceptable rectifier diodgeries resistance
reverse recoverytime, and reversejunction capacitance values were determined and the
CSD01060 SiC diodewas selected. A &krmonicBalance simulation was doma the rectifierat
peak voltages of 5V and 3QYesulting in56% and87% efficienciesThe low-efficiency value

when a mall input isappliedwasattributed to the large\Woltage of the device.
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Finally design of thel:1 isolationtransformer which is required for the implementation of
the autetuning method described in chapterThere are many factors to be considered when
designirg an HF isolation transformer such #éise f frequency numberof turns, wire winding
thicknessandthe core shapd&hese factors whose effects were described in se2ttofy were
used to design the isolation transformer, and a 4 turn transformer 2861900102 mulki
aperture binocular ferrite core witBl NiZn ferrite materialwas selected. The physical
Transformer was designed and an insertion loss analysis was donme@karementesults

showed that the transformer had 96% efficiency.
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Chapter 3

3 Magnetically Coupled Resonant Wireless Power

Transmission Coilsfor Small Electronic Devices

Thekey 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 (MCRNPT) coils[49]. TheMCR-WPT coils wereintroduced in 2007 by a group
of researchers from MIJ2]. The main draw of this technology is the ability to wirelessly power
anydevice at a distand&]. The technologyas seeapplicationsuch asvirelessly charging cars
and smaghones using the Drivell and Rezence StandRedpectivelyAlthough The Drivell
standard is steadily being adopted for charging electric/4hrdue to stiff competitiofrom the
WPCQi standard used in the iPhong50], the Rezence standard has not been as widely adopted.
This is mainly due to difficulties in designing small M@RPT coils that resonate at 6.78MHz

with high efficiency It hasbeen reported that Rezence devices acloalye40% efficiency[22].

We presentinew approach to desigrg Rezence MCRVPT coils for smaghones and
tablets.Our approach usesdouble layer Printed Spiral Coil (PSC) desigmich consists of 3
individual coils per PSC boarmh an FR4 substratewithout vias and external capacitors. This

configuration allows us to take advantage of fagasitic capacitance between layers which
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enables us teeduce the size of the coilShe simulatiors and st esults showthat our 5x2.5if
design has ~60% and %3 percentand our 8x4lA design has~75% and 51% efficiency
respectively. Simulations using highérmaterials also suggest that greater efficiency numbers

can be achieved.

This chapter presents the design methodo]agyulationsandresults of our nove\ICR-
WPT PSCdesign. In sectio3.1we cover théasics of spiral inductors, including their parasitics,
dimensions andnodelingequatiors. The single layer MCRNPT coils are discussed Bection
3.2along with tleir pros and cons. Secti@Bintroduces different double layer MGRPT coils,
and our novel MCRNPT design and design approa8imulations and Experimental retsubre

presented and discussed in Sec8ah Finally, we conclude the chapter in Sect@5.

3.1 Spiral Inductor Basics and Theory

In thechapteiintroduction we highlighedthe technologicgbrogressiorof wireless power
transmission usingICR-WPT coils. Inparticular we focused on its application in small electronic
devices such asmartphonesnd tabletswhere PSCs are used for their design. These B&Cs
based on the basic spiral inductors which have beeadlyused in RFntegrated circug for
many year$28], due tohaving a smalleED geometry than thei8D Helical counteparts Thee
are many geometries available design these coilsh which their resulting inductances are
dependenibn each of their physicatlimensions. But there are also many parasitied are
associated with them that need to be considered wioeleling andlesigning these coil$n this
section we will discusghese design considerations for spiral inductenich wereaetrieved from

[51].
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Single Layer Coils

(a) (b) (c)

Multi Layer Coils

Broken
Shield

Figure 3.1-1 Various spiral inductor structures: (a) circula¢b) octagonal (c) symmetrig(d) series stackede) with ground
shield; (f) parallel stacked

(e) ®

(d)

3.1.1 Spiral Inductor Geometries

In addition tothe basic square spiral inductor, there are many other geonaataitsble
that add tospiral inductor design flexibility. Some of the common single layer alternative
structures that currently exist include the circutsatagonal and symmetric configurations. There
are also series stacked, shielded, and parallel stacked multilayer inductor configurations available.
The geometry of each of these spiralshown inFigure3.1-1. Each structure has their advantages

over one another allowing for their use in different applications.

3.1.2 Effects of Single LayerInductor Dimensions on Inductance

A Two-dimensional square spiral inductorsigecified by foumain physical parameters.
These parameteare the outer lengthda, thenumberof turns N, wire spacing S, and wire width
W, and there are defined ligure3.1-2 (A). The inner length Ris also defined and is a function
of the other parameterghe irductance of spiral inductors mainly depends on the number of turns

and the diameter of each turntbivese parameters aéfected by the wire width and spacing.
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With reference to the 3 turn spiral inductor Figure 3.1-2 (B), the inductance was
calculatedn [51] as shown i(3.1) belowwhere L, L2, and Lz arethe inductances afach turn

AB, BC, and CD the mutual inductances betweeard L. to be My, etc.

0 0 0 0 0 0 0 (3.2
Although equatior§3.1) suggsts thainductance increases with the square of the number of turns
(N), due to an Nurnstructure having N(N+1)/2 terms the equationthere are few factors that
limit such an increase. Firgssuming we hold all other parameters constantanpshcreaseN,
each additional inner turn is smaller, hence has lower inductdegé the mutual coupling factor
is 0.7 betweeneighboringurnsandis less for turns further apafinally, as thenumberof turns

increases, the effect of the two opposite legs ofrthermostturn produces opposing magnetic

field that partiallycanceke ach ot her 6s i nduct ancerddacreasas.e as e s

Although the number of turns directly affects inductance, the effects other parameters

should be considereas theyhave an indireotffect onthe parametelis equation(3.1). When we

w
= e~ 00
A
Din DOIJt .11 _Lz L
< . -
! I r
M | - 1 1 C
Y B
S A D
(A) (B)

Figure 3.1-2 Simplespiral inductor. (A) variousphysical parametedimensions(B) inductance and turn definitiorjS1].

64



Table3.1-1 Summary of the effect on physical parameters on spiral coil inductance

Increasing Effects
Parameter Pros Cons
N (Number of turns) Increases inductance Din decreased
Dout (Outer Diameter) Max N increased Limits small area application
Din increased
W (Wire width) Wire resistance decreased | Din decreased
Max N decreased
S (Wire Spacing) Reduced stray capacitance | Mutual inductance reduced

increase Wholding all othermparameters constant, the line resistance would be reducddebut
diameter of the inner turnend the maximum number of turdecreaseaesulting in reduced
inductance. IncreasinQout increases thenaximum number of turns and inner turn diameter but
limits small areapplications. Finally increasing S results in reduced stray capacitances from

adjacent turns butduces inner turn diameter. These effects are summariZedlie3.1-1 above.

3.1.3 Effects of Multil ayer Inductor Parameterson Inductance

As mentioned in sectioB.1.], there are a few multilayer geometries available. Among
them are theeries and parallel stacked spiral inductor structures. The addition of a second layer
affects the total inductance of éastructure differently. In this sectiongvexplore these effects

on their inductancand define their inductance equations.

3.1.3.1 Series Stackedspiral Inductors

The idea of series stacked spiral inductors is to reduce the area occupied, and increase the
inductance of a spiral cdib1]. This is done by placing them on top of each other and connecting
the ends points of the inner tutagether with a via as shownhingure3.1-3. 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 sphigjure3.1-3 is defined as
0 0 0 ¢b (3.2
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Figure 3.1-3 Series tacked spiral inductors

Since the vertical spacing between iLand L is much smaller than their horizontal
dimensions, the mutual inductance coupling betweerarld L. is nearly perfect. Therefore
M3 k=L, and from(3.2) L@ 41L In general for a multilayer spiral, the total inductance is
increased by a factor of approximatefy where n is the number fyers. In reality, because no
mutual coupling is seen from the perpendicular legsttaméhner turn of each layer is about'7/8

of a complete turn, the multiplication factor is a little less thfan n

3.1.3.2 Parallel Stacked Spiral Inductors

Parallel stacked spiral inductammprove the quality factor of a single layer spinauctor,
by keeping the inductance constant and redutiver o irésiétige lossed his is done bylacing
thespiralinductorson top ofeachother and connecting vias in between the layers as séejuire
3.1-1 (f). Thenetinductance of double laygarallel spiral coil calculated froffigure3.1-4 is

5 00 0 (3.3)
0 0 ¢b
where Ls and L, are theself-inductancesand M is the mutual coupling between the inducfbing.

horizontal dimensions of the parallel stacked spiral inductdfgime3.1-1 (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

Ma k=L, and the resulting net inductanceL1 from (3.3).

3.1.4 Spiral Inductor Parasitics and Loss Mechanisms

There many parasitics and loss mechanisms associatespivahirductors. The parasitics
aredueto the capacitances betweeadividual layers in multilayecoils and between the bottom
layer and the ground shield or substrate. Resistive losses sdchvae resistanceskin effect,
and proximity effect, capacitive coupling losses from the stray capacitances and inductiveycoup
losses into the ground plane all contribute to the parasitics. We will briefly go through their effects
and equation definitions in thgection For more detailed explanat®aof these effects and their

equation derivationsee[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 maindypagasitic capacitanceshe
first typeis parallel plate and fringe capacitances formed betweeméhal lines of the inductor

and the substrate for single layer inducllostratedin Figure3.1-5(a), and adjacent layer wires
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Figure 3.1-5 Capacitance types and their modgs) bottom plate capacitance and or muliiler series inductocapacitance;
(b) interwinding Capacitance.

for multi-layerinductos as shown irFigure3.1-6. The finge capacitancéetween adjacent turns
of the inductois the other type gparasitic capacitanckustratedin Figure3.1-5(b). Therefore if
the wire width or thickness is increased to reduce the line resista@se component capacitances

increase and must be considered

The lumped model of theapacitance a each leg of thequare spirahductorrepresenting
the parallel plate and fringe capacitances are shown in Fig8¢a)3Using an energybased
analysison a modified distributed capacitance mada$edon the lumpedmodelas described in
[51], the estimated equivalent lumped capacitance equatiedesived and the results are shown
in (3.4) below. Theparameter& and G representhe total number of legs in the spiral inductor
andthe average capacitance of all the legs dubeparallelplate and fringe capacitances to the

substrate.

. 0 o)

5 5 i P IC p (3.4)
@O

For theparallel turnto-turn Interwinding capacitancethe lumped model capacitance is shamn

Figure 33(b). Using the samenergybasedanalysis, the equivalehtimpedcapacitancequation
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Figure 3.1-6 Equivalentcapacitance for series stacked inductors: (a) layers close toggtheiayers further apart.

/

(a) (b)

was derived and shown (8.5). The K and G representhe total number of spiral inductor legs
and the average capacitance of all the legs due to parallel fringe capacitances ofrattdhieirn

interr-windings

6 Lig (3.5)
0
We now consider the parasitic capacitanoéshe multilayer inductor, inparticulat the
series and parallel stacked inductdfsst, we consider the equivalent capacitance of the series
stacked inductors as showrHigure3.1-6. The lumped capacitances between layers and the lower
layer andsubstrate are fieed by C; and G respectively. Usingnanalysis similar to before, the
equivalent lumped capacitance equation was derivethenegsulshown in(3.6).
10 0 (3.6)

pPC
For stacked paralléhductors with multiple viaseenin Figure 3.1-1 (f), whena time varying

voltageis applied the wltage difference between layer segments is DMs resuls in a net

capacitancef OF. In reality, theréd a small capacitance buésttoosmall to have an effect.
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Figure 3.1-7 Substrate loss due to capacitive coupling

All of our analysis with spiral inductor capacitaneess associated wittheir parasitic
characteristics, bubere are haever losseassociated with the capacitive couplinghe substrate
where the resistivity is neither infinity nor zero. lllustrateéigure3.1-7, sincewe havehe rising
and falling of voltage at eadegmenbf the spiral inductor, ime-varyingdisplacement current
is flowing in the substratelhis current flow causes some povass inthe substrateluring each
cycle.The loss dugo capacitive substrate goling 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 illustrate&igure 3.1-8. Thetotal series resistanad the inductor
is dependentn thetotal unwou wire length (I), therosssectionalarea (A), and the resistivity

oftheme t al 6 dejermined msihg equati¢d7).
" ta 3.7)

5

To reduce the loss of froms®Re need to identify and adjust the inductor parameters that

Y

affectitsvalue.First, we know | 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 inductars

parameters constarlso, the crosssectionalarea is a function of W and wire thickness. Thus
from the abovequationwe see thathewire resistance of theonducting materiatanbe reduce

by increasing the wire width or decreasing the number of turns.

There are however some traoliés that ned tobe considered when increasMgto reduce
Rs. As described in sectior&1.2and3.1.4.1 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 ne
asshown inFigure 3.1-9. Because of this the area where current flisweduced resulting in a
higher resistancelhis is due to the attenuation of the amplitude of an EM wave when trying to
penetrate a conductive medil6R2]. The measure of the attenuation decrease by a factot of e
into the medium is known as the skin depth. The skin depth is a function of the conductor

permeability (U)c o n d u c t, aswelltagreqedcy (f, andis defined in equatio(B.8).

1 P (3.8)

113 "Ql

The resistance due to skin effect is define(Bifl) as follows.
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Figure 3.1-9 Current distribution in a conductofa) low frequencies(b) high frequencies

During high-frequencyoperationwherel is largerthan the wire thickness, the loss due to
Rskin may be significant. To redud&«in, we can use stacked parallel inducteith anindividual
thickness less thainto increase the conductive surface afidee overall loss duBskin is reduced

considerably when the sum of the individual wire thicknesses is greatar. than

Y

p

n

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 teffect the current distribution throughout tireluctor. As seen irFigure
3.1-10 (a), the current is condensedo a smaller area near the edge of the wikeunderstand
why this happens, we do a quick analysis the effect of the current flowing through one turn on an
adacent turnwhich is illustrated irFigure 3.1-10 (b). Theinductorstime-varying curreni(t) in
oneturn generates a timearying magnetic fieldby Biot-Sa v ar tForsonmh aFnar abldisay 6 s
changingmagnetic fieldpasses through nearby turns gesheratesurrent 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 effet: (a) current distribution in adjacent turngb) eddy currents irthewire due to the magnetic field
generated frona nearbyadjacent wire; (creduction othe substrateand multilayercapacitance due to current crowding

The resistance due tbe prximity effect is a function of frequency. Thizecause the
inducel voltage (\emf) in the conductor is proportional to the frequency (f) friéanadais law.
Thereforewhen f increaseghe Vemt increases proportionally producing an increase irettay
currentsin adjacent turnsresulting in the i(t) current concentrating into iacreasinglysmaller
area at the edge of the wire, arehbecauses amncrease irthe inductorresistance. Using this

information, the equation for proximity effect dexd and shown i(3.10).

: ~ p. Q (3.10)
Y Y t —1 =
P X
The Ry in the above equation represents the dc resistancéansl frequency where current

crowding begins and is defined as follows

op . Y. (3.11)

where W and S are the wire spacing and separation distance in the inductoR4deaace the

permeability angheetresistance of the metal.
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Figure 3.1-11 Magnetic coupling tdhe substrate

There areother effects of current crowding. Sinttee currentis concentrated at the edge

of the wire, each turnds equivalent ditamet er

the low-frequencyvalue. Sincethe curreh i s ¢ o n c e nt g adeetlik wiaethastnd e
currentin the middle, and therefore the total capacitaneg) (€ reduced which is seen kigure
3.1-10(c). Thus as showim equation(3.12), the total capacitance is inversely proportional to the
wire resistance whereggs the dc capacitance.

Y
. - (3.12)
(0] ,—Y to

3.1.4.5 Magnetic Couplingin the Substrate

The final set of losset® beconsidered in spirahductor desigrare the losses associated
with the magnetic coupling to the substrate where the resistivity is neither infinity nor zero.

lllustrated inFigure 3.1-11, we see that eddy currents are produced in the substrate from the

magnetic fields generat ed b yThdsédeedycuments teanstatef | o w

into losses in the substrate during each cygke the capacitive coupling to the substrate, the loss

due to inductive substrate couplilsgdependent on the specified loss tangent of the substrate. A

74

Wi



Table3.1-2 Types of resistive loss, their descriptiand methods to reduce their effects

Methods to reduce Effect
Thicker and wider wire

Use stacked parallel inducto
with individual thickness les
than the shin depth to increa
the conductivesurface area

Loss Effect Description
Metal DC sheet resistance
Increased resistance frdmgh
frequencycurrent flowing on
the conductor surface due
the EM waves inability tg
penetrate the material
Current crowds im small areg
near the edge of the wire d
to eddy currents formed by tk
magnetic field created fror
nearby adjacent wires
Losses due to currents in t
substrate caused by t
changing line voltages

Resistive Loss Mechanism:
DC
Skin effect

Larger spacing between wirg
and thicker wires.

Proximity Effect

low
thi

Capacitive and Magneti
coupling b substrate

Due to our relatively
application frequency,
effect can be ignored

low losstangent measured at a high frequency means that at our low frequency, theeldss

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, theiripsorand reduction methods irable

3.1-2. The capacitive parasitics, their description, benefitdeffects are provided ihable3.1-3.

Table3.1-3 Types obpiral inductor capacitive parasitics, their benefigsixddrawbacks

Capacitive Parasitic | Description Benefits and Effects
Substrate Parallel plate and fring| Substrate resistance losses frime-
Capacitance capacitances between t| varying substrate currents caused
wires and the substrate substrate capacitance (Small enol
to be ignored).
Inter -wire Fringe capacitances betwe{ An increasein the number of turn
Capacitance adjacent turns of the inductol and number of layers increases
Inter -layer Parallel plate and fringe| inter-wire and inteflayer parasitic
capacitance capacitances between wir| capacitancesresulting in a lowe
on multiple layers resonant frequencyut at the cost o
increasd resistance due to the
proximity effect
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3.1.5 Spiral Inductor Basics Summaryand its relationship to MCR-WPT Coils

In this section we covered the effects difie key inductor dimension paramegson its
inductanceas well asts associated passiwapacitiveparasiticsand loss mechanismg/e will

now briefly summarize their effects and how they lbamitigated

When constructing the spiral inductdrgtnumber of turs and the outer dimension of the
spiral inductor are the main contributors to the inductaftber parameters such & tvire
spacing and widtimdirectly affectthese parameters and must be considéieel effects of these
spiral inductor dimensions a6is inductance are summarizedrable3.1-1. Ideally, theinductance
is the square of the number of tufrem (3.1). But because each added turn has a smaller diameter
with a smaller inductance and increased inductive loss from opposing legs, and anetladso f
from the outer turg) the inductance and ntual inductancehey add to the total inductance is
incrementally smallerAnother way to increasenductanceis by using stacked series spiral

inductors but thiglso causes ancrease the parasitic Gaptance.

Spiral inductor capacitive parasiticseaimportant because these capacitances and the
inductance of the inductadeterming its selfresonant frequencYSRF) and an increase in
parasitic capacitance causes a decrease iIrSREe Thereforewhen trying to the increase
inductance byncreasinghe number of turns ara the numberof layers (between series stacked
spirals) the parasitic capacitance increases due to an increds@ge capacitances between
adjacent turnsand parallel plate and fringe capacitances between wires on multiples laye
respectively, and must be taken into considerafidr parasitic capacitance to the substnate

alsopresentand may need to be considered depending on the operation frequency.

Finally, there are esistiveloss mechanismthat reduce the quality factor of thepiral
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inductor.Low frequencyDC sheet resistance isharacteristiof the metal being useResistance

due to the skin effect is dependent on frequency and theepéilty of the metal. Proximity effect
resistances dependent on frequencthe permeability of the metal, the wire spacing and wire
width. There are also losses fr@ganeratednagnetically coupled eddy currents and capacitively
coupled displacement currerftewing through theresistancen the substrateThese 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 géres and resistive losses associated with inductor
design. We summarise the resistive loss types, their description and reduction meffeduls in

3.1-2. The capative parasitics, their description, benefaadeffects are provided ihable3.1-3.

3.2 Single Layer MCR-WPT Coils

Single layer MCRWPT printed spiral coils (PSCsising the Rezence standard with a
frequency of 6.78MHzhare all the loss mechanisms and parasitic capacitances withiriyégr
layerspiral inductor counterpartsike the spiral inductor hielow frequencyDC sheet resistance,
skin effect and proximiteffect loss mechanisms must be taken into considersition they affect
the Q factor of thesystem There are also substrate losses dumdgnetically and capacitively
coupled currents flowing through the substrate resistanceardibhese small andan be ignored

becaus®f our low operatindrequency.

Unlike its spiral inductor counterpart which mainly focuses on design to achieve a large
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inductancas a small spagehe design osmallMCR-WPT PSCsto fit in smarphoneswith the

low Rezence&SRFanda high Q To achieve this low frequency we can add external capacitors to

the spiral coil, but this candét be done since
expensiveWe try to reduce th8RFby changing the physical parameters #fétct theparasitic

fringe capacitances between turimsthis section we go through theasics of MCRWPT PSCs,

the step by step method used to design and determiS&farough simulations, the simulation

results anddiscussions with a summary.

3.2.1 MCR-WPT PSC Basics

MCR-WPT PSCs are composed ofgiral inductors with 2 spiral inductomsachon the
transmitter and receiver PSibards The basic circuit diagranof the MCRWPT coils system
obtained fronT53] is shown inFigure3.2-1. Fromthe diagram the first and second coilsvown
as the 1Source and-Sending/Transmitting coilare on the transmitter sidRSC boardand the
third and fourth coilknown as the -Receivingand 4Load coils are onreceiver sidd?SC board
other reasons for this configuratidfirstly, since the outer coil on the PSC boardrhage turns

andis inductively coupled with the inner coil, it has a higheltage across it. The outer coils

1 Source 2 Sending 3 Receiving 4Load
Coil Coil Coil Coil
Source Rg

Figure 3.2-1 Basic circuit diagram oan MCR-WPT coils system connected to a source and If%g].
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on bothPSC boardare loosely coupled and magnetically resonBatause dtis, the separation

distance where maximum efficiency occussincreasedand when this separation distance is
smaller than the optimal efficiency distance. Another reason is that since thareoitgoedance
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 sedtib/3and4.1.4

Each coil in the MCRNPT coils system is composed of individual capacitances,
inductances, and resistances. Like their spirdloounterpart, thie inductance is determined by
the dimensions of thénductoras discussed isection3.1.2 The exception to this is that the
efficiency is directly related tthe amountof flux through the inner coil, so a larger inner coil
dimension is needed for higher efficiendye same lossnechanisms and parasitic capacitances
described in sectioB.1.4 The resistance values of each of the smiodls were taken from the
Ohmic losse#n the wiresdue to thdow-frequencyDC metal sheet resistantke skin effect and
the proximity effect. The capacitance values were obtained froimgé capacitances between

adjacent turns of the inductdrhese passive values can be lumped togetheirfarit amalyss.

Using these passive componentgith referenceto Figure 3.2-1, the simplifiedand
completeequivalenfumpedcircuit modelsare constructeds ser in Figure3.2-2. The capacitive,
inductive and resistive elemertd$ each inductive coiare represented as, €C;, andR;, and the
mutual inductance between the inductive cdidined byMjj, wherei,j = 1,2,3,4andi [ j. The

numbers for and jrepresent the sourcggnding, receiving and load coils respectively

Looking at the equivalent circuit modelskigure3.2-2, it can be seen that the resistances
R1 and R4 are ignoreid both models. This is because the Source resistagemdRthe load
resistance Rare 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 Equivaleniumped circuit models of tHdCRWPT4-coil system(a) complete modelb) simplified mode[53].

The inner and outer adjacent coils on the same PSC boambactively coupledwith
mutualinductances b and M, while the outer coils on the different PSC boards are loosely
coupled and magnetically resonant with a mutual inductance.af ere are other mutual
inductances in the system between the source and load codguitoe and receiving coils, and
the sending and receiving coils which are defined asWMhs, and M4srespectively. The difference
between theomplete and simplified circuit models is the mutual inductances that are considered
in the system. In the congik circuit model, the mutual induction between the-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 affecs MCR-WPT cois was done ifi53]. We do no use this theoretical analysis to design
our coils, but the reader is encouraged to go thr¢gg8hto get a better understanding of this
phenomenon. For the remainder tbfs chapter we will use the separation distance where
maximum efficiency occurs, also known as the critical coupling distéDE®), to assess our
design. We briefly describe the basic theory of Frequency Splitting and the resultin\NPCR

coils systemmodes of operation it causes in sectdoh.1
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3.2.2 Design Methodlogy and Simulation Setup.

Before we present our single layer MCGR/PT results, wego through the dégn
methodology used to design thalfresonantoils. Two simulation toolsjamelyMomentumand
EMPro, provided by Keysight technologies are used in this methodology. It first involves the use
of Momentund Method Of Moments (MOM) simulation@vhich 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 (FEikhulations at multiple

distance®n the entire MCRNPT coils system to verifySRFand efficiency.

3.2.2.1 Momentum - Simulation setup

We begin Momentum simulatiosetupby establishing copper foil and PSC board overall
thickness, and substrate mater@hndard value board and copper ftiiicknesses of 1/32inch or
1/16inch and 1oz or 20z respectively were useid simulations, as #y allowed for easy
prototyping. The FR4 substraie easily accessed for prototyping arsd mainly used for

simulations, but simulations were also done with other materials to see their @ffdoéscoils.

Using these parameters the Momentum substratsetag. 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. Finalhg a method adopted
from Sonnet software spiral inductor desjgd], aPEC ground planeas placd 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

Thelnner and outer coils are then created usiegiiacros 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 witltand thickness large enough lower DC resistanceithout
exceeding 3 times thé&is depth of copperFor the outer (sending/receiving colil) coil, thdiffes

macro was usefbr single layer coils, and the double layer spiral (padrmihductorworkspace

f rom Keawebdite Waided fordouble layer coils. The outer diameters of the codse

limited by cellphoneand tablet sizesgndthe numberof turns was used to lower the frequency.
Since there is less current flow through the outer coils due to inductive coupling between inner
andouter coils, is wire width ismadesmaller than the inner coil which allows for more turns, but

at the cost of increased resistive los§&8e was also taken to ensure the outés innerdiameter

was larger than the inner coil diameter so that treemn@ilayer overlap.

Since these coils are femartphoneand tablet applications, using theskctors,it was
determined thatectangular coils with outer coil outer dimensions5&R.5irf and 8x4irR for
smarphones and tablets respectively woulddesigned. The inner source/load coils diameter is
limited by the shorter of its 2 sidesnAnitial 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

Inner Coil

Outer Coil

Figure 3.2-3 Layout ofPSC boardvith innerand outer coils and port connectiomsmomentum
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shown inFigure 3.2-3, andthe other ends are connected to ground automatiddlb/frequency
range ofS-Parameter simulatienare set t60.5-35MHz with a step size of 1kHz. All otheetting

were left at the dault valuesThe simulation watherunand SParameter results were generated

3.2.2.3 Momentum - PostSimulation Setup and Analysis

S-Parameter simulation resulise stored in the dataset filaghich we used to generate
the S11 dB and the S‘Hesstancevs frequency graphs. TH&ll(as well as S12, S21, S22
frequencyplot is generated in thdomentum Data Displalgy default. To obtain the graph of the
S1XResistance vs frequency, we first convert the S(1,1) matrix to the Z matrix, then plot the real

value(R) of thecomplex number matrix using the equati¢®43) and(3.14) below.
@ i 0dpp (3.13
Y o1 Q@ (3.14)
Using these plots we find tIf&RFof the PSC board/Ve obtainthe boardSRFby getting
frequencywhere the peaBl1l-Resistance (Rjalueoccursand thdowestfrequencywhere ssharp
peakS11dB valuesoccurs 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 affecteititerpolation errors.

The PSC boar&RF valug obtained from the gak R and Sl¥alues gives a good
estimation of the MCRNPT co i ISRFat the critical couplingAssuming the spacing between
the inner and outer coils isughlyequal tothe outer coil wire spacindaé¢ error ranges from®.
1.5MHz larger than the MCRVPT ¢ o i SREfrdm the EMPro simulation. The error magnitude
is dependent oouter coil wire width to wire spacing rat{®V/S), where W/S ratiosear0.5, 1

and 1.5result in errors 00.2-05MHz, 05-1.1MHz, and 11-1.5MHz of respectively
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3.2.2.4 Momentum i Insertion Loss, and MCR-WPT S21 andEfficiency 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-Bg&sistance value which is at resonantigh
referenced AppendixF, assuming that ZG and ZL are matched, the insertion loss is that same as
the S21 and S12-farameters. Therefore vgetup the insertio loss analysidy inserting 2
resistance values in parallel with ZL as showrFigure 3.2-4.These resistances represent the
identical losghrough the transmitter ds and receiver coils of the MGR/PT coils system. We
then get the Va andV g 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 eqts210

Through many simulations, ftasbeen observed that the maximum $BLpeakvalues
seerfrom the EMPrd-EM simulatiansduring the over coupled frequency splitting region (defined
in section4.1.]) areconsistently near the value obtained from insertion loss analysesCCD
value isslightly lower with an error of dB depending oi-EM accuracy settings. There &
possible issue with this method, due to an oversight that could not be verified wittegtiy&al
support beforehand. When convertingm S to Zparameters$S11 wasised ashestoz) variable.

But according to thetoZ) documentatiojthe S matrixshould be useds a variable.

S11 Parallel Resistance
ZG 2 Port-Network

ZL

VtSine R R
SRC1 7 R1 i

R2
: R=500hm | - L ° = R4 e
@ R=R_S11 g R=R_S11 %?_50 o

VG

|f\+

Figure 3.2-4 Insertion loss analysis schematic used to calculate and predict the maximum S2V/RIERIls system

84



Table 3.2-1 Benefits and drawbacks of changing M@FPT coil parameters o8RF & efficiency. All other pammetersare

constant

COIL | PARAMETER | CHANGE BENEFITS DRAWBACKS
Inner | Diameter Increase |Aimproved magneticflux [A ma x i mu m
A i mpr oved ¢ outercoil turns reduceg
Outer | Number of turns| Increase (A | ower s freA inner di i
needto be reduced
Outer | Wire width Increase |[A reduces thA increase
A reduces t h effectresistance
Outer | Wire spacing Decrease |A r e d uregeencyt WA i ncrease
effect resistance

3.2.2.5 Momentum i MCR-WPT Coil Design Assessment

After using he insertion loss anthe peak S11 to preck the efficiency andSRF of the

EMPro MCR-WPT coilssimulation we compare the results to our specifications. If the design
does t

meet the targetsUsing Table 3.1-1 as a reference, the parameters that affect frequency and

meet t he -efficienaygoalsiie parameters obbioth coils areadjusted to

efficiency of the coilsare presented with their benefits and drawbatKsable3.2-1.

3.2.2.6 EMPro setup and simulations

When the estimated efficiency aB&Fresults from the Momentum simulation on the PSC

board meet the specifications, the board is imported into EMPro. The\MERcoil design is

Greste Mudify @ooiesn iew

B o#

ad

+ &N~ 9 HOOBADLEDY +ELL299D

DC FEED PORTS

Geometry B

T eazan

£ BREOCB| =
AN

Figure 3.2-5 ExampleEMPro 3D assembly of theICR-WPT coils system with 2 ports
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thensetup for simulations byemoving the simulation box, PEC ground plane, anaviheeguide
planes objects. A copy of the board assembly is then created, and its orientation and location are
changed. The FEM paddings s e tr htion ghda bfsaoiz-axeshne boxindargonditions
are set to the length and width of the PSC boards in the y-arés and the separation distance
in thez-axis DC feed ports are addefinally, the FEM simulation setup is adjustasi follows:
Frequency Plans section
1 Fields storage tab
o "all frequencies from the frequency plan and mesh frequency" is turned on.
mesh/refinement properties section
1 advanced tab
0 "use initial minimal mesh size$ selected
o fautomatically determiriebuttonis useda generaténitial mesh sizevalue.
9 initial mesh tab
o "fixed for all conductorsfs turned on
o fedge mesh lengthand fivertex mesh lengthvaluesarefilled in with the value
obtained from the "use initial minimal mesh size".
o turned on'custom Target mess$ize" and "wavelength(25e6)/10alueis entered.
A parametric sweep of the separation distance is executed to determ@@DRhefficiency and
SRFE An example of the final design is showrFigure3.2-5.
The SParameter results of the parametric simulations are plotteghelieefficiency and
SRFresultsatth€CDar e checked against our specidicatic
design is changed again according to sec8c¢h2.5 Otherwise the design is complete. A

flowchartof the complete design flow is presentedrigure3.2-6
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Momentum Substrate and

Simulation Setup

* Wire thickness

* Board thicknesses

* Air layer between board and PEC
* Simulation frequency Range

n

Spiral Coils Creation
* T-Lines or double layer spiral macro
for single layer or 2 layer spirals
* Adjustments
*  Wire width
* Wire Spacing
* Number of turns
* OQuter Diameter

Run Momentum Simulation
* Wire thickness
* Board thicknesses

* Air layer between board and PEC Re-adjust Coil
Parameters

4

Post Simulation Analysis

* Check Resonant Frequency

* Calculate Insertion loss S21
prediction

.

* Is Resonant Frequency within estimated range? m
* Is the S21 prediction value large enough?

n

YES to Both questions |

"

Import Design into EMPro
Remove simulations box, closed bottom and waveguide plane objects.
Create a copy of the assembly and change the orientation.
Adjust FEM padding and boundary conditions,
Connect DC feed ports to the system
Adjust FEM simulation setup and setup a parametric simulation

-

Simulate EMPro Design
Has resonant frequency and efficiency specs been reached?

y

| YES — Then DONE!

Figure 3.2-6 MCRWPTCOILSSYSTEM DESIGN FLOW

87




3.2.3 Simulations, Results, and Summary

3.2.3.1 Single Layer MCR-WPT PCB Coils Specifications

Beforegoing intothe simulation setypve establish the specifications the SingleLayer

selfresonant MCRWPT coil systemThe specifications are as follows

1 Maximumecurrent throughsourceload coils 1.2A

1 Number of outer coil turns 10

1 Minimum trace width design rule 8 mils

1 Maximum Length (Cellphone) 5 inches

1 Maximum Width (Cellphone) 2.5 inches

1 Minimum S21 -1.3dB

1 Fundamental Frequency of Operation 6.78MHz +0.5MHz

To satisfy thecurrentspecification we usethe PCB trace width calculator based on the
IPC-2221 standar{b5] with 1oz coppeto calculate the wire width. For internal and external layer
traces, the minimum wire widths are 15.2mil (389 and 39.6mil (Lmm) respectivelWe used

aninnercoil wire width of 80 mils, which is twice the mimumto account for current spikes.

Since the outer coils inductively coupled to the inner coil with a 11®, the maximum
current andminimum wire width arel/10ththe inner coilvalues resulting in a 0.12A maximum
current requiringa 1.65mi(0.042mm)internal layerwire width. This width is below th©CB
milling machin® sninimum trace widthdesign rule and also has a large DC resistance loss of
0 . 3 0 6hqWemust usea much lager wire width for the outer coil. An exhaustiveet of
parametric simulatiaawith multiple wire widths and spacisgvere done irmil increments to

determingheir optimal valuedo achieve the lowe8RF, which were found to b40 and 16nils.
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Table3.2-2 Singlelayer MCRWPT PS(parameters

Parameter Inner Coil (mils/mm) Quter 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 MER PSC boards are summarized

in Table3.2-2.

3.2.3.2 Simulations and Resultf the Single Layer MCR-WPT PCB Caoils

Following the Design methodology in secti@?2.2 and using the parameters Table

3.2-2, the PSC board layout of the inner and outer coiés createih ADS Momentum An S

Parameter simulation was run in the coils with a frequency range of38MHz. The resulting

S11 and SI1-Resistancgraphs are shown irigure3.2-7 andFigure3.2-8 below.

Using he frequency value where the peak S11 oceuFsgure3.2-7, thePSC board BF

is estimated to be 19.MHz. The Sliresistance at 19.70MHz is 411cB4s seein Figure3.2-8.

)

S11_discrete

dB(S11_fitted)

dB(
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-30
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Peak
_50_IIII|IIII|IIII|IIII|IIII|IIII|IIII
0 5 10 15 25 30 35
freq, MHz

Figure 3.2-7 5x2.5in single layer PSC board S11 momentum simuldtdm displayresult
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Figure 3.2-8 5x2.5in single layer PSC board Sidsistancenomentum simulatiodata displayresult

The estimated maximu®21of the MCRWPT coils simulations using the insertion loss analysis

was @lculated to b€.995dB.

Figure3.2-9 shows the EMPro S21 simulation results fe# ihch separation distances in

0.5n increments. The resultin§RF maximum S21and CCD peak S21 are ~19.65MHz

0.972dBand-1.494dB respectivgl The results are summariza Table3.2-3.

1521 (dB)

-70

5x2.5in single layer FR4 substrate | S21 | v. Frequency

0
[14945 dB

RN

p.o18655 GH=

0.005

0.01 0.015 0.02 0.025 0.03
Frequency (GHz)

0.035

Figure 3.2-9 single layeMCRWPT coilsS21 EMPro simulation result
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Table3.2-3 single layer MCRWVPTcoils SRFand S21dB specifications vs simulation results

Parameter Specification | Momentum Results | EMPro Results
SelfResonant Frequen¢$RF) 6.78MHz 19.94MHz 19.65MHz

S21 dBatthe CCD -1.3dB -0.995dB -1.494dB
Maximum EMPro S21 observed | NA NA -0.972dB

FromTable3.2-3,theS21 and the SR¥aluesfrom the EMPro and Momentusimulations
closely matchThe predicte®lomentumS21, and the EMPronaximum peak and critical coupling
peakS21 values ared.995dB -0.972dBand-1.494B respectively. The SRFobtainedfrom the
EMProandMomentumsimulations aréothnear~20MHzwith a difference of 0.3MHawhichis
much higher thaour 6.78MHzspecification. To achieve our frequency specificatidgtn single

layer MCRWPT coils we must eitheincrease the number tifrnsor add arexternal capacitor

In the first instanceincreasing the number of turns of the outer coil reduces the inner coil
diameter. This woul@llow less fluxto flow throuch the coilsresulting in decreased efficiency

Wealsoc an ot i mumber af fums beyora the maximumumber of turnspecification

Otheralternative areto add an external capacitasdone in[16] and[56], or to increase
wire thicknessAdding an external capacitor to the outer €@t increasing the wire thickness
makesthem toobulky for our portable electronics applicatiofor these reasons, single layer

designwas alortedand double layeMCR-WPT designwas explored

3.3 Double and Multi -Layer MCR -WPT Colls 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 layaVRICRSC
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counterpartsDue to the additional parasitic capacitancedetween layers, theelf-resonant
frequency(SRF)of the oils is reducedOn the other handhere are additional resistive losses due

to theproximity effect between layethatalso need to be considered

In this section we look atdifferent types of multilayer MCRVPT coilsproposed in other
papersWe then present a novel multilayer MGRPT design for small electronic devicémally,

we analye the effects of multilayer parameters on the SRF and efficiency of the novel design.

3.3.1 Double Layer Parallel and SeriesStacked MCR-WPT coils

As mentioned in sectioB.1.], the stacked series arslacked parallel inductoshownin
Figure3.1-1 (d) and ) respectively ar@ types of multlayer inductorsn RF Applications Both
of these configurationsave been investigated for use in MAWPT coils in other publications
with the purpose of increasing system efficiency, reducing SRF, and reducing the dimensions of

the MCRWPT coils.We briefly go through thefindingsbelow.

3.3.1.1 Parallel Stacked MCR-WPT Caoils

Parallel stacked MCRVPT coils were studied if67], with an operation frequency of

13.56MHz. The layers were connected with a conductive shorting wall on the outside edges of the

2-layer 2
resonator

g Substrate
Conductive

shorting walls Vias to Connect
External Capacitor
To Resonantors

Figure 3.3-1 Geometry of double layer parallel stacked M@RT coils proposed if67].
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PSCboard as well as 2 vias at the ends of the spirals which can connect to an external capacitor.

Figure3.3-1 shows the geometry of the parallel double layer M@RT board.

Their results show an improvement in transmission efficiency over the single layer MCR
WPT counterpart from 77.51% to 83.5184th relatively no change tilhe SRFE. TheconstanSRF
is expectedsthere is no voltage difference between layers, resulting in no interlayer capacitance.
Also by placing the spiral inductors in parallel, where their separation distances are mu@nless th
their lateral dimensions, they experience strong mutual inductance resulting in no change to the
overall inductance adiscussed in sectidh1.3.2 Since using stacked parallel MCRVPT coils

configuration is unable to reduce the SRF of

3.3.1.2 Series Stacked MCRWPT Coils

Series stacked inductors have basad to implement multilayer double layer MOWRPT
coils in [29] and [30]. They used slightly different implementation approaches for different

applicationsWe go throughhesemplementationgn this section.

The MCR-WPT Series stacked coils studied[#9], uses theseries inductor design found

in Figure3.1-1 (d) as a resonator. Thesesquare shaperbils with an outer length of 11.3inches

Top layer coil

a
Through-holes
Bottom layer coil A

Outer turn End points

Figure 3.3-2 Geometry of double layeeriesstacked MCRNPTresonator coilproposed irf29].
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top side

tsl / T T ~ Quter Turn

Coil End
Points

bottom side (a)

Figure 3.3-3 Geometry of double layer series stacked MERT resonator coil proposed j&0] .

(288mm). Both layers have 3.875 turns and layers were connected with one viaratgbmts
on theinnermosturns. The geometry of the resonator is showFigire3.3-2. This configuration
was shown to havan SRFof ~4MHz through simulations and measuremeisulationswith

5.875 turns were also shown to hameéSRFof below 3MHz

In [30], a comparison betwe@asonansingle layer and double layer series stacked spirals
with the same sizevas conductedSquare shaped spiral coigith an outer length o®.787inch
(20mm)were used and with ~17 turns each. $haes stacked spiral coil geometry that was used
is shown inFigure3.3-3. It is slightly different than the resonator geometry showRigure3.3-2,
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. Measuremenésdone 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 realizgiddoyesonant
stacked series coils. The SRF of the coil80] wasreduced by a factor of 3.3 aad SRFbelow
3MHz was achieved i[29]. This reduction in SRF is due to the increased coupkpgcitance in

between layerand the increasemhductance by placing the inductars series From section
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3.1.4.1 the capacitance was shownideally increaseby 4 according to equatiq3.6), andthe
inductance with each additional layeeally by a factor of A from equatior(3.2) in 3.1.3.1 These

capacitance and inductance increases translate into a decrease in SRF by 1/4.

Thereis adrawbak associated with the series stacked spiral coils presen{@@]iand
[30]. The maindisadvantage is that a via is requirecbagtween the layers on tirenermosturn.
Because othis, acomplete turn cannot be created onitireermostturn of bothlayerssince the
leg where the via connects the layers does not have wires on top one anotreauddsshotal
inductance andhterlayer capacitance bereduced 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 MGWPT PSC board desig8imilar to
the series stacked sgireoils, it reduces the SRF of the MBRPT coils system by taking
advantage of the interlayer capacitance and mutual inductance betweerQaybesothehand

it does not requirergy vias which simplifiesits design and increases interlayer capacitance.

An example double lay@1CR-WPT PSC using ourovel design is shown fgure3.3-4.
The dark red bottom layer consisfsan inneisourceload coil with a larger wire width, and multi
turn outer resonator coil with a smaller wire width. Hedow top layer has an identical multi
turn resonator coil whichds been mirrored on the greeraXis so that the coiendpointsare
located as seen iRigure 3.3-4. Both resonators haveuter diameters of D1 and2 and are

separated by a dielectric substrate with a thickness of T

The new design is not limited to the structure showrdrigure 3.3-4. The additional

resonator coil on the second layer can be mirrored on the-aatsXmirrored onhe green Yaxis,
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Figure 3.3-4 Novel double layer MCRVPT resonator coils design to reduce the SRF

or rotated around the-@xisin blug or any combinationf 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-MIPR coils system.

It should be noted that in the exampl®wn inFigure3.3-4, thecornersof the turns are
9(® and not rounded. Rounded or curved corners could be used but the overall benefit is not
expected to be signifant. This is becauseis easier to redesign the coils with°30rns as there
are rectangular spiral inductdesign macros; ADS Momentumwith 9(° turns. Another reason
is the wavelength ajur frequencyf operatioris much longer than the longegtesof coils Hence

loss due to wave reflectioms small and can be ignored according5®).

3.3.3 Effects of Multilayer Parameters on Resonancef Novel design

As mentioned in the previous section, our novel design can have two or more layers and
havedifferent dielectric substrate thicknessé will, therefore analye the effects of changing
the number of layers, the substrate thickness, and the type atidieteibstrate have on tiRF
and efficiency of the PSC board. This is done running simulations in Momentum to generate the
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